The Pennsylvania State University
The Graduate School
Department of Physics

STUDY OF ARTIFICIAL FRUSTRATED ARRAYS OF SINGLE-DOMAIN
FERROMAGNETS

A Dissertation in
Physics
by
Jie Li

 2011 Jie Li

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy
August 2011

The dissertation of Jie Li was reviewed and approved* by the following:

Peter E. Schiffer
Professor of Physics
Dissertation Advisor
Chair of Committee

Vincent H. Crespi
Professor of Physics
Professor of Physics and Material Science and Engineering

Nitin Samarth
Professor of Physics

James H. Adair
Professor of Materials Science and Engineering

Jayanth R. Banavar
Professor of Physics
Head of the Department of Physics

*Signatures are on file in the Graduate School

iii

ABSTRACT
Geometrical frustration is an intriguing area where systems show exotic spin states that
are not exhibited in any other systems, including spin fluctuation down to lowest temperature in
spin liquid materials, finite entropy at absolute zero and magnetic monopoles as emergent
particles in spin ice materials, as well as the connection to neuron networks (chapter 1). Despite
the fertile physics in geometrical frustration, many microscopic phenomena remain unclear, for
example how the spin frustration is accommodated and how the defects affect the local
frustration? In our research, we adapt a different approach – we carefully design systems of
artificial frustration where the constitutive elements are large enough to be directly imaged by
advance techniques such as magnetic force microscopy or Lorentz-TEM, but still small enough to
maintain single-domain magnetic moments (chapter 2 and 3). Such elements are precisely
controlled to form different arrays that have frustrated neighboring interactions, i.e. not all the
magnetostatic interaction between elements can be simultaneously satisfied. However, the
strength of this interaction places it beyond the limit of thermal annealing – instead we design
demagnetization protocols using external magnetic field, and first study the consequence of
protocols with different patterns and step sizes in chapter 4. Having optimized the
demagnetization protocol, we investigate the effects of the geometry on energetics and moment
correlations by fabricating a series of lattice arrays sharing the same symmetry or topology in
chapter 5. Finally the finite size effect is also studied by comparing isolated clusters with
frustrated magnetostatic interaction to those without frustration in chapter 6 – the distinction
between the two is attributed to kinetic barriers in the demagnetization process.
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Chapter 1
Introduction to magnetic geometric frustration and spin ice materials
Frustration refers to the system’s inability to simultaneously minimize the
competing interaction energy between its components. In general frustration is caused
either by the competing interactions due to site disorder, for example the Villain model
[1-2] or due to lattice geometry, for example magnetic ions on the triangular, pyrochlore
or kagome lattices with an effective antiferromagnetic interaction. General frustration is
thus divided into two categories: the first corresponds to the spin glass, which has both
disorder in structure and frustration in spins [3-5]; the second is the geometrical
frustration with ordered lattice structure and frustrated spins arrangement [6-11].
The frustration of a spin glass could be understood within the framework of the
RKKY

model,

in

which

the

interaction

property,

either

ferromagnetic

or

antiferromagnetic, depends on the distance of the two magnetic ions. Because of the
lattice disorder in the spin glass, one spin of interest and its nearest neighbors could be at
different distances and have a different interaction property, which thus leads to different
preferred alignment of the spins. The geometric frustration is accompanied by the
presence of conflicting interactions that forbid simultaneous minimization of the
interaction energies acting at a given site. These conflicting forces can be the atomic
bonding, like that in water ice [12-15] and spin-spin exchange or dipolar interaction [6,
11]. The very simple example of a geometric frustrated system containing only three
Ising spins sitting on the vertices of an equilateral triangle, is shown in figure 1-1. One

2

spin interacts via the antiferromagnetic exchange interaction with other two spins, and
can only minimize the interaction with one of its neighbors – the two spins represented
by the solid red arrows in the figure favor such an anti-parallel alignment, while no
matter how the third one is aligned, there is at least one pair of unfavorable
antiferromagnetic interaction.

(a)

AF

?

(b)

Figure 1-1 A simple example of geometrically frustrated Ising spin system: three Ising spins
sitting on the vertices of an equilateral triangle, and interacting via antiferromagnetic interaction:
(a) the third one cannot minimize both interactions with the first two spins; (b) there are 6
different configurations for such a small system that all lead to the same ground state energy – the
ground state is six-fold degenerate.

3

The arrangement of the three Ising spins on the triangle however precludes
satisfying all three pairs of antiferromagnetic interaction at the same time, and leads to a
six-fold degenerate ground state (out of the total eight possibilities). Highly frustrated
magnetic lattices based on such triangles, for example the two dimensional triangle,
kagome, and hexagonal lattices or three dimensional SCGO, GGG, kagome, and
pyrochlore lattices thus have a high degeneracy in their ground states. Some of these
lattice geometries are shown in figure 1-2, and figure 1-3 respectively.

(a)

(b)

(c)

(d)

Figure 1-2 Two dimensional lattice structures for magnetic geometric frustration: (a) triangle, (b)
kagome, (c) hexagonal and (d) centered hexagonal lattices. Reproduced from reference [10].

4

Figure 1-3 Three dimensional frustrated structures based on the corner-sharing lattices: clockwise
from top left: the pyrochlore lattice, a projection of the gadolinium gallium garnet (GGG) lattice,
consisting of two separate, interpenetrating sub-lattices of corner-sharing triangles, the Kagome
lattice, and a side-on view of the trilayer lattice of SCGO, consisting of triangles and tetrahedra. It
can be thought of as two Kagome layers coupled by an intermediate triangular layer (circles). The
figure and caption are reproduced from reference [11].

The main distinction between frustrated and unfrustrated magnets resides in the
presence of a large ground state degeneracy in the former [11]. The degeneracy in the
frustrated compounds normally scales with the size of the system, i.e. the number of
magnetic ions, and induce a finite value of entropy at the ground state, that has been
measured as the zero-point entropy in Dy2Ti2O7 and stuffed spin-ice (i.e. some of the
magnetic ions are replaced by non-magnetic ions) [16-17]. Moreover, because of the high
degeneracy, the configuration of the system cannot freeze into a specific one even down
to cryogenic temperatures, and it results in a much lower phase transition temperature
than that predicted with Curie-Weiss law, as shown in figure 1-4.
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(a)

(b)

Figure 1-4 Comparing the susceptibility fingerprint of strongly frustrated magnets to that of
unfrustrated magnets: (a) phase transition of unfrustrated system occurs around the Curie-Weiss
temperature, while (b) frustrated systems do not freeze until a much lower temperature. Figure is
reproduced from reference [11].

1.1 Frustration in water ice
The concept of frustration first arose in water ice, the paradigm for disordered
systems, not least because of the experimental evidence it shows for the violation of the
third law of thermodynamics. In Giauque and Stout’s paper “The entropy of water and
the third law of thermodynamics. Heat capacity of ice from 15 to 273K.” published in
1936 [15], the entropy of water ice was calculated by integrating the heat capacity and
adding the latent heat contribution; the low temperature data was extrapolated to zero,
using Debye’s formula. They found that the experimental entropy, S1  44.28Cal / k  mol
is not consistent with a second entropy, S2  45.10Cal / k  mol calculated using the
statistical mechanics. This difference was accurately accounted for by Pauling, who
estimated a finite entropy of 0.81Cal / k  mol at zero temperature due to the
configurational arrangement of the protons in water ice [12].
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Oxygen
Hydrogen

Figure 1-5 One of the tetrahedra in water ice consisting of oxygen and hydrogen: each oxygen is
surrounded by four hydrogens, where two are in the near position and two in the far position.

In water ice phases, the oxygen ions form an open tetrahedron, whose 109 degree
angles conform closely to that encompassing the H-O-H bonds of an isolated water
molecule. The O-O bond length is 2.76Å, while the O-H bond length in water molecule is
only 0.96Å. As the strong chemical bonding of water molecule is maintained, the
minimum energy position is not half way between two adjacent oxygen ions. Instead
there are two equivalent positions for one proton on the O-O line of contact. To maintain
the H2O molecule integrity, for each oxygen two protons must be in the near position and
two in far position, so-called “ice rules” for a ground state configuration. Figure 1-5
shows such a configurational disorder intrinsic to the proton system in one tetrahedron.
The four protons around the center oxygen ions have six energetically equivalent ways to
comply with the “ice rules”. The resulting entropy for N tetrahedra, i.e. N oxygen ions
can be estimated as S0  K B ln 22 N  6 /16   K B ln(3 / 2) N  0.806Cal / K  mol . Further
N

calculation considering both the global constraint on the number of protons and the local
constraints from the closed loops on the Wurtzite lattice shows an even better agreement
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with the experimental results [18], as S = R ln(1.50685±0.00015) = 0.8145±0.0002 cal/(K
*Mol).

1.2 Spin ice in pyrochlore structures

The frustration in water ice can easily map to a magnetic system with spins sitting
on the vertices of tetrahedra, as illustrated in figure 1-6, where the configurational
disorder of protons becomes the frustration of spin arrangement. The proton positions in
figure 1-5 are located by the displacement vector from the midpoint of the bonds, which
are replaced, in the case of spin ice materials by rare earth moments occupying the
corner-sharing tetrahedra (i.e. the pyrochlore lattices) as in figure 1-3 and figure 1-6.
These moments are usually large, about 10µB, and are aligned uniaxially along their local
<111> direction by the strong crystal field (200K energy scale), thus making them Isinglike. These big spins interact with their nearest neighbors through a net ferromagnetic
interaction resulting from the antiferromagnetic exchange and dipolar interaction
(discussed in section 1.2.3). A two-in/two-out configuration resembling the ice rule in
water ice thus is mandated to minimize the local ferromagnetic interaction for the four
moments in one tetrahedron at an energy scale of ~2K. This rule in magnetic materials is
christened as “spin ice rule”, named after the ice rule.
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Figure 1-6 Illustration of the spin ice rule of two spin in and two spin out. Spins must point along
the local <111> direction due to the crystal field, and minimize the local interaction by a twoin/two-out configuration.

1.2.1 Identification of spin ice materials

The first spin ice material, Ho2Ti2O7 was discovered by Harris and his co-workers
in 1997, with the evidence of magnetic frustration indicated by a muon spin relaxation
(µSR) experiment performed at the ISIS facility in 1996 [19]. µSR is a sensitive measure
of magnetic ordering as an ordered spin system will often produce well-defined and sharp
distribution of dipolar fields at the muon stopping site, generating characteristic
precessional oscillations in the relaxation signal [1]. Such oscillations are absent from
Ho2Ti2O7 measurements in zero applied magnetic field, however are found after the
application and removal of a field as spins are “frozen” into the field direction and lead to
dipolar fields [19]. Several neutron scattering experiments performed on large single
crystal Ho2Ti2O7 also show dramatic growth of Bragg peaks and confirm the partial
restoration of magnetic order in an applied field.
Following the initial proposal of spin ice in Ho2Ti2O7, Dy2Ti2O7 [17, 20] and
Yb2Ti2O7 [20] were suggested as spin ice materials on the basis of magnetization

9

properties, and it led to the later burst for Dy-based material, but not for Yb material.
Recent experiments with a combination of bulk (magnetization and susceptibility) and
microscopic measurements have confirmed that Ho2Ti2O7, Dy2Ti2O7, as well as
Ho2Sn2O7 are spin ice materials with Pauling zero point entropy [21], and their similarity
is much greater than their difference.

1.2.2 Experimental properties of spin ice materials

1.2.2.1 Heat capacity measurement and zero-point entropy

An early, but important experimental technique for identifying and studying spin
ice materials was pioneered by Ramirez and his co-workers – directly measuring the
predicted zero-point entropy [17], and partially recovering the entropy by applying
magnetic field that splits the degeneracy [22] as well as testing the results in stuffed spin
ice [16, 23]. Ramirez followed the same experimental procedures used by Giauque in his
determination of the residual entropy in water ice. As the temperature is below 10K, the
phonon contribution in specific heat is overwhelmed by magnetic contributions that
develop in the paramagnetic regime T  CW . Figure 1-7(a) shows the magnetic specific
heat of Dy2Ti2O7 from 200 mK to 12 K. The broad maximum around 1.2 K indicates the
build-up of magnetic correlations and the removal of magnetic entropy upon cooling. The
absence of a sharp feature in C(T) curve is also a strong indication that the system does
not develop long range magnetic order via a thermodynamic phase transition. The
specific heat drops dramatically below Tpeak, and vanishes below Tmin ≈ 400 mK. This
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indicates that the spins rapidly freeze into the spin ice rule obeying states and that all the
spin thermal fluctuation has ceased below Tmin. The magnetic entropy that is removed
from the system when cooling down can thus be determined from the heat capacity
measurement with the following thermodynamic relationship and shown in figure 1-7(b)
S  S (T1 )  S (T2 ) 

T2

C H (T )
dT .
T
T1



Figure 1-7 Specific heat and entropy of the spin-ice compound Dy2Ti2O7, showing agreement
with Pauling’s prediction for the entropy of water ice, R(ln2-1/2) ln(3/2). (a) Specific heat divided
by temperature of Dy2Ti2O7 in H = 0 and 0.5 T. The dashed line is a Monte Carlo simulation of
the zero-field C(T)/T. (b) Entropy of Dy2Ti2O7 found by integrating C/T from 0.2 to 12K. The
value of R(ln2-1/2)ln(3/2) is that found for ice and Rln2 is the full spin entropy. Inset:
susceptibility (M/H) of Dy2Ti2O7 in a field of 0.02T. Figures are reproduced from reference [17].
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The figure 1-7(b) shows that the entropy of the system recovers upon warming,
and saturates to about 3.9 J·mol-1K-1 at 12 K, a value considerably less than Rln2 = 5.76 J
mol-1K-1. This difference in entropy (1.86 J·mol-1K-1) is due to the macroscopic
degeneracy at the ground state, and can be accounted for with Pauling’s estimate, S(0) =
(R/2)ln(3/2) = 1.68 J·mol-1K-1 (1/2 comes from the mapping from one molar oxygen to
two molar spins). The zero-point entropy can also be partially recuperated with the
application of external magnetic field as shown by open symbols in figure 1-7(b),
because the Zeeman energy lifts the degeneracy in favor of a non-collinear ferromagnetic
state.

1.2.2.2 Magnetization study and susceptibility

Magnetization study was initially performed on polycrystalline samples of
Ho2Sn2O7 and Ho2Ti2O7 by Matsuhira et al. at temperatures well below 2K [24]. In this
history dependent regime, there is a strong magnetization hysteresis, and remanent
moment can be frozen in the samples. Matsuhira et al. was thus able to observe a
pronounced divergence between the zero field cooled and field cooled magnetization
below the spin ice freezing temperature, as reproduced in figure 1-8. The static freezing
of the spin ice state can be clearly seen from the figure, but is only limited in the context
of major reorientations of magnetization: recent research found that some local spin
dynamics persists to the lowest measured temperature [25-26].
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Figure 1-8 DC susceptibility measurements of Ho2Sn2O7 at 1 kOe; ZFC and FC denote zero field
cooling and field cooling, respectively; figure is reproduced from reference [24].

1.2.2.3 Microscopic study with neutron scattering

The investigations of the spin arrangement of spin ice materials involve the use of
neutron scattering at low temperature ranges. The neutron scattering at low T is within
the energy resolution of most conventional neutron spectrometers, and the scattering
patterns thus represent the static spin correlations. Zero field neutron scattering conducted
on Ho2Ti2O7 at 50mT reveals broad diffuse features as shown in figure 1-9 [22]. One of
the main features of the experimental data is a “four-leaf clover” of intense scattering
around (000). There is also strong scattering around (003) and a broad region of slightly
weaker scattering around (3/2 3/2 3/2). These intense regions are connected by narrow
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necks of intensity giving the appearance of bow-ties. The width of the intense regions
indicates short-range correlations on the order of one lattice spacing.

Figure 1-9 (a) Experimental neutron scattering pattern of Ho2Ti2O7 in the (hhl) plane of reciprocal
space at T ~ 50mK. Dark blue shows the lowest intensity level, red-brown the highest.
Temperature dependent measurements have shown that the sharp diffraction spots in the
experimental pattern are nuclear Bragg peaks with no magnetic component. (b) I(q) for the
nearest neighbor spin ice model at T = 0.15 J. (c) I(q) for the dipolar spin ice model at T = 0.6 K.
The areas defined by the solid lines denote the experimental data region of (a). Reproduced from
reference [22].
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The above experimental data were modeled with Monte Carlo simulations
considering either the near neighbor spin ice model (figure 1-9(b)) or dipolar model
(figure 1-9(c)). Although the former one, assuming only the nearest-neighbor
ferromagnetic exchange successfully reproduces the main features of the experimental
pattern, there are clear differences, notably in the extension of the (000) intense region
along [hhh] and the relative intensities of the regions around (003) and (3/2 3/2 3/2).
Also, the experimental data shows much broader regions of scattering along the diagonal
directions.
To account for these differences, the more complete dipolar model, consisting of
long-range dipolar interaction and antiferromagnetic exchange interaction must be turned
to. In spin ice materials, the rare earth ions usually have a large magnetic moment, and
give rise to an important term of dipolar interaction among the moments that is
comparable, if not any stronger to exchange coupling. The Monte Carlo simulation based
on the dipolar model is shown in figure 1-9(c) for Ho2Ti2O7 on a system size of 1024
spins [22]. The calculated pattern captures most details of the experimental pattern
missed by the near neighbor spin ice model in figure 1-9(b). Note also the low scattering
intensity at (220), consistent with the experimental low intensity around the same point.
The differences between figures 1-9(b) and 1-9(c) also show that dipolar interactions do
cause further correlations to emerge among the spins than those that are due to a nearestneighbor ferromagnetic interaction.
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1.3 Mapping spin ice model on 16-vertex model

The three-dimensional spin ice materials discussed above can also be
reconstructed by projecting the spins along the (110) plane and mapped on a vertex
model. If the spin ice does not have crossing interactions, the resulting vertex model will
be exactly soluble [27-29]. The vertex model considered here is a square lattice of N
points (vertices), connected by edges between neighboring sites. The edges occupied by
the Ising spins can assume two states, symbolized by right- and left- or up- and downpointing arrows. The lattice and 16 vertex configurations are shown in figure 1-10.

(a)

(b)

Figure 1-10 (a) Illustration of the two dimensional square (ice) lattice mapped from the
pyrochlore spin ice, and (b) 16 vertex configurations for each site (with four edges) reproduced
from [1].

Analogous to the tetrahedra of pyrochlore lattices for the spin ice materials, each
vertex of the square (ice) lattice that follows the spin ice rule has 6 possible
configurations out of the 16 possibilities, indicated by the ω1 to ω6 states in figure 1-
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10(b). The entropy of the square ice can be calculated in a similar way as that in water ice
and spin ice [28].
In a generalized vertex model there may be a different energy εk (k = 1, 2,…, 16)
for each type of vertices and a corresponding Boltzmann factor, k  e k / K BT which
compose the partition function of the system. The energies for states, ε1, ε2, ..., ε16 could
be different from material to material, but there are three simple and important cases, as
listed below. (1) for the above discussed spin ice model, ε1 = ε2 = ... = ε6 = 0, i.e. all the
two-in/two-out states are equivalent, and have same weight factor, which leads to a
system similar to the pyrochlore spin ice materials. (2) in materials like KH2PO4 (KDP), a
hydrogen-bonded crystal of coordination number four, ε1 = ε2 = 0, ε3 = ε4 = ε5 = ε6 > 0.
Therefore its ground state greatly favors the vertex configurations of either type-1 or
type-2 state. The two possible ground states, giving rise to a long range ordered
ferromagnet, consist of either ω1 or ω2 vertex. (3) the third case is so-called
antiferromagnetic F-model [28], where ε1 = ε2 = ε3 = ε4 > 0, ε5 = ε6 = 0.This leads to a
ground state that has the alternative placement of ω5 and ω6 vertices.
In an even more generalized background, assuming only ε1 = ε2, ε3 = ε4, ε5 = ε6,
the vertex model has four cases to consider depending on the relative relation between

a  1  2 , b  3  4 ,and c  5  6 , as the four regimes shown in figure 1-11. The
four phases can be categorized as the following. (1) ferromagnetic phase where a > b+c.
the lowest energy state is one in which all vertices are of type-1, or all of type-2 with all
arrows pointing to up or to the right, or all point down or to the left. (2) ferromagnetic
phase where b > a+c. This is a case same as case 1, except that type-3 and type-4 are
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dominant now. (3) disordered phase, where a, b, c < (1/2) (a + b + c). All correlations
decay to zero with increasing distance. (4) antiferromagnetic phase, where c > a + b. The
lowest energy state is thus the same as the antiferromagnetic F-model with arrows
alternate in direction. At sufficiently low temperature, we therefore expect the system to
be in an ordered state with this antiferromagnetic ordering [27].

Figure 1-11 The phase diagram of the zero field ice-type model (vertex model), in terms of the
Boltzmann weights a, b, c. The dashed circular quadrant corresponds to the a2 + b2 = c2 case,
which is a disordered state with infinite correlation length. Reproduced from reference [27].

1.4 Difficulties in current research on magnetic geometric frustration

As discussed above, the questions regarding whether a material is frustrated and
how strong is the frustration are highly dependent on lattice geometries and the properties
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of the interactions in that specific material. Besides the impurity in materials cannot be
completely avoided in most cases, and the presence of defects complicates our
understanding of frustration. Our research in studying the frustrated magnet thus is
largely limited by the materials: we cannot easily change lattice spacing and geometry of
a material, and we cannot control defects locally. Furthermore although the recent
advancement in microscopic technology such as neutron scattering, equipment that can
resolve the magnetic moment of single ion is still not available. We are also limited by
the resolution of experimental measurements: we cannot image individual spins, and thus
cannot know the accommodation of frustration.
One way to overcome these limitations is to use advanced lithography to create an
artificial frustrated system. However this seemingly simply idea faces several barriers: (1)
an appropriate lattice structure to place the magnetic moments and form the frustrated
geometry. Discussion in the vertex model above shows that a square lattice might be a
good candidate for building up artificial frustration; (2) magnetic moments that behave
like Ising spins to be placed onto the chosen lattice structure(s); (3) these moments need
to be interacting with their neighbors in a proper form that give rise to the frustration. The
last two conditions can be satisfied by choosing the correct magnetic material, tuning the
shape of magnetic moments and closely packing them. A detailed discussion of the above
conditions will be presented in the chapter 2.
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1.5 Summary

Magnetic geometric frustration occurs in the magnetic materials in which the
arrangement of magnetic spins prevents the simultaneous satisfaction of all the
interactions. Spin ice is one class of the geometrically frustrated materials and its
frustration in spin configurations resembles the configurational disorder in the proton
arrangements of water ice. Because of the macroscopic degeneracy in their ground state,
both the water ice and spin ice materials have finite values of entropy at the zero point
that were experimentally measured by Giauque [15] and Ramirez [17]. In the spin ice
materials the magnetic ions sit on the vertices of corner-sharing tetrahedra of the
pyrochlore lattice and the dipolar interactions overwhelm the antiferromagnetic exchange
interactions, giving rise to an effective ferromagnetic interaction [22] and the 2in/2out
spin ice rule. This geometric frustration in spin ice can also be mapped on the two
dimensional square (ice) lattices and studied with the 16-vertex model. Theoretical
calculations suggest that the two dimensional square lattice can enter two ferromagnetic
phases, one antiferromagnetic phase, and one disordered phase, depending on the
energies of the possible spin configurations on one vertex. This mapping also enables us
to fabricate a 2D artificial square lattice which may enter a disordered state, demonstrate
the properties of spin ice materials, and follow the spin ice rule.
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Chapter 2
Design of artificial frustration
Geometrically frustrated materials show many different phenomena of great
interest in fundamental physics, such as the disordered ground state at low temperature,
slow spin relaxation, non-zero entropy at zero point and unusual phase transitions
(compared to conventional ferromagnetic and bipartite antiferromagnetic system) [1-8].
Recent studies also show that many established statistical methods and theories have
encountered many difficulties in dealing with frustrated systems [7]. In some sense
frustrated systems are excellent candidates to test approximations and improve theories
[8]. However the microscopic foundation of the frustration that are the root for these
intriguing physics is not easily accessible to existing technologies – the individual spin
only gives week magnetic signal that is far below the detection limit. Although the recent
advancement in neutron scattering enables its application to pyrochlore spin ice materials
to directly measure the Fourier transform in space and time of the spin pair correlation
function [9-10] and investigate magnetic monopoles as emergent particles [11-16], a
single “spin” (magnetic moment of rare earth ions) resolution is still impossible (because
the total magnetic scattering scales with S(S+1)). A more detailed discussion of neutron
scattering is beyond the scope of this dissertation, but can be found in this comprehensive
review [17].
One way around this limit is to make giant “spins” that could be probed by
magnetic imaging with advanced nanofabrication techniques. As discussed in the chapter
1, it is possible to fabricate an artificial array of these giant “spins” that possesses similar
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physical properties as geometric frustrated magnets that is accessible to local probe. The
fabrication of such an array involves placing moment components of an appropriate
shape on to a proper lattice with a certain kind of neighboring interaction. Vertex models
show that the square and hexagonal (kagome) lattices are good candidates for building up
artificial frustration [7], and that the presence and absence of ordering can be manipulated
by the neighboring interactions which is dependent on the relative arrangement and
spacing between moments [7, 18]. In this chapter we will start from a brief introduction
to patterned magnetic nanostructures, discuss the tuning of the moment shape and
interaction, and verify the properties with micromagnetic simulations.

2.1 Patterning magnetic nanostructures

Recent nanofabrication techniques offer unprecedented capability in manipulating
matter in micro- and nano-scale, and opens new opportunities for engineering innovative
magnetic materials and devices, developing high areal density magnetic media and
understanding micromangetics. The modern nanofabrication consists of two branches: the
“bottom-up” approach and “top-down” approach. We will discuss the two approaches
separately below with an emphasis on their application on magnetic structures. But the
future of nanomaterials synthesis will likely require the confluence of both top-down and
bottom up techniques.
The “bottom-up” approach was initially understood as a concept of fabricating
nanoscale devices, machines, and robots using the controlled manipulation of single
atoms or molecules [19]. Today’s bottom-up schemes are the spontaneous association of
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atoms or molecules under equilibrium conditions into stable, structurally well-defined
aggregates joined by noncovalent bonds [20], referred as self-assembly or selforganization methods. The scanning tunnel microscope has been demonstrated as a
suitable tool for manipulating single atoms, with which atoms can be controllably
positioned to form artificial nanostructures [21-23]. Recent work on polycrystalline
magnetic nanoparticles such as Co, Ni and FeCo has also successfully synthesized
ordered magnetic nanoparticle arrays with their magnetization direction tailored either inplane or perpendicular to the plane by nanosecond laser-induced self-organization [24].
This self-organization process, giving rise to self-organized nano-particles with
predictable particle size and inter-particle spacing, is a result of spinodal dewetting [2527] or thermocapillary driven flow [28-29]. This has been used as a template for
synthesizing large area arrays of nanomagnets [30-32].
In technologically oriented research areas however the top-down approach
involving various lithographical processes is mostly used in order to downsize bulk or
film samples. The process of fabricating magnetic nanostructures is in many ways similar
to that in the microelectronic industry. They both consist of three major steps as shown in
figure 2-1: (1) define the nanostructures in the resist, (2) deposit materials onto the resist
template and (3) remove excessive resist and materials. Depending on the subsequent
processing methods, the target materials sometimes are deposited on the substrate before
defining the nanostructures. The magnetic nanostructures have been successfully defined
in the resist with a range of methods dependent on the critical dimension required,
including the electron beam lithography [33-37], interference lithography [38-42],
nanoimprint lithography [43-45], light irradiation [46], and optical (deep ultraviolet)
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lithography. To fabricate artificially frustrated arrays of nanomagnets, the e-beam
lithography with a resolution of 20nm or below enables us to define single-domain
nanomagnets and freely tune the geometry of the arrays. We will discuss the detailed
processing in chapter 3, while this section mainly focuses on the general introduction to
nanofabrication techniques for magnetic nanostructures.

Electron Beam
Exposure
Resist stack
Substrate or film

Development

Lift-off

Growth

Etching

Figure 2-1 Schematic diagram of the typical lithography process for fabricating micro- or nanoscale structures followed by lift-off, electroplating growth or etching.
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Conventional fabrication technologies used in the microelectronic industry
however are not always compatible with magnetic nanostructures, for instance the
process involving high temperature will degrade the quality of the ferromagnetic films.
It’s also hard to use reactive ion beam etching to pattern magnetic films because it is
difficult for the reactive gases to form volatile compounds with magnetic materials. This
poses additional challenges when patterning magnetic materials. The key issues to
consider in developing fabrication recipes for magnetic nanostructures are critical
dimension, resolution, size and shape homogeneity, pattern area, alignment accuracy and
edge sharpness.
The collective magnetic properties of magnetic nanostructures, such as
magnetization reversal behaviors, are usually investigated with the magneto-optical Kerr
effect (MOKE). The local properties, especially the switching processes in magnetic
structures, are determined with magnetic force microscopy (MFM), scanning electron
microscopy with polarization analysis (SEM-PA), photoemission electron microscopes
(PEEM), etc. The static and dynamic properties of our frustrated magnetic arrays are
mostly studied with MFM, as this technique is nondestructive to samples, easy to set up
and use (samples do not need to be electrically conductive, and the technique can be
performed at various environments) and highly accurate (detection limit is as low as 0.1
gauss). Besides the long-range magnetic interactions between MFM tips and samples are
not sensitive to surface contamination, and no special surface preparation or coating is
required before measurement. A comprehensive description of MFM technique and the
setup of our measurements will be covered in the chapter 3. The hysteresis loops [47] and
ac susceptibility of our arrays are also characterized with MOKE measurements.
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2.2 Designing the artificial frustration

One precondition for fabricating artificial frustrated arrays is to find constituting
islands of appropriate size and aspect ratio so that they remain single-domain and support
a simple coherent rotation of magnetization upon switching in an external magnetic field.
These components behave like giant spins and can potentially form a two dimensional
artificial frustrated array when positioned on the proper lattice as discussed in chapter 1
and reference [7]. In this section we start from the tuning of the island’s aspect ratio, and
introduce two frustrated lattices (square and hexagonal lattices). The magnetization
reversals of an isolated island and interacting islands in one vertex are then investigated
with micromagnetic simulations in the last two subsections.

2.2.1 Tuning the shape of islands

A critical step towards making single domain islands is to have a proper
ferromagnetic material that demonstrates simple magnetic properties and ease of
application. In our research, we use permalloy, a ferromagnetic material consisting of
roughly 81% Ni and 19% Fe [48]. Bulk permalloy has a Curie temperature of about 577
degree Celsius, permeability of about 10,000 or above, nearly zero crystalline anisotropy
and magnetostriction (change of the shape or dimensions during the process of
magnetization), and low coercivity of around 1 Oe. These properties enable the
manipulation of magnetic states of permalloy islands by varying geometries and
experimental studies at room temperature.
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The domain structures in permalloy thin films were first studied with micrometersize rectangular shapes patterned with photolithography by Ozimek in 1985 [49],
followed by a serial of other investigations on the similar structures made of different
magnetic materials [50-54]. However, single domain structures were not observed until
the magnetic structures of sub-250nm features were successfully patterned with electron
beam lithography, studied separately by a groups from University of Glasgow [55-56],
and a team of University of California, San Diego (UCSD) and IBM [57-58] in 1988 1991, and finally observed in permalloy nanostructures using magnetic force microscopy
(MFM) by the UCSD and IBM team in 1993 [58]. This team also demonstrated the
controlled switching of the magnetic bars using a MFM tip, and angle dependence of
switching field [59-60]. Now it’s clear that a single domain nanomagnet typically has a
size of around or below few hundred nanometers, and the formation of a single domain
structure is illustrated in figure 2-2 for cobalt squares.

Figure 2-2 MFM images of magnetic domains in the 35nm thick cobalt squares. As their sizes are
reduced from 2µm to 100nm, the domain configurations start from chaos (irregular domain
patterns), experience four well defined closure domains and become single domain at 100nm.
Figure is reproduced from reference [61].
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The magnetization direction in a single domain or multi-domain patterned
magnetic nanostructure can be well controlled by the shape of the structure. In a multidomain nanostructure the magnetization at the edge tends to be parallel to the edge to
avoid free magnetic poles for lowering the magnetostatic energy (surface pole density is
equal to the discontinuity of the magnetization normal to the surface). In a single domain
the magnetization always points along the long axis of the structure, to lower the
demagnetization field and thus the total energy (unless there is a strong crystalline
anisotropy or external field against it). The change of domain configurations with shape
can be best illustrated by the figure 2-3, where the aspect ratio of the oval elements is
varied. The MFM images reveal vortex configurations, two-domain, and single domain as
the aspect ratio increases from 1 to 7.5 from the right to the left.

Single domain

Two-domain

Vortex

Figure 2-3 Magnetic states of patterned ferromagnets: (A) Topographic atomic force microscope
(AFM) image of thin-film, polycrystalline NiFe magnetic elements in a row, made by electronbeam lithography and lift-off. The aspect ratio of the oval elements is varied between 7.5 (on the
left side) to 1 (on the right side), and the scale bar is 5 µm. (B) MFM image of remanent
magnetization. The images reveal single domain, two-domain, and vortex configurations from left
to right, depending on shape (aspect ratio) of the elements. Figures are reproduced from reference
[62].

30

The elongated single domain magnets with large aspect ratio as shown in the
figure 2-3 are strongly bistable, because their remanent magnetization always points
along their long axis (i.e. the easy axis) owing to the demagnetization field, a.k.a. the
shape anisotropy. Although an external field can temporarily coerce the magnetization
away from the axis, the magnet relaxes back to its remanent states when the field is
weakened or removed. This behavior of the elongated magnets, analogous to that of the
Ising spins makes them good building blocks for constructing artificial frustrated lattices.
For the single domain state of a nanomagnet, unlike the two-domain or vortex
configurations, the magnetic flux lines close outside of the magnets, creating strong
magnetic stray fields that couple to magnetic elements in close proximity through dipoledipole interactions in the form U 
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and M 2 are displaced at r ). Because of the anisotropic nature of this dipolar interaction

between moments, the resulting moment configuration for a chain of nanomagnets thus
depends on their physical arrangement. For example, arranging several of these magnets
collinearly along their long axes, results in a chain of ferromagnetically ordered dipoles,
i.e. magnets pointing in the same direction. Placing them side-by-side in parallel results
in a chain of antiferromagnetically ordered dipoles, i.e. anti-parallel alignment of the
magnetic moments. These two cases are shown in the figure 2-4. An ordering structure
only appears when the distance between neighboring magnets is smaller than or
comparable to the size of the nanomagnets. And the ordering can be enhanced by
positioning the dipoles perpendicular to each other to form a zigzag structure, as shown
in figure 2-5.
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Figure 2-4 Two one dimensional ordering structures composed of single domain nanomagnets:
(a) Antiferromagnetic ordering occurs when the magnets are side by side in parallel; and (b)
Ferromagnetic ordering appears when the magnets are arranged in a chain along their long axis.

Figure 2-5 A chain of perpendicularly arranged magnetic moments. It forms an ordered magnetic
state indicated by the red arrows when moments are placed close to each other.

2.2.2 The frustrated lattice structures
The dipolar interactions between neighboring Ising-like moments can also favor a
disordered state (a frustrated state) when the moments are placed on certain geometries,
such as taking the sides of the square (16-vertex model) or hexagonal (8-vertex model)
[7] lattices as discussed on chapter 1 and illustrated in figure 2-6.
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(a) Frustrated square lattice of single domain nanomagnets.

2a
(b) Frustrated hexagonal lattice of single domain nanomagnets.
Figure 2-6 Schematic diagram of two frustrated lattices (a) square and (b) hexagonal lattices as
suggested by the vertex model in reference [7].
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Because of the long-range magnetostatic interaction, many macroscopic lattices
consisting of nanomagnets have some competing interactions. A simple case is given as
the chain in figure 2-4(a) where the 2nd nearest neighbor interaction also favors the antiparallel alignment, which is incompatible with the 1st nearest neighbor interaction. But
further neighbor interactions are usually much weaker than the nearest ones (the strength
goes in a form of 1/r3 in dipole model). However the above two lattices are very special –
the nearest neighbor interactions that have similar strengths compete with each other and
cannot be simultaneously satisfied. This leads to highly degenerate ground states and thus
the arrays are geometrically frustrated. The frustration in them can be best understood by
viewing one single vertex, for instance one hexagonal vertex as shown in figure 2-7. On
one hexagonal vertex, the calculation shows that two neighboring nanomagnets minimize
their dipolar energy by forming a head-to-tail alignment (i.e. the north or south pole of
one nanomagnet closer to the south or north pole of another), as shown in figure 2-7(a).
On the contrary placing two poles of the same kind in proximity maximizes the dipolar
energy, as shown in figure 2-7(b). For the three nanomagnets in figure 2-7(c) and (d),
there are three pairs of dipolar interactions, but at most only two of them can be
simultaneously minimized by forming 2-in/1-out or 2-out/1-in configurations. These
lowest energy states are thus six-fold degenerate (out of the total eight possibilities).
The ground states of one square vertex are also frustrated based on the same
dipolar interaction rules – not all the six pairs of dipole-dipole interaction are minimized
at the same time. Only a maximum of four pairs could be in the favorable configurations
with two of the four magnetic moments pointing into the vertex center and two of them
pointing out of the center. The lowest energy states, analogous to the pyrochlore spin ice
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materials, thus follow the spin ice rule, i.e. the 2-in/2-out configurations. And the
artificial frustrated arrays built on the two-dimensional square and hexagonal lattices are
thus called artificial spin ice and artificial kagome ice respectively because of their
similarity to frustrated materials.

(a)

(b)

(c)

(d)

Figure 2-7 Frustration in one hexagonal vertex: (a) two neighboring nanomagnets minimize the
dipolar interaction by forming head-to-tail alignment; (b) two neighboring nanomagnets
maximize the dipolar interaction forming head-to-head or tail-to-tail alignment; (c) the best
compromises have two pairs of interaction minimized, but still leave one maximized (lowest
energy state); (d) all three pairs of interaction are maximized (high energy state).

2.2.3 Micromagnetic simulation of a single permalloy island

To construct an artificial frustrated array, we need to make sure that each of the
components is in a single domain structure and experiences coherent switching upon the
application of external field. And an accurate knowledge of the switching field strength
also helps the design of demagnetization protocols as these systems are usually athermal.
However the simple dipolar models discussed above treat the nanomagnet as point
dipoles, and thus cannot give any information about the dynamics of the magnetization
processes and the coercive field. Besides the neighboring nanomagnets when placed at a
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small spacing comparable to their dimensions are not point dipoles any more. In order to
accurately evaluate the coercive field and the switching dynamics we thus perform
micromagnetic simulations using OOMMF package [63] on elongated magnetic islands
of three different sizes, as 50*60, 100*120, and 80*220nm2. These sizes are chosen to
represent a simple variation in the aspect ratio and dimension. The first two are discussed
in detail in reference [18], and in this dissertation we will focus only on the magnetic
islands with a dimension of 80*220nm2 lateral and 25nm thick. Permalloy nanomagnets
of this dimension can support simple domain structure, moderate coercive field and
coherent magnetization rotation, and thus are used as the building blocks of our artificial
arrays in this research. In this section and the next, we will examine these properties for
an isolated nanomagnet and interacting nanomagnets in one square or hexagonal vertex
with micromagnetic simulations.
Figure 2-8 shows an isolated elongated island in a stadium shape that is used in
the micromagnetic simulations, in which this object is divided into 5nm * 5nm * 5nm
cells – this cellsize is close to the grain size of MBE permalloy within which spins are all
ferromagnetically aligned [64]. We use an exchange stiffness of 1.3 * 1011 J/m, saturation
magnetization of 8.6 * 105A/m, zero crystalline anisotropy and a damping coefficient of
0.5 (the Landau-Lifshitz phenomenological parameter, for some simulations a lower
damping coefficient of 0.1 is required to achieve the equilibrium state, especially when
external field is applied) in all the simulations presented here.
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Normalized magnetization (a.u.)

Figure 2-8 An isolated elongated island for OOMMF simulation. It has a stadium shape with
lateral size of 80nm by 220nm, and 25nm thick.
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Stage A:
H = 200Oe

Stage B:
H = -780Oe

Stage C:
H = -800Oe

Figure 2-9 OOMMF simulation result for a permalloy nanomagnet with a stadium shape
(80*220*25nm3). The top panel is the hysteresis loop obtained from simulations along the long
axis (vertical direction, blue curve) and along the short axis (horizontal direction, red curve)
respectively. The bottom panel shows spin configurations that correspond to stage A to C
indicated in the hysteresis loop.

The simulated hysteresis loops along the two axes in figure 2-9 show a clear
difference: the loop along the long axis is squared and has a large opening between the
ramping-up and ramping-down fields, while the loop along the short axis is almost linear
near zero applied field and has no opening until larger field is applied. This difference in
hysteresis loop confirms that the easy axis of the stadium-like island is along its long
axis. The lower panel of figure 2-9 shows the spin configurations at three critical stages
where multi-domain structures could have appeared if it was supported by the shape. But
no second domain is observed here, and the switching of the magnetization direction is
completed by a coherent rotation of the spins. We actually examine the spin
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configurations at every field value for simulations along both the long and short axes, and
find that the spins under the external field rotate coherently and do not form additional
domain structures after the initial magnetizing stage. This once again confirms the Isinglike behavior of the magnetic islands that are used in building the artificial frustrated
lattices.
During the initial magnetization of the island, however a vortex configuration
may appear if the spins are initiated randomly, because of the symmetric shape of the
permalloy island used. This state, shown in figure 2-10, has two vortices of opposite
chirality and opposite polarity of the vortex cores. Notably in randomly initiated
simulations a single vortex state has also been observed (not shown here). A careful
examination of the energy however indicates that these states have higher total energy
than the single domain state. To avoid being trapped in such a local minimum state (or
metastable state), the single domain state is used in the initiation for later simulations.

Table 2-1 Comparing the energies for the vortex state and the single domain state.

*10-17J
Two-vortex state
Single domain

Total energy
1.95463
1.46669

Exchange energy
1.36097
0.02740

Dipolar energy
0.59367
1.43930
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Two-vortex
state

Single domain
state

Figure 2-10 A two-vortex or single domain state may appear at the remanence depending on the
initiation condition. However the vortex state has a higher energy than that of the single domain
state.

2.2.4 Micromagnetic simulation of interacting islands in one vertex
Having confirmed the Ising-like switching of an isolated magnetic island with
simulations, we will also examine whether this behavior is being kept for strongly
interacting islands in a square vertex (spaced at 320nm) or a hexagonal vertex (spaced at
259nm) in this section. This property is verified by applying magnetic field along several
angles referenced from the vertical island in the vertex, as shown in figure 2-11. The
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simulations are also used to supply information about the coercive field value at which
the magnetization states of lattices are altered in favor of the external field.

Normalized magnetization (a.u.)

Figure 2-11 The two kinds of vertices that are simulated with OOMMF. The angles in simulations
are referenced from the vertical island in the square (left) or hexagonal (right) vertex.
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Figure 2-12 Simulated hysteresis loop at zero degree for one square vertex of four islands (320nm
spacing) as shown in figure 2-11; the four critical stages are marked on the loop, and their
magnetization states are shown in figure 2-13.
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The hysteresis loop in figure 2-12 is simulated when magnetic field is applied
along the vertical direction (zero degree), i.e. the field is only along the easy axis of the
two vertical islands, but along a hard axis of the two horizontal islands. The result for the
simulation with such four islands thus is the summation of magnetization from both the
easy axis hysteresis loop and the hard axis hysteresis loop. The resulting loop still has a
large opening between the ramping-up and ramping-down fields, but becomes rhombic
compared to the squared loop of one single island (see figure 2-9). The non-saturation at
high field is also from the contribution of horizontal islands – the field strength (1200Oe
for the above simulation) is not strong enough to completely coerce these two islands, as
illustrated in figure 2-13 stage D.

Stage A: H = 0Oe
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Stage B: H = -700Oe

Stage C: H = -800Oe
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Stage D: H = -1200Oe
Figure 2-13 The magnetization states at four critical stages indicated in the hysteresis loop; these
states do not show any sign of multi-domain structure upon the application of external field.

The simulated spin configurations at critical stages, either right before (or after) a
transition or at the remanence (or saturation), as illustrated in figure 2-13, do not show
any two-domain or multi-domain magnetization structures in any of the islands. The
spins flip coherently when transiting from one direction to the other, and all four islands,
though strongly coupled to each other, keep the Ising-like behavior under external field.
This property is also well kept for field applied along any other directions – we simulate
the spin configurations for angles between 0 and 45 degrees at an increment of 5 degrees,
and do not observe any additional domain structures.

Normalized magnetization (a.u.)
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Figure 2-14 Hysteresis loops for one square vertex (320nm spacing) at four different angles: 0
degree, 15 degrees, 30 degrees and 45 degrees.

Figure 2-14 shows the hysteresis loop for some of the angles (0, 15, 30 and 45
degrees) with a finer step size in the applied field (5Oe each step). All four loops show a
similar shape, and a small variation about 40Oe in the coercive field (Hc) with two local
maximums of Hc at 0 and 45 degrees. However this maximum is very sensitive to the
shape used in the simulations, for example OOMMF simulations with SEM or AFM
images of one square vertex can give rise to a local maximum of Hc around 5 degrees
while a local minimum around 45 degrees because of the rougher edges of the islands in
real arrays. And these maximum and minimum have been confirmed by the MOKE
measurements conducted by Dr. Kriti Kohli and Andy Balk in the group of Professor
Samarth.
Similar sets of simulations are also performed on one 259 nm spaced hexagonal
vertex at several angles, including 0, 45 and 90 degrees. Because of the high symmetry of
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the hexagonal lattices, many angles are equivalent, for example 90 degrees is equivalent
to 30 degrees (three-fold rotational symmetry), and 45 degrees is equivalent to 15 degrees
(reflection symmetry). Figures 2-15 and 2-16 respectively show the simulated hysteresis
loops for the three angles, and the spin configurations at five critical stages for field
applied along 45 degrees. Analogous to the result of one square vertex, we do not find
any multi-domain patterns in any of the spin configurations. This demonstrates that the

Normalized magnetization (a.u.)

Ising-like behavior of nanomagnets is well maintained in hexagonal lattices too.
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Figure 2-15 Hysteresis loops for one hexagonal vertex (259nm spacing) at three different angles:
0 degree, 45 degrees, and 90 degrees.
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Stage A: H = 0Oe

Stage B: H = -566Oe
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Stage C : H = -707Oe

Stage D: H = -849Oe
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Stage E: H = -1700Oe
Figure 2-16 The magnetization states (i.e. spin configurations) at five critical stages (A-E)
indicated in the hysteresis loop of 45 degrees; these states do not show any sign of multi-domain
structure for any applied field.

In conclusion the micromagnetic simulations with OOMMF package show that
the single domain state and the Ising-like switching are well maintained for an isolated
island as well as the interacting islands within one vertex. These characteristics make
these nanomagnets suitable for constructing artificial frustrated arrays, in which each
magnet behaves like a giant Ising spin.

2.3 Summary

An elongated nanomagnet patterned with electron beam lithography demonstrates
a single domain magnetization and Ising-like behavior, i.e. only pointing along the long
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axis at remanence [62]. These nanomagnets, when positioned on the appropriate
geometry such as the square or hexagonal lattices suggested by the vertex model [7] can
demonstrate a frustrated neighboring dipolar interaction and be used to construct artificial
frustrated arrays. The dynamics of such an isolated nanomagnet and interacting
nanomagnets within a square or hexagonal vertex are simulated with micromagnetic
modeling OOMMF package [63]. The results of simulation confirm the single domain
property for the nanomagnets, and their Ising-like coherent rotation upon the application
of external field.
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Chapter 3
Fabrication and demagnetization of artificial frustrated geometries
To fabricate artificially frustrated arrays that are analogous to the frustrated
materials and accessible to the magnetic force microscopy (MFM), each constituting
island needs to be large enough for MFM imaging (around 100 nm for Veeco Nanoscope
IV [1]), but small enough to maintain a single-domain structure (around 1 micron [2]).
The closest proximity of islands, dictating the strength of the magnetostatic interaction
can be as short as 40 nm from edge to edge for the small spacing arrays. These length
scales are well beyond the ability of conventional optical lithography but can be
consistently defined with electron beam lithography (e-beam lithography or EBL). Ebeam lithography combined with advanced resist stack enables reproducible and precise
control of defining nanostructures to provide maximum designability. Resist type,
exposure time and dose in E-beam writing as well as post-processing all show great
influence on the final feature size (a detailed comparing of different EBL and processing
techniques as well as the discussion of the lithographic resolution and tolerance can be
found in the references [3-5]). Micromagnetic simulation with OOMMF code [6]
demonstrated that an island of 220*80*25 nm3 can sustain a single-domain spin
configuration at its remnant state, and supply enough magnetic moment for strong
neighboring interaction (see section 2.2.3 and 2.2.4). However, the magnetostatic energy
associated with such islands is at the order of 10-19 to 10-18 J (i.e. 104 to 105 K), far above
the annealing ability of thermal energy (see section 2.2.4). Instead we use external
magnetic field to prepare the magnetic state before any measurement. In this chapter, we
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first show how to fabricate the artificial frustrated arrays with bi-layer E-beam
processing, and then introduce the demagnetization setup for annealing the magnetic
nanostructures.

3.1 Fabrication of artificial frustrated arrays

The fabrication of arrays consists of three steps: 1) define the nanostructures on
high resolution resist stack with E-beam lithography; 2) deposit the magnetic film with
Molecular Beam Epitaxy (MBE); 3) remove excessive magnetic film using lift-off. The 3
steps are illustrated in Figs. 3-1 (a-g), and discussed in details below in the order of the
processing.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

PMMA
PMGI
Si
Permalloy

Figure 3-1 Illustration of the nanofabrication of artificial frustrated magnets: (a) spin coat bottom
layer of resist stack and soft bake; (b) spin coat top layer of resist stack and soft bake over the
bottom layer; (c) expose the bi-layer with electron beam; (d) develop the top layer and (e) bottom
layer respectively; (f) deposit permalloy film of 25nm thick with MBE; and (g) final lift-off the
unwanted films. The processing illustrations are made based on the figures in Ref. [4].
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3.1.1 E-beam resist stack and electron beam exposure

The polydimethylglutarimide (PMGI) based e-beam resist is first applied to the
clean and dry Si substrate, followed by a soft bake on hot plates. This resist is used as the
undercut layer in the bi-layer lift-off processing which greatly facilitates the removal of
excessive metals after deposition. The pre-bake process enables precise and reproducible
control of undercut to provide maximum process windows for later steps. The top PMMA
layer is then applied onto PMGI resist, and used as the image (or patterning) layer on
which nanostructures are written. PMMA and PMGI are incompatible and do not
intermix, and thus a barrier layer is normally not required [4]. The PMMA layer is then
soft-baked directly over the bottom layer, which works only because of the high thermal
stability of the PMGI layer. This bi-layer resist stack provides high resolution imaging
and clean lift-off with simple processing. This resist stack is shown in Figs. 3-1 (a-b).
The resist stack is then exposed in the selected areas according to the design of
nanostructures by electron beam (Leica EBPG5-HR e-Beam Writer), illustrated as Fig. 31 (c). The shape and size of islands are finely tuned by varying the dose of electron
beams during exposure. Figs 3-2 and 3-3 show some of the SEM images from a series of
doses ranging from 700 to 1000 µC/cm2 for hexagon and square geometries (see chapter
4 and 5 for details of these two geometries). The arrays defined at lower doses, as Figs. 32 (a-b) are not uniform, and the shape of islands is different from the ideal ellipse (or
stadium-shape) designed in the mask due to the underexposure of the electron beam. As
the dose increases, both uniformity and island shape are improved, and eventually
optimized at 900 µC/cm2, as shown in Figs. 3-2 (c-d) and Figs. 3-3 (a-b). This appears to
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be a common optimum dose for different lattice arrays studied in this research, as they
simply share the same feature size and similar density. The nanostructures in the later
chapters are all exposed at 900 µC/cm2.
After exposure, the substrate with written patterns is developed by two sets of
chemicals: 1) a mixed solution of methyl isobutyl ketone (MIBK) and isopropanol (IPA)
at a volume ratio of 1:3 is applied first to remove the exposed area of top PMMA layer,
as shown in Fig. 3-1 (d); and 2) MCC develop 101A (tetra ethyl ammonium hydroxide)
dissolves the PMGI layer from PMMA openings, and creates undercuts beneath PMMA,
as shown in Fig. 3-1 (e). These undercuts allow lift-off chemicals to contact the resist
stack from the very bottom, and to remove the whole stack rather than to dissolve from
surface that in many case, is fully or partially covered by deposited films.

3.1.1 MBE growth of permalloy layer and lift-off process

The permalloy (Py) films are then expitaxially deposited at a rate of 0.1 Å/s under
ambient temperature using MBE growth, and capped by a 3 nm aluminum layer to
prevent the oxidization from the surface, as shown in Fig. 3-1 (f). This growth condition
helps form a layer of polycrystalline Py that further reduces crystalline anisotropy – the
magnetic moment configurations of islands are governed only by the shape anisotropy
and each island behaves like an Ising spin. The grain size of such Py films is around 5nm,
and this value is used in all of our micromagnetic simulations. Facilitated by the
undercuts in PMGI layer, the sample lift-off in an acetone solution assisted by ultrasonic
action is efficient and shows clean output. The lift-off procedure enables an abrupt edge
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profile of the nanostructures and the complete discussion can be found in the Ref. [3] and
Appendix E. In the case that the film thickness is comparable to that of the bottom resist,
a NMP based chemical and heating is needed for a thorough lift-off of excessive metals
(see Appendix E for details). Fig. 3-1 (g) shows the sketchy illustration of one final
feature after the above 3 steps where only the nanostructures, defined in the mask and
exposed by electrons, are kept (the real arrays are shown in Figs. 3-2 and 3-3).

(a)

2

750 µC/cm

1µm

(b)

2

850 µC/cm

1µm
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(c)

2

900 µC/cm

1µm

(d)

2

950 µC/cm

1µm

Figure 3-2 SEM images of dose arrays for 259 nm hexagonal lattices, this is the smallest spacing
for hexagonal at doses: (a) 750, (b) 850, (c) 900 and (d) 950 µC/cm2. The slight distortion in (a)
and (b) were due to the off-centering of the electron beam in the SEM tool. (c) and (d) were taken
with a field emission SEM, and no more distortions were observed.
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(a)

900 µC/cm

200 nm

(b)

2

950 µC/cm

200 nm

Figure 3-3 SEM images of dose arrays for 320 nm square lattices, this is the smallest spacing for
square at two doses: (a) 900, and (b) 950 µC/cm2. The scale bar on each figure is 200 nm.

3.2 Demagnetization and measurement setup

As-grown magnetic materials do not consistently reproduce a low energy
microstate of spins just out of growth chamber. Instead such a magnetic state is normally
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prepared by heating the magnet over its Curie temperature, and slowly cooling down, a
procedure called thermal annealing. However the magnetic dipole moment of an island in
our arrays, is of 107µB (Bohr magneton, approximately the spin moment for an electron)
and interacts with its neighbors at an energy level of 104 to 105 Kelvin (i.e. 10-19 to 10-18
J) – thermal energy alone is not sufficient to randomize the moment configuration
without damaging the nanostructures. Considering this large magnetostatic energy
between islands, the annealing, (or demagnetization) is assisted by an external magnetic
field sequence: a series of magnetic fields are applied to the arrays as needed to reduce
the net moment, where the field ramping rate and timing of the sequence are well
controllable and adjustable. Chapter 4 discusses the effects of different demagnetization
protocols on the final magnetic states of the artificial frustrated arrays, while this section
mainly focuses on the experimental setup for rotational demagnetization using the
external field.
We pattern many lattice arrays of a single geometry on the same Si chip, but
separate the arrays of different spacings at least 100 µm apart to prevent any inter-array
interaction. The chip is first mounted onto a nonmagnetic aluminum puck using GE
varnish – this makes later handling of the samples easier. This puck, when
demagnetizing, sticks to a voltage-controlled rotor and its rotational speed can be
precisely controlled by the external power supply (see Appendix A for the calibration).
The complete demagnetization setup is illustrated in Fig. 3-4. The external field,
generated by electromagnet system always starts from a value much higher than the
coercivity of all lattice arrays for any of the protocols, and decreases in rates and patterns
precisely governed by a Labview program. Magneto-optic Kerr effect (MOKE)
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measurements [7-8] on the artificial arrays have shown the same coercive field of 770 Oe
regardless of the lattice spacing [3, 9]. This value coincides with the coercive field for
one single island along its easy axis obtained by micromagnetic simulation (see chapter
2). The external magnetic field is highly uniform in space (less than a 5 Oe difference
across a distance of 1mm), with a controllable ramping rate up to 11,620 Oe/s (or 70A/s).

H

Sample

Figure 3-4 Schematic illustration of the demagnetization settings: the sample and its holder are all
inside the GMW electromagnet system which provides a high field uniformity in space and fast
ramping rate.

After demagnetization, the moment configurations are imaged by magnetic force
microscopy (MFM, reviewed in next section), and digitized by codes based on Matlab
where each moment direction is being assigned a positive or negative value like that in
Cartesian coordinate system (for simplification we use +1 or -1). The correlation between

63

a pair of moments can then be computed simply by comparing the two numbers
associated with the moments. The analysis of energetically favorable or unfavorable
moment pairs as well as counting of occupancies of different energy states are all
automated with a set of Matlab codes.

3.3 A brief review of magnetic force microscopy

The imaging of magnetic moments is obtained on our artificial frustrated magnets
using Veeco multimode IV SPM and nanoscope controller system [1]. The system has
been customized to have all the components replaced with nonmagnetic parts – it does
not interface with the magnetic nanostructures and is able to conduct measurements
inside the external magnetic field. During the MFM imaging a tapping cantilever
equipped with a magnetic tip is first scanned over the surface of the sample to collect
topographic information in the main pass, as shown in Fig. 3-5 (a). During the second
scan, the tip is lifted to the user-specified height above the surface to perform far field
measurements (called LiftMode), as shown in Fig. 3-5 (b). Topography data acquired in
the main pass is used to maintain the tip at a constant distance from the surface during the
lifted scan. The interaction between tip and magnetic features on the sample is measured
using the principle of force gradient detection [1]. In the absence of magnetic field, the
cantilever is piezo-driven at its resonant frequency. This frequency is shifted by an
amount proportional to vertical gradient in the magnetic force on the tip because the
magnetic coating is pre-magnetized vertically (especially in Veeco systems). The shifts in
the frequency tend to be very small, typically in the range 1-50 Hz for cantilevers having
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a resonant frequency ~ 100 KHz. The frequency shift can be detected in three ways: (1)
phase shift measures the cantilever’s phase change of oscillation relative to the piezo

drive; (2) amplitude detection tracks the variation in oscillation amplitude; and (3)
frequency modulation directly measures shift in resonant frequency. Phase detection

and frequency modulation produce results that are generally superior to amplitude
detection [1]. In our measurements, the moment configurations are determined from the
phase shift of the cantilever, as the examples shown in Fig. 3-6 (a-d).

(a)

(b)

Figure 3-5 MFM lift mode profiles: (a) cantilever traces surface topography on the first trace and
retrace (main scan lines); and (b) lifted cantilever profiles magnetic force on the second trace and
retrace (second scan lines). Images are from Veeco application note [1].

65

Typical phase shift images (MFM channel) are shown in the right column of Figs.
3-6 (a-d) along with their topographic images (AFM channel) on the left for the various
lattice geometries studied in this dissertation. The scale bars on the images indicate the
height information for the AFM (left column) and phase shift relative to the piezo drive
(right column). The black and white spots in the MFM images, which indicate the north

(a)

Topographic image (AFM)

Phase shift (MFM)

Topographic image (AFM)

Phase shift (MFM)

(b)
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(c)

Topographic image (AFM)

Phase shift (MFM)

Topographic image (AFM)

Phase shift (MFM)

(d)

Figure 3-6 Sets of AFM and MFM images for different geometries at a range of spacings: left
column shows the AFM images and right column shows the MFM images; (a) 560 nm square
lattice array (chapter 4 and 5), (b) 440 nm brickwork lattice array (chapter 5), (c) 1047 nm
hexagonal lattice array (chapter 5) and (d) 400 nm NF6 cluster geometry (chapter 6). Each island
containing only one pair of black and white halves, confirm the single-domain nature of island
moment. The complete moment configuration of any array can be easily determined from its
MFM image.
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and south poles of the ferromagnetic islands respectively, confirm the single-domain
nature of the islands and demonstrate the dominance of the shape anisotropy in aligning
the magnetization of each island along its long axis. The Van der Waals force between
the nanostructure and the scanning tip is vanishingly small due to the large scanning
height during the MFM imaging and the long-range nature of magnetic force [1].

3.4 Summary

Fabrication of artificial frustrated arrays is the critical first step towards the
understanding of local frustration that is normally inaccessible in frustrated compounds.
In this research we use electron beam lithography to define these arrays where
neighboring interaction and geometry can be designed and controlled. E-beam
lithography provides a precise and consistent control of the constitutive features’
dimension and shape. With a high resolution bi-layer resist stack and appropriate
development, we are able to produce frustrated arrays that can be directly images by
MFM systems and still keep single-domain magnetic moment. Such a moment, however
interacts at an energy scale far beyond the scope of thermal annealing. Instead we design
a set of demagnetization protocols using external magnetic fields generated from a GMW
electromagnet system to prepare the low energy magnetic state. The consequences of
such demagnetization are discussed in details in chapter 4. One of the most important
tools in this research, the MFM system is also briefly reviewed at the end of this chapter.
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Chapter 4
Investigating demagnetization protocols with artificial spin ice
AC demagnetization is used to generate low-moment initial states in both bulk
magnets and patterned magnetic island arrays. In this chapter we study ac
demagnetization in frustrated spin ice arrays of single-domain ferromagnetic islands,
using magnetic force microscopy (MFM) imaging that can extensively resolve every
Ising-like magnetic degree of freedom in the system. Following the previous study on
various demagnetization protocols[1-2], we find that a field sequence that changes the
field polarity at each step prepares a well demagnetized final state compared to nonflipping or linear-decreasing protocols: the net moment of the arrays is readily brought
near zero by such a protocol with sufficiently small step size. Despite the effective
demagnetization of the arrays, the final magnetostatic energy of the demagnetized array
continues to decrease for finer-stepped protocols and does not extrapolate to the ground
state energy, a hindered approach to equilibrium that is characteristic of frustrated,
granular, and glassy systems. The resulting complex disordered magnetic state can be
best described by a maximum-entropy ensemble constrained to satisfy just nearestneighbor correlations.
Dr. Xianglin Ke and Jie LI were the leading experimentalists; Dr. Paul Lammert
and Dr. Cristiano Nisoli developed the Monte Carlo modeling and theory of effective
temperature that are discussed in this chapter. This work is supervised by Professor Peter
Schiffer and Professor Vincent Crespi.
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4.1 Introduction to ac demagnetization

The generation of a well-defined thermodynamic "state" is fundamental to the
statistical analysis of physical systems. Classical magnetostatic systems, with their welldefined interactions between elements, provide an important test-bed for such analyses,
whether as continua (Landau-Ginzberg), discretized sets of continuous degrees of
freedom (Heisenberg, XY), or discretized sets of two-level systems (Ising). Inducing a
statistically well-defined state in these systems can be problematic, since the domain
structure of ferromagnetic samples and the moment arrangement of magnetic island
arrays are often controlled by their history of exposure to magnetic fields. For bulk
ferromagnetic samples, domain structure is typically modified via ac demagnetization,
whereby an alternating external field of gradually shrinking strength carves a disordered
arrangement of mutually compensating domains of variable size and orientation. ac
demagnetization has also been applied to obtain an initial demagnetized state in regular
arrays of nanomagnets and thin films [2-7]. Theoretically, such ac demagnetization
allows energy minimization in special cases such as Preisach models of ferromagnets [8]
and certain disordered systems [9-11]. On the other hand, there has been little
quantitative experimental study of how demagnetization relates to magnetostatic energy
minimization, or its impact on local domain structure or island moment correlations.
A nanoscale single-domain magnet island array, wherein the Ising-like moment of
every island is experimentally resolvable, allows detailed study of the relation between
demagnetization and magnetostatic energy across different demagnetization protocols.
The ability to place Ising-like degrees of freedom with fixed, controllable, relative
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orientation and spacing affords a great degree of control in designing new physics into
such arrays. Magnetic island arrays can be engineered to minimize island-island
interactions [12] for data storage applications, or to balance shape anisotropy against
array anisotropy [13]. In this chapter we use such arrays to study the process of
demagnetization: we start from the comparison of four demagnetization protocols [1] but
mainly focus on the most effective one, the ac sequence. We demonstrate that minimizing
the overall system moment does not define a unique minimum energy state. For
successively more finely stepped ac demagnetization protocols, the total magnetostatic
energy of our arrays continues to decrease after the overall magnetization has been
minimized, and ground-state-like correlations continuously strengthen with decreasing
step size, although not approaching the limit of the ground state energy. Monte Carlo
modeling indicates that the resulting collective magnetic state can, in fact, be
characterized by a well-defined thermodynamic ensemble in which entropy is maximized
subject to an explicit constraint on the nearest-neighbor correlations.

4.2 Comparison of the four demagnetization protocols

We study lithographically fabricated “artificial spin ice” arrays of single-domain
ferromagnetic permalloy islands (Fig. 4-1), with the island moments constrained to point
along their long axes by a strong shape anisotropy (fabrication details are described in
chapter 3 and reference [6]).

The arrays have a range of lattice constants for the

underlying square lattice (400 nm to 880 nm), a fixed island size (220 nm x 80 nm and 25
nm thick), and a coercive field Hc ~ 770 Oe [1-2, 6] that is nearly independent of lattice
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(a)

(b)

(c)
Magnetic Field

protocol 1
protocol 2
protocol 3
protocol 4

(d)

Time

Figure 4-1 The experimental system under study. (a) Island array with the moment configuration
in its ground state; (b) MFM image of arrays with 680nm lattice spacing at ΔH = 12.8Oe. The
black and white dots correspond to the south and north poles of the island moments, respectively,
and the AFM image inset shows the array lattice. The scale bar is 1µm; (c) Schematic of the four
demagnetization protocols, ac demagnetization is the red thicker curve (protocol 1, not to scale);
(d) Schematic of the demagnetization setup.

spacing. Since the islands are single-domain, magnetostatic coupling between individual
Ising-like island moments controls the system’s energetics in zero applied field [3-5, 1415]. Magnetostatic interactions between the four islands at each cross-like vertex are
frustrated, i.e. they cannot all be simultaneously satisfied. However, the system has a
simple two-fold degenerate ground state with zero net moment, as shown in Fig. 4-1(a).
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Since the inter-island interaction energy (104 Kelvin, i.e. 10-19 J) and the intra-island
shape anisotropy energy (105 K) are large compared to accessible thermal energies (102
Kelvin, i.e. 10-21 J), an external magnetic field sequence is required to obtain a
demagnetized state. We first briefly review our previous study on the four
demagnetization protocols as illustrated in Fig. 4-1 (c) and depicted below:
1. Protocol 1, an ac demagnetization: the field direction is reversed at each step, and
the amplitude is reduced by the amount of step size, ΔH (red);
2. Protocol 2: a stepped sequence where the field goes to zero between two adjacent
steps (black);
3. Protocol 3: a linearly ramping down magnetic field (green);
4. Protocol 4: a stepped sequence as Protocol 2, but the field amplitude decreases by
ΔH without resting on zero (blue).
After subjecting the arrays to one of the four protocols, the moment configuration of the
400nm spaced array is imaged via MFM, and the residual total moment is calculated as
M tot 

(mx 2  m y 2 )
2

, where m x and my are the net normalized moment along Cartesian

x- and y-axis after demagnetization. The results for all the four protocols are summarized
in the Table 4-1. We clearly see that protocol 1 (i.e. ac demagnetization) generates a well
demagnetized state with diminishing moment compared to other three protocols. Besides
this protocol maximizes the population of low energy states and prepares a moment
configuration closer to the ground state. The previous work from our group also
demonstrated that such ac demagnetization can produce a disordered low-moment state
without long-range correlations [2, 6]. More detailed discussion on comparing the four
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protocols can be found in references [1-2, 6, 16]. Because of the effectiveness and
reproducibility, we only use ac protocols to demagnetize the magnetic arrays before any
measurement in the following sections.
Table 4-1 Residual total moment of 400nm spin ice after the demonization protocol

Protocol
1
2
3
4

Mtot
0.036
0.132
0.258
0.204

ΔH (Oe)
3.2
3.2
-3.2

Note

Ramping rate = 0.32 Oe/s

Data are taken from reference [1].

4.3 Energy minimization and ac demagnetization in spin ice arrays

We first study the vertex population, neighbor correlations and energy
minimization after ac demagnetization with different step size ΔH. We follow the
demagnetization setup discussed above: the arrays, rotating at 1000rpm are subjected to a
stepwise decreasing magnetic field. The field magnitude was reduced from 1280Oe (well
above Hc) to 0 with constant size steps, ΔH, and the field direction reversed at each step,
as protocol 1 in Fig. 4-1(c). We choose ΔH = 1.6, 3.2, 9.6, 12.8, 16, 32, or 64Oe, holding
each step for 5seconds and ramping the field at 11,620Oe/s between steps. After each
demagnetization protocol, magnetic force microscopy (MFM) images which reveal the
moment configurations (Fig. 4-1(b)) are acquired at several locations on each array, well
away from the array boundaries and totaling about 5000 islands for each data point in the
plots. The uncertainty of quantities derived from the images is calculated as standard
deviation of the individual image results.

Residual Magnetization
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Figure 4-2 Field step size dependence of residual moment as defined in the text. Inset is an
expanded view of the region of low step size.

As the initial field of 1280Oe is much larger than both Hc and inter-island fields
(which are ~10Oe [6]), the samples begin in a fully magnetized state with both horizontal
and vertical island moments fully aligned. The island moments track the applied field as
long as it significantly exceeds Hc, the island-island interactions being small
perturbations. The magnetostatic interactions between islands most strongly influence
their spin orientations in a narrow window around Hc, and the island moments become
fixed once the external field drops well below Hc. For the largest step size, ΔH = 64Oe,
the arrays are polarized to a certain direction by the field larger than Hc and then become
largely fixed in that configuration as the field takes a single step to a value well below Hc,
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yielding a net magnetized state. In contrast, at smaller ΔH, the island moments freeze into
a more random configuration associated with variations in local magnetic field due to
inter-island interactions.
We now quantitatively analyze how the collective state of the moments depends
on ΔH. To assess the effectiveness of the demagnetization, we measure the residual net
magnetic moment of the arrays, M tot [2]. As shown in Fig. 4-2, the residual moment is
large for larger ΔH, but it is statistically indistinguishable from zero [17] when ΔH is
smaller than 12.8Oe, a threshold corresponding approximately to the strength of the
magnetic fields exerted by one island on its nearest neighbors. To test whether the
window near the coercive field is truly crucial to demagnetization we also perform a
segmental annealing procedure with varying ΔH at different field region: from 1300 Oe
to 992 Oe (note: Hc ~770 Oe) with ΔH = 32 Oe, from 992 Oe to 554 Oe with ΔH = 3.2
Oe, and finally from 554 Oe to 0 with ΔH = 32 Oe again. In this case, the residual
moment of the arrays and the population of different types of vertices (more discussion
later) are the same as the case using ΔH = 3.2 Oe for the whole annealing process.
Similarly if ΔH is equal to 32 Oe in the intermediate field range and 3.2 Oe outside the
results are also indistinguishable from the results of a protocol with ΔH = 32 Oe for the
whole process. This indicates that ΔH is crucial to determining the demagnetization and
energy state of the arrays only when the field is close to the coercivity of the system. The
results for these two sequences are compared against the normal ac protocols for residual
moments and vertex populations in table 4-2.
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Table 4-2 Comparing the segmental sequences with normal ac protocols

Spacing (nm)

Mtot

Type I

Type II

Type III

Type IV

ΔH=3.2 Oe, only
in the Hc window

400

0.043

0.481

0.363

0.155

0

880

0.044

0.293

0.352

0.343

0

Normal ΔH=3.2
protocol

400

0.036

0.453

0.382

0.165

0

880

0.045

0.295

0.365

0.336

0

ΔH=32 Oe, only
in the Hc window

400

0.289

0.317

0.464

0.219

0

880

0.371

0.114

0.373

0.466

0.047

Normal ΔH=32
protocol

400

0.196

0.338

0.437

0.224

0

880

0.278

0.135

0.313

0.494

0.06

For any step size smaller than 12.8Oe, the final state is effectively demagnetized.
But is the demagnetized state for ΔH < 12.8Oe truly independent of ΔH? To answer this
question, we examine two properties of the spin ice arrays after ac demagnetization: (1)
occupancy of vertex energy levels, and (2) correlations between nearby moment pairs.

4.3.1 Vertex population dependence on the step size of the ac protocols

Both micromagnetic simulations with OOMMF code [18] and our MFM
measurements confirm that each island behaves as an Ising-like moment, only aligning
along its long axis at small external field of any direction (see Chapter 2). For every
vertex of four such neighboring islands, there are a total of 16 kinds of configurations and

78

E1  

1.6 m 2
40 a 3

II

E2  

0.5 m 2
40 a 3

III

E3  0

IV

2.6 m 2
E4 
40 a 3

Type I

Figure 4-3 Sixteen moment configurations for one vertex ordered from Type I, II, III, to IV based
on their magnetostatic energy (equations right to the schematics, a is the lattice spacing, m is the
magnetization strengthen).

we label them as four types according to the magnetostatic energy of the vertex, as
illustrated in Fig. 4-3. Type I and II have spins of two-in/two-out configuration, and Type
III has three-in/one-out or three-out/one-in spin configuration, while four-in or four-out
spin configuration for Type IV. It has been shown that two parallel ferromagnetic
nanomagnets prefer antiferromagnetic alignment to minimize the magnetostatic energy,
while preferring head-to-tail arrangements if placed collinearly or perpendicularly [3-5,
14-15]. Thus Type I has the lowest energy, followed by Type II, Type III and Type IV
[6]. A careful calculation of the total dipolar interaction for the four types confirms this
order and is listed along with the schematics in Fig. 4-3. We also notice that even Type I,
satisfying 4 out 6 neighboring interactions has two pairs of interaction unsatisfied (the
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vertical and horizontal collinear pairs) – this is the origin of the frustration in the spin ice
arrays. Note that Type I and IV vertices have zero net moment while Type II (fully
polarized) and Type III, do have a net moment along a certain direction.
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Figure 4-4 Vertices fractions vs. field step size for 4 representative lattice spacings (a) 400nm, (b)
560nm, (c) 680nm and (d) 880nm;

To investigate the vertices population dependence on step size, we plot the
population for four representative lattice spacings (400, 560, 680 and 880nm) across a
wide range of ΔH in Figs. 4-4 (a-d). The closely packed 400nm array has the strongest
nearest neighboring interaction, which is roughly 10 times larger than that of the less
dense 880nm array; each of islands in the arrays successively decouple from the field
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during the ac demagnetization as guided by the nearest neighboring interactions. A
stronger interaction will thus lead to higher percentage of energetically favorable states,
while weaker interaction will generate a state more close to random tilings. This is
demonstrated by the increase (decrease) of fractional population of Type I (Type IV)
vertices in Fig. 4-4: the curve for Type I vertex (low energy states) shifts down by 0.2
(20%) while the one for Type IV vertex (high energy states) goes slightly up as the lattice
spacing increases from 400nm to 880nm. Because of the diminishing neighboring
interaction for 880nm vertices, the populations for all four types are indeed
indistinguishable from random tilings at intermediate field step size (such as 32Oe).
Although at small step size where ΔH is less than or comparable to the interaction, this
array still achieve a state far away from random tilings (Type I ~30% > 2/16 = 12.5%,
and Type IV ~0).
When studying ΔH dependence, we notice that the fractional population of Type I
for all the spacing decreases dramatically, while both type II and type III increase as step
size gets larger. As a small ΔH allows more possible attempts to orient the magnetic
moment of each island based on neighboring interaction energy, the array tend to form
low energy states, Type I. As ΔH increases, Type II becomes abundant because there are
less chances for the field to be within the windows spanned above and below the coercive
field by the amount of dipolar interaction from nearest neighbors. When ΔH is very large,
the field can miss the window near Hc and arrays will be polarized into the direction of
the last field above this window. One extreme example is to start the demagnetization
from a field far above Hc, and directly drop to zero – the resulting configurations for all
spacings will just be Type II vertices, all oriented in the direction dictated by the last
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field. In general, finer ΔH, containing more field steps within the window allows more
attempts for each of the vertices to settle into Type I state, and leads to a state where the
energy is locally minimized (because of the jamming of frustration, this energy
minimization is not global, see next section for more details).
This distribution of vertex population could be described based on a vertex-gas
approximation [19]. We model the demagnetization process using a one-step nonequilibrium stochastic process at the vertex level [20-21]. The most likely outcome of the
vertex population after demagnetization is obtained by treating each vertex as an
independent entity and maximizing S = lnM under a vertex-energy constraint on the
ensemble of defected vertices, or    ln   (1   ) ln(1   )   e ( E    E )
 I
IV

N!
qN
is the number of ways to choose D defected vertices
where M 

( N  D )!  N !
among the total N vertices of a given lattice, and     I  ln
IV


q

is the “entropy” of

the defected ensemble [21]. E (  I , II , III and IV ) and q are the magnetostatic selfenergies and multiplicities of these vertices with fractional populations n , which are
measured from spin ice arrays (closed symbols in Fig. 4-4) and can be compared to the
computed results, N   D (open symbols in Fig. 4-4). The detailed development of
this theory and derivation is beyond the scope of this chapter, but can be found in Ref.
[20-21]). The calculated values N capture the trend of the vertices dependence on field
step size and are in a very good agreement with experimental data even at large ΔH
where the arrays have finite residual moment. Most important, the Lagrangian multiplier,
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 e in the unit of E-1, regarded as the inverse effective temperature Teff has a good
predictive power of experimental results, and can be controlled via the external drive [21]
in a way strikingly analogous to that for granular matters [21-30].
In this section, we study the change of vertices population as the field step size
decreases, and well describe this change with vertex gas approximation, only considering
the nearest neighboring interaction. A very surprising fact is that the population of Type I
continues to decrease, long after the whole array has been completely demagnetized
(below 12.8Oe), and doesn’t saturate even at the limiting step size ( H  0 ). Is this an
artifice of the approximation, or does it have important physical meaning about the ac
demagnetization protocols which drive the arrays? One straightforward examination
would include further neighbor correlations, and calculate the total energy beyond the
nearest one.

4.3.2 Correlation dependence on step size of the ac protocols

To establish longer range correlations between nearby moment pairs, we examine
three types, as shown in Fig. 4-5: Longitudinal (separated parallel to their long axes),
Transverse (separated perpendicular to their long axes) and Diagonal (separated along a
diagonal of the lattice). We define the correlation between these moments as +1 (or -1)
when an island pair follows (or opposes) the ground-state pair correlation. The average
correlations are labeled L(1)…L(5), T(1)...T(5), D(1)...D(5) out to 5th nearest neighbors.
The two left-hand columns of Fig. 4-6 show the experimental correlations for the 400nm
lattice at step sizes of 1.6Oe and 12.8Oe. The small increase in D(n) and T(n) as ΔH
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drops from 12.8Oe to 1.6Oe reflects gradually increasing correlation lengths. The L(n)
correlations show a more dramatic change, rising from nearly zero for ΔH=12.8Oe to a
clear development of correlations at ΔH = 1.6Oe. Since D(1) and T(1) show welldeveloped correlation even for the larger ΔH, the lack of L(n) correlation is not simply
the result of random non-interacting islands. Rather, it reflects the frustrated nature of the
system, since the direct pair-wise interaction favors L(1) = -1, whereas the indirect
influence mediated through other islands favors the ground state with L(1) = 1. The righthand column of Fig. 4-6 shows three near-neighbor correlations as a function of ΔH.
These correlations continue to evolve down to the smallest ΔH=1.6Oe step, long after the
net magnetization has essentially disappeared.

Figure 4-5 Schematic of the near-neighbor pairs D(n), L(n), T(n) as represented by islands with
dark blue, dark red, green color relative to the centered grey island respectively.

Clearly, knowledge of the net magnetization alone does not uniquely specify the
statistical nature of the array’s state, since many states of equivalent magnetization have
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very different local correlations. We now demonstrate that this complex non-equilibrium
demagnetized state (or at least all pair-wise correlations within it) can be described by
just two numbers: D(1) and L(1). This surprising result is demonstrated by the Monte
Carlo calculation of Fig. 4-6 (red dashed curve). The simulation samples the most
random ensemble that satisfies a specified D(1) and L(1) – see appendix C for
computational details. The correlations of the Monte Carlo simulation for a 400nm lattice
are in excellent agreement with the experimental data; the comparison is equally good for
other lattice spacings. Therefore, all distance-dependent L, D and T correlations are
simply consequences of a given L(1) and D(1), when imposed on a state of maximum
information entropy [31-32]. Since such a state for an entire lattice is formally identical
to a canonical state with nearest-neighbor interactions that generate the desired
correlations, the Monte Carlo approach is justified.
Even though these magnetic correlations continue to evolve within the
demagnetized state, the system, strikingly, does not approach the ground state in the limit
H  0 after including longer range interactions. A careful convergence study indicates

that summing all pair-wise island interactions out to 7th neighbors (using micromagnetic
calculations [18] to determine the energies for island pairs) provides a good
approximation to the total magnetic interaction energy of the arrays, since they are
overall demagnetized and two-dimensional systems have weak contributions from far
neighbors. The upper panel of Figs. 4-7 plots the total magnetostatic interaction energy of
the 560nm array as a function of ΔH summed to 7th neighbor, plus the individual
contributions from just the D(1), L(1) and T(1) pairs (and the sum of these three). As
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Figure 4-6 Left Two Columns: correlations between island moments, referenced to the ground
state for diagonal, longitudinal and transverse relative positions, as defined in Fig. 4-1, for the
400nm lattice at field steps of 1.6 and 12.8Oe. Black curves give experimental measurements and
red dashed curves give Monte Carlo results for a maximum-entropy ensemble constrained to
reproduce just the D(1) and L(1) correlations of the experimental results. Right Column: Stepsize dependence of pair-wise correlations D(1) and T(1) for 400 and 880nm lattice spacing.

anticipated, the frustrated L(1) contribution to the energy actually increases with
decreasing step size; only the compensating decreases in D(1) and T(1) enable the total
energy to fall, and the three-neighbor summation of D(1), L(1), and T(1) (green dashed
line) is already indistinguishable from the total energy. The lower panel of Fig. 4-7 shows
the evolution of the magnetic interaction energy as a function of field step size for all the
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Figure 4-7 (a) Step-size dependence of the total magnetostatic energy of just D(1), L(1), or T(1)
island pairs, the sum of these three, and the complete sum out to seventh neighbors for the array
at 560nm lattice spacing. (b) Normalized total energy for an array as a function of field step size
for arrays with 400nm, 560nm, 680nm, and 880nm lattice spacings.

lattice constants studied, normalized so that the ideal ground state energy is -1. The total
magnetostatic energy of the array continues to decrease with decreasing ΔH, and the
slope of E(ΔH) is not noticeably altered after the moment is minimized at ΔH ≤ 12.8Oe.
The ideal ground state energy is well below the H  0 limit of the data for all lattice
constants. Furthermore, the normalized limiting energy decreases with decreasing lattice
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spacing, indicating stronger interactions (at a given field step size) indeed facilitate
energy minimization.

4.4 Summary

Since both the Type I vertices and array energy extrapolates to values well above
the ground state population and energy as the step size H  0 , our results strongly
suggest that ac demagnetization alone cannot access the ground state, even well past the
point where the overall system moment is minimized. Physically, this is allowable
because a broad manifold of microstates with zero net moment and strong local
correlations minimize the interaction locally; such manifolds are characteristic of
frustrated [33] or jammed systems [34] with multiple competing interactions.
Nevertheless, a thermodynamic specification of this complex state is still possible, in
terms of either vertex-gas approximation or only two nearest-neighbor pair-wise
correlations. While our study has focused on a specific island lattice, the process of ac
demagnetization is relevant to a broad range of magnetic systems, and it has analogs in
many athermal systems such as externally driven packing of granular matters [22-27, 2930, 35-39]. The unusual degree of control provided by interacting nanomagnet arrays thus
provides an important tool in the investigation of how athermal systems can be brought
into their low-energy states.
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Chapter 5
Comparing artificial frustrated magnets by tuning symmetry
In this chapter, we study the impact of geometry on magnetostatically frustrated
single-domain nanomagnet arrays. We examine square, as introduced in chapter 4, and
hexagonal lattice arrays, as well as a brickwork geometry that combines the anisotropy of
the square lattice and the topology of the hexagonal lattice. All three geometries are
illustrated in Fig. 5-1. We find that the more highly frustrated hexagonal lattice allows for
the most thorough minimization of the magnetostatic energy, and that the pair-wise
correlations between moments differ qualitatively between hexagonal and brickwork
lattices, although they share the same lattice topology. The results indicate that the
symmetry of local interaction is more important than overall lattice topology in the
accommodation of frustrated interactions.

5.1 Introduction to Square, Brickwork and Hexagonal geometries

As discussed in previous chapters, geometrical frustration of the interactions
between atomic moments can lead to a wide range of intriguing low-temperature
collective spin states, such as spin liquids, spin glasses and spin ice [1-2]. Such behavior
is driven by the structure of the geometrically frustrated magnetic sub-lattice in the
materials, resulting in competition between spin-spin interactions. A common thread
among materials displaying exotic spin states is frustration-inducing symmetry, but a
direct examination of the effect of lattice symmetry is very difficult: different geometries
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Figure 5-1 The three geometries under study. (a-c) Island arrays of square, brickwork and
hexagonal geometries. The white arrows show one of the ground state configurations with
neighboring pairs annotated (Sn for square and brickwork, Hn for hexagon). Double arrows under
each of the arrays indicate the defined lattice spacing. Because of the broken four-fold symmetry,
S4, S5, S6 and S7 pairs of brickwork lattice split into 2 inequivalent subgroups respectively
denoted as a and b. (d-f) MFM images of the square array (400 nm), brickwork array (400 nm)
and hexagonal array (370 nm).

inevitably result from chemical differences among different materials that also have
important implications for the spin-spin interactions.
In this chapter, we compare three lattices with independent control of lattice
topology and local symmetry. We examine the pair-wise correlations between the island
moments and the energetics of the island configurations. We find that the symmetry of
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the local interactions is a driving force behind the accommodation of frustration,
irrespective of the topology of the inter-island connectivity. This leads to a surprisingly
similar behavior of correlations for square and brickwork lattice arrays, compared to that
of symmetrically different hexagonal arrays; the magnetic charge interaction considering
only nearest neighboring vertices demonstrates another similarity for brickwork and
hexagonal lattice arrays compared to that of the topologically distinct square arrays.

5.2 Symmetry and topology of the three geometries

For the arrays studied in this chapter, we follow the same lithographical
procedures to fabricate the three frustrated arrays of ferromagnetic permalloy islands
(220×80×25nm3) as in References [3-4] and chapter 3. The island magnetic moments are
constrained to point along their long axes due to strong shape anisotropy and near zero
crystalline anisotropy, mimicking Ising-like spins. The coercivity of islands for the three
lattice geometries at such a dimension is ~ 770Oe, independent of lattice spacing from
MOKE measurements and Micromagnetic simulations with OOMMF code [5]. This
allowed us to probe the arrays in the limits of both strong and weak interactions, i.e.,
small and large lattice spacings.

Each array contained between 33,750 and 80,000

islands, depending on lattice spacing.
We chose the square, brickwork, and hexagonal lattice geometries for our arrays,
as illustrated in Figs. 5-1 (a-c) because they provide a simple variation in local symmetry
and topology, i.e., inter-island connectivity. The square lattice has four-fold symmetry,
with islands interacting locally at four-fold vertices. The hexagonal lattice has three-fold
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symmetry, with islands interacting at three-fold vertices. The brickwork lattice geometry
is created by a symmetry-breaking uniaxial deformation of the hexagonal lattice to which
it is topologically equivalent. Alternatively, one can form the brickwork lattice from the
square lattice by removing every other island in vertical rows. Nearest neighbors in the
brickwork lattice are thus parallel or perpendicular as in the square lattice, but with the
topology of the hexagonal lattice. In each of the three geometries, the magnetostatic
interactions between neighboring islands at a vertex are frustrated, i.e., not all the pairwise magnetostatic interactions can be simultaneously satisfied – there is at least one (or
two) moment pair(s) of energetically unfavorable tail-tail or head-head arrangement for
hexagonal and brickwork (or square) geometries (see chapter 2 for calculation of
magnetostatic energy). Considering only the island-island interactions at each vertex (i.e.,
a vertex model), the hexagonal lattice has a macroscopically degenerate ground state, and
the moment arrangement in Fig. 5-1 is a special case for which the vertex type is ordered
as alternating 2-in/1-out and 2-out/1-in on distinct sublattices, thus lowering the further
neighbor interaction energies and providing a possible ground state for this geometry [6].
By contrast, the square lattice has a two-fold degenerate ground state with no net
magnetization [7] and the brickwork lattice has a two-fold degenerate ground state with a
net magnetization, as depicted in Fig. 5-1.
Because the magnetostatic energy scales in these systems are much higher than
thermal energies, we probe the consequences of frustration by examining the collective
state of the island moments after a process of ac demagnetization as introduced in chapter
4. We follow our previously developed protocol for the ac demagnetization, i.e., rotating
the samples in-plane while they are subjected to a stepwise deceasing in-plane external
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field with field polarity within the laboratory frame reversed at each step [3, 5, 8].
Initially, the external field is large enough to coerce all island moments into tracking the
field. As the magnitude of the external field decreases, the island moments successively
decouple from the external field, as governed by their local magnetostatics. Since the
external field is decreasing in magnitude and a given island is most likely to decouple
from the external field when interactions with nearby islands reinforce its current
magnetization direction, it is likely that a given island moment remains static thereafter.
The specified rotational demagnetization protocol generates a well-defined statistical
exploration of spin configuration space wherein each island moment makes a distinct
decision on its configuration relative to nearby islands, but it is not ergodic in the
traditional sense. For all of the data shown below, we used the smallest practical step size
of 1.6 Oe, although data with step sizes up to 16 Oe showed qualitatively similar
behavior. After demagnetization, the island magnetic moments were imaged via magnetic
force microscopy (MFM) at several locations far from the edge of each array, imaging
typically 500 islands per image. Figs. 5-1 (d-f) show MFM images of the three different
lattice geometries, with clear white and black contrast representing the island magnetic
poles. More than 3,000 islands are imaged for each data point in figures of this chapter,
where the uncertainty in derived quantities is calculated as the standard deviation among
at least five images. For all three geometries the total array moment after demagnetization
is zero to within experimental uncertainty shown in Figs. 5-2 (a-b). The total residual
moment of brickwork is defined in the same way as square arrays, M tot 

(mx 2  m y 2 )
2

while the moments of hexagonal arrays are treated as a vector and are decomposed into

,

96

Residual Magnetization

0.2
440nm
480nm
680nm
1200nm

(a)

0.1

0.0
0.0

3.2

6.4

9.6

12.8

16.0

Residual Magnetization

Step size (Oe)

0.4

300nm
370nm
490nm
1050nm

(b)
a

b

c

0.2

0.0
0.0

3.2

6.4

9.6

12.8

16.0

Step size (Oe)
Figure 5-2 Residual moment after the process of ac demagnetization for (a) brickwork and (b)
hexagonal lattice geometries, the three islands of hexagonal at a vertex are labeled as a, b and c.
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the moment vectors of a, b and c axises of hexagonal geometry as shown in Fig. 5-2 (b),
are also respectively consistent with zero within experimental uncertainty.
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5.3 Effects of symmetry on total magnetostatic energy and correlations

We first examine the magnetostatic energy of the demagnetized arrays, as

Normalized energy

quantified by summing the calculated pair-wise magnetostatic energies [9] associated
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Figure 5-3 Normalized array energy as a function of lattice spacing for square, brickwork and
hexagonal geometries. The dashed line corresponds to the low energy states shown in Figs. 5-1
(a-c); array energies of three geometries are normalized respectively to these low energy states.

with the measured moment orientations up to the seventh nearest neighbor [8]. A careful
convergence study shows that truncating the summation at the seventh neighbor should
introduce an error of less than 1% for macroscopically demagnetized states. Fig. 5-3
shows this magnetostatic energy as a function of lattice spacing for all three geometries,
normalized in each case to the energy of the respective low energy states shown in Figure
5-1. Since the energies are negative, the normalization is to -1. All three curves of
magnetostatic energy demonstrate the same monotonic decrease with decreasing lattice
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spacing, corresponding to the increasing influence of the magnetostatic interactions. In
the normalized units, the energy of the hexagonal lattice appears to saturate at
approximately -0.90, while the square and the brickwork lattices appear to approach -0.73
and -0.80 respectively. This saturation in the limit of small inter-island separation
suggests that island-island interactions in this regime dominate over the other energy
scales in the system. Importantly, these asymptotic energies are still well above the
theoretical minimum in the limit of small lattice spacing, and the dependence upon
demagnetization step size does not extrapolate to the ideal ground state energy in the
limit of vanishing step size, indicating that the ground state is inaccessible, particularly
for the brickwork and square lattices. The differences among the lowest attainable
energies for the three geometries are well outside the range of uncertainty of the data,
indicating a fundamental physical difference among the lattices, i.e. the greater difficulty
of kinetically accessing a ground state of lower degeneracy.
To understand this difference in energies, we next examine the correlations
between neighbor moment pairs.

For the purposes of analyzing the correlations,

neighboring pairs are labeled in the order of their magnetostatic pair energy as S1 (for
square and brickwork) and H1 (for hexagon) for the nearest neighbors, S2 and H2 for the
next nearest neighbors, and out to the seventh nearest neighbors, as illustrated in Figs. 5-1
(a-c) (S4, S5, S6 and S7 pairs of brickwork lattice split into 2 subgroups respectively, a
and b due to the broken four-fold symmetry). We define a correlation value for each of
the pairs as +1 (or -1) when the pair minimizes (maximizes) the magnetostatic
interactions of the pair, and then average the correlation values over an entire MFM
image for each geometrically distinct pair type. Fig. 5-4 shows the experimental values
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of the correlations for the first few neighbor pairs as a function of lattice spacing. As for
the variation of magnetostatic energy with lattice constant, the near-neighbor correlations
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Figure 5-4 Lattice spacing dependence of correlation value between neighboring pairs referenced
to their energy-minimized alignment. (a) The correlation of square (open square) and brickwork
(open triangle) for S1, S2 and S3 neighbors; (b) The correlation of hexagonal (open diamond) for
H1 and H2.

for the square and brickwork lattices are surprisingly similar to each other, although the
lattices differ fundamentally in lattice connectivity. The large correlations for S1 and H1
at small lattice spacing are a clear reflection of the dominance of nearest neighbor
interactions, consistent with previous measurements in chapter 4. Since the brickwork
lattice is a symmetry-broken variant of the hexagonal system, in the interactiondominated saturated state at small lattice constant, the linear combination of correlations
(2S1+S2)/3 for the brickwork lattice closely matches the value of H1 (~ 1/3). This
congruence reflects the fact that both systems suppress the formation of maximally
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divergent vertices, wherein the three constituent islands point all inward or outward: i.e.
they both obey the 1-in/2-out or 2-in/1-out two-dimensional quasi-ice rule manifold. The
second nearest neighbor pairs, S2 and H2 are much smaller than H1, S1, and even S3,
and the S2 correlation is actually slightly negative for the square lattice at small lattice
spacing. This difference is not due to weaker interactions, but instead reflects the
frustration in this system, since the direct pair-wise interaction for the second neighbors is
incompatible with the nearest neighbor S1 pair interactions. The correlations for the S3
neighbors are positive and much larger than the S2 correlations for both the brickwork
and the square lattice, as was previous observed for the square lattice [3] and attributed to
the compatibility of the S1 and S3 neighbor interactions.
The most striking difference among the geometries is in the nature of correlations
between successively further neighbor pairs. Since there is no one-to-one correspondence
between the different neighbor types in the different lattices, in Fig. 5-5 we plot the
correlations for neighbor pairs up to seventh nearest neighbor as a function of the
magnetostatic energy of the pair, e.g., the strength of the interaction between the island
moments. As seen in the figure, for both square and brickwork arrays, the data show a
sawtooth behavior, with the strength of the correlation oscillating as a function of the
interaction energy between strongly positive and near-zero values. By contrast, the
correlation values of hexagonal arrays show a monotonic decrease with decreasing pair
energy. The qualitative difference between the hexagonal lattice and the other two
geometries is consistently observed for each of the lattice spacings tested.
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Figure 5-5 Correlation value of neighboring pairs as a function of dipolar pair energy obtained
from micromagnetic simulation for (a) small spacing (square and brickwork geometries of 400nm
and hexagonal of 300nm), and (b) larger spacing (square and brickwork geometries of 680nm and
hexagonal of 491nm). The S4, S5, S6 and S7 pairs of brickwork geometry consist of a and b
subgroups respectively, where subgroup a of S5 and S6 (b of S4 and S7) shows a positive
correlation and subgroup b of S5 and S6 (a of S7) shows negative correlation with S4a near zero.

We attribute the difference in the decay of correlation with pair energy to the
fundamental response to frustration in the different lattice geometries. Since the
brickwork lattice breaks the symmetry among the three pair-wise nearest neighbor
interactions of the hexagonal parent lattice, it can support more highly structured pairwise island-island correlations. The hexagonal lattice, with its higher symmetry, can
access a state in which the nearest-neighbor interactions are satisfied to the greatest
extent possible and the further neighbor correlations decay smoothly with distance. The
lower complexity of spin configuration space in this high-symmetry system facilitates
this accommodation of frustration, similar to the smooth variations of spatial correlations
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in a spin liquid [10]. In contrast, the brickwork lattice, which has the same topology as
the hexagonal lattice but breaks the point group symmetry, has a more structured distance
dependence to the pair-wise correlations, with many highly unfavorable pairings. This
more complex spin configuration space raises additional kinetic impediments against the
action of the rotational demagnetization, sustaining a saturated, jammed final state even
in the absence of macroscopic ground-state degeneracy. The more clearly structured spinspin correlation function of the brickwork and square lattice moments is more closely
analogous to the pyrochlore spin ice materials [11]. A further point of reference is
provided by the highly anisotropic triangular lattice, in which the lower level of
symmetry

apparently

leads

to

locally

ordered

domains,

analogous

to

antiferromagnetically ordered materials [12]. Somewhat ironically, although the
hexagonal system is more frustrated in the sense of having a more highly degenerate state
with a vertex model, it is the most successful in approaching the ideal ground state
magnetostatic energy. Apparently, the more highly degenerate ground state provides a
larger target for the rotational demagnetization.
Our data indicate that the local symmetry of interactions in a frustrated magnet is
more important than the topology in determining the total magnetostatic energy and pairwise correlation after ac demagnetization. We also notice the slight influence from the
topology of interacting moments: the pair-wise correlations of brickwork arrays is less
sawtooth than that of square arrays. This curve indeed moves towards the correlations of
hexagonal arrays.
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5.4 Magnetic charge interactions for square, brickwork and hexagonal geometries

Analogous to the positive or negative electric charges associated with charged
particles, two kinds of magnetic charges can be defined in one magnet as south or north
pole (i.e. magnetic monopoles). However no such elementary particles with one single
magnetic charge have ever been observed, despite the intensive searches. Recent theories
suggested an alternative strategy, and pursed the monopoles as manifestations of
correlations in spin ice materials – specifically “the dipole moment of underlying
electronic degrees of freedom fractionalizes into monopoles” [13].

Figure 5-6 Mapping from dipoles to dumbbells. The dumbbell picture (c, d) is obtained by
replacing each spin in a and b by a pair of opposite magnetic charges placed on the adjacent sites
of the diamond lattice. In the left panels (a, c), two neighbouring tetrahedra obey the ice rule, with
two spins pointing in and two out, giving zero net charge on each site. In the right panels (b, d),
inverting the shared spin generates a pair of magnetic monopoles (diamond sites with net
magnetic charge). This configuration has a higher net magnetic moment and it is favoured by an
applied magnetic field oriented upward (corresponding to a [111] direction). (Figures and caption
are taken from Reference [13]).
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The thermodynamics of spin ice compounds are well accounted for by an energy
term containing the nearest-neighbor exchange and long-range dipolar interactions [1416]. This energy implies a macroscopically degenerate ground state manifold obeying the
“ice rule” – two spins point into each vertex of the tetrahedron, and two out. The
excitation above this ground-state manifold, i.e. local violation of ice rule was proposed
as magnetic monopoles with the necessary long-range properties, as shown in Figs. 5-6
(a-d) [13]. In general monopoles can be realized at the ends of a dipole string of head-totail alignment, but the cost of creating such a string must be bounded as the string grows
[17]. This is unfortunately NOT true in vacuum or ordered magnetic phases, where the
growth of the string requires additional cost of creating dipoles or domain walls. The
exotic 2-in/2-out property of spin ice, however enables such deconfinement of one pair of
monopoles at a energy cost of one dipole flip (~ 2 K). As the string grows, the pair of icerule-violation defects at the two ends of the string are separated further and further at no
additional cost except magnetic monopole interaction (decay in 1/r form, r is the
separation), and the vertices along the string still follow the 2-in/2-out ice rule (i.e.
ground-state configuration) [13]. These monopoles “exhibit a genuine magnetic Coulomb
interaction, and they produce Faraday electromotive forces in the same way as
elementary monopoles would” [13]. And soon later there is flood of experimental
evidences that show signature of magnetic monopoles in spin ice materials, including
susceptibility measurements for Dy2Ti2O7 [18] and neutron scattering for Dy2Ti2O7 [19]
and Ho2Ti2O7 [20] to µSR measurements for Dy2Ti2O7 [21] and heat capacity for
Dy2Ti2O7 [22].

105

Figure 5-7 Mapping from magnetic dipole moments to dumbbells for 2D geometries, dumbbell
pictures are obtained by replacing each dipole moment in (a-c) by a pair of opposite magnetic
charges placed on the two ends of each island; from top to bottom are three geometries: square,
brickwork and hexagonal. In this example (a) has zero net charge, while (b-c) have -1 charge. (g)
shows the magnetic charges of ground-state (the state strictly follows ice rule or quasi-ice rule) at
each vertex for square, brickwork and hexagonal arrays (from left to right); square array has no
net charge at every vertex.

In this section, we study the properties of artificial frustrated geometries, by
interpreting the magnetic dipole moments as a positive or negative magnetic charge (± q)
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residing on the two ends of every island, as illustrated in Fig. 5-7. The ice rule then can
be described as the local minimization of the total charges ( Qi   qi ) at vertex i, where
4 islands (for square) or 3 islands (for brickwork and hexagonal) meet. For square
geometry, ice rule (2-in/2-out) leads to zero net monopoles at every vertex, while
brickwork and hexagonal geometries, both containing an odd number of intersecting
moments at a vertex always have finite (non-zero) net charges, Q   q or  3q in units
of q  MA , where M is the magnetization of the island and A is the cross section.
Minimization of the magnetic charge on each vertex requires a charge of  q on
each vertex of brickwork and hexagonal geometry, yielding a quasi-ice rule (2-out/1-in or
2-in/1-out, i.e.  q or  q ). Moller et al. predicted a charge order phase of hexagonal
geometry as its temperature is lowered [6]: interaction between nearest neighboring
monopoles favors Q   q next to Q  q (or denoted by Q = +1 next to Q = -1 in units
of q). Such a charge-order state for both brickwork and hexagonal geometries is depicted
in Fig. 5-7 (g), where the charge of a dipole moment pointing into the vertex is defined as
-1, out as +1 in the units of q. Following this scheme, we calculate the nearest-neighbor
(nn) magnetic charge interaction by multiplying the charge associated with each vertex
by the charges of its nn vertices and averaging over the total number of nn pairs. The
charge order phase of brickwork and hexagonal thus has an average interaction of -1.
This charge interaction only differs from the magnetic coulomb energy by a constant,

0 / 4 a , where a is the lattice spacing [13].
Now we examine the charge interaction for all three geometries over a range of
lattice spacings including both strong and weak neighboring interaction. At large spacing
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where the neighboring interaction is weak, the orientation of each dipole moment is
almost independent of its neighboring moments, i.e. charges on vertices are the results of
randomly distributed magnetic moments. This can be seen in Fig. 5-8: the interaction for
each geometry approaches its corresponding random value shown as the dash line (see
appendix D for computing the values) as the spacing increases. At small spacing where
the neighboring interaction is strong, the charge interactions for the brickwork and
hexagonal geometries are surprisingly similar to each other, although they

Charge interaction

0.0
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Figure 5-8 Magnetic charge interaction for three geometries at a various spacing: the interaction
is calculated by multiplying the charge associated with every vertex by charges associated with its
nn vertices (4 vertices for square, and 3 vertices for brickwork and hexagonal). The formula here
shows how to calculate this interaction: Qi and Qj are total charges on nearest-neighboring
vertices i and j respectively. Lattice spacing is defined as before and shown in figure 5-1.

differ fundamentally in symmetry, but both of them are different from that of square
geometry. We attribute the difference in the magnetic charge interaction to the response
to topology in the three lattice geometries. Because of the odd number of moments on
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each vertex, both brickwork and hexagonal lattice arrays can only support a non-zero
magnetic charge on each vertex, leading to an averaged interaction well below zero (~ 0.3), although the two geometries have distinct local symmetry (the magnetic charge on
one vertex has 3 or 4 nearest neighbors for hexagonal or brickwork respectively, see Fig.
5-7). By contrast, the charge interactions of square lattice, of the same point-group
symmetry as brickwork, show less negative values (near zero) as required by the
minimization of the local magnetic charges (ice rule requires zero charge on each vertex).
The effect of topology also shows up in the decay of correlation (Fig. 5-5) as discussed in
section 5.3. We also notice that the charge interactions for brickwork and hexagonal
arrays are well above the ideal charge order phase even in the limit of smallest lattice
spacing.

5.5 Summary and future studies

Our results demonstrate that the more frustrated hexagonal lattice is the most
successful in approaching the ideal ground state magnetostatic energy. This finding leads
to an important conclusion: the local symmetry of interactions in a frustrated magnet is
more important than the topology of the interacting moments in determining how the
system accommodates frustration. Meanwhile we also notice the importance of topology
in determining the magnetic charge interaction of the nearest neighbors, and in modifying
the decay pattern of correlations for successively further neighbors. The tuning of
symmetry in our experiments realizes one of the early promises of the artificial frustrated
systems, in that we can perform a direct comparison between different lattices to probe

109

how geometry impacts the resulting physics. The insight into the role of symmetry is
accessible only due to the designability of artificial frustrated magnets combined with our
ability to locally probe individual moments – both of these qualities are inaccessible in
atomic-scale frustrated magnets. Future studies along these lines could include a more
continuous variation of lattice types (e.g., a series of samples in which the angles in a
hexagonal lattice are changed gradually to approach the brickwork lattice). A great deal
of insight about the process of accommodating frustration could also be gained through
Lorentz microscopy of artificial frustrated magnets [23] as the applied magnetic field is
changed, or through time-resolved studies of colloidal systems [24] or optical trap
systems [25] in which the dynamics can be probed more directly.
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Chapter 6
Comparing frustrated and non-frustrated clusters of single-domain
ferromagnetic islands – the finite size effect
In this chapter, we study the magnetic moment configurations of different
geometry clusters of single-domain nanoscale ferromagnetic islands. The clusters
consisted of four islands arranged in geometries taken from the square lattice of artificial
spin ice. The magnetic moment configurations were imaged by magnetic force
microscopy after effectively annealing through ac demagnetization [1]. We then
compared the results for cluster geometries with and without frustration of the
magnetostatic interactions between the island moments. We found that non-frustrated
clusters achieve their lowest energy states more readily than do frustrated clusters. This
behavior suggests the presence of a kinetic barrier associated with frustration of the
magnetostatic interactions.

6.1 Introduction to isolated clusters of single-domain ferromagnets in 15 geometries
with or without frustration

Recent investigations of single-domain ferromagnets lithographically defined into
frustrated arrays have provided insights into the nature of geometrical frustration. Square
[1-10], hexagonal [8-9, 11-15], triangular [16-17], and brickwork [7] arrays have been
examined both theoretically and experimentally. The square arrays have perpendicular
nearest neighbors in which the moment orientation resembles the 2-in/2-out spin ice
ground state of pyrochlore materials [1-2, 18]. The hexagonal geometry resembles the 1-
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in/2-out or 2-in/1-out quasi-ice state of the well-known kagome lattice [11-13]. Clusters
consisting of excerpts from the kagome lattice have also been investigated by
photoemission electron microscopy [19], obtaining weaker moment optimization in larger
clusters. In a related line of work, complex clusters of magnetostatically interacting
ferromagnetic islands have recently shown the ability to propagate information [20] and
realize a logic functionality through application of a clock field [21-23].
Since

the

geometries

of

artificially

frustrated

magnets

are

defined

lithographically, the lattice geometry and interaction strength can be controlled. This
allows the experimental investigation of statistical models, such as the two-dimensional
Ising model and various vertex models [24-25]. Under certain conditions, the moment
configurations of these systems in a demagnetized state can be described through an
effective thermodynamic formalism, even though the moment interactions are athermal
[4, 9]. The precise kinetics of the moments during application of an external field remains
unclear, however, because of the complexity of the micromagnetics and the complex
magnetostatic energy landscape.
In this chapter, we study a simplified system: island clusters containing only four
magnetostatically interacting moments. We examine the energetics and moment
configurations of 15 cluster geometries either with frustration (F) or without frustration
(NF) in the near-neighbor magnetostatic interactions between island moments. This range
of geometries allows us to explore the nature of different four-fold correlations types
without the constraint of the surrounding islands.
We lithographically fabricated 15 geometrically distinct types of isolated clusters,
each consisting of four identical ferromagnetic permalloy islands (220nm × 80nm lateral
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and 25nm thick) following procedures published previously [2] and in chapter 3. The
island magnetic moments are constrained to point along their long axes due to strong
shape anisotropy, similar to Ising spins. The coercivity of islands with these dimensions
is ~ 770Oe and does not depend significantly on the island-island interactions [3]. These
clusters are fragments of the square artificial spin ice lattice that we studied in chapter 4,
and the particular clusters are chosen as relatively compact groups of four islands from
within that lattice. The nearest along-axis center-to-center spacing of islands within a
cluster was 400nm for most of the data presented (see Fig. 1(a) for the definition of
lattice spacing), although we also examined other spacings to vary the strength of the
inter-island interactions. Different clusters were separated by at least 2µm edge-to-edge
distance to avoid inter-cluster interactions. Populations of 5,000 to 10,000 clusters for
each of the 15 types are fabricated on the same substrate with the same orientation, with
distinct cluster types being separated by at least 100µm. Each data point shown below is
obtained by averaging data from between 360 and 640 individual clusters.
Because the energy scales of magnetostatic interaction in these systems are
roughly 103 times higher than room-temperature thermal energies [2], we enable the
island moments to access low energy states through a process of ac demagnetization
developed previously [1-2]. This ac demagnetization, introduced in chapter 3 was also
used in studying the perpendicular square lattices (chapter 4) and hexagonal lattices
(chapter 5). Following our previously developed protocol, the samples are rotated inplane while subject to a stepwise deceasing in-plane external field with field polarity
within the laboratory frame reversed at each step [1-3]. Initially, the external field is
strong enough to coerce all island moments into tracking the field. As the strength of the
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external field decreases, island moments successively decouple from the field, as guided
by the local magnetostatic interactions. The rotational demagnetization protocol allows
the clusters to explore microstates in the spin configuration space wherein each island
moment makes one ultimate decision on its configuration relative to nearby islands.

6.2 Comparing two simple clusters geometries with their host extended lattice

In chapter 4 and 5 we demonstrated that the final vertex energy of our arrays
could be reduced by reducing the magnetic step size in our rotational demagnetization,
but the minimum attainable magnetostatic energy for the extended square lattices was
still well above the ground state energy [1, 4, 7]. In the present chapter, we used the
minimum practical step size of 1.6Oe (in extended lattices, this step size led to nearly the
same energy one would obtain by extrapolating to zero step size).

After ac

demagnetization, the island magnetic moments were imaged via magnetic force
microscopy (MFM) at several locations on each array of clusters, imaging typically 100
clusters per MFM scan. Figs. 6-1(b-c) show MFM images of two geometries, the F1
(cross-like) and NF6 (loop-like) clusters, with white and black contrast representing the
island’s magnetic poles.
We first compare two very simple cluster geometries, shown in Fig. 6-1, the
cross-like cluster we label F1 (Fig. 6-1(b)) and the loop-like cluster NF6 (Fig. 6-1(c)). As
shown in Fig. 6-1(a), each of these clusters consists of 4 islands extracted from the square
lattice of artificial spin ice. These two clusters provide limiting cases for situations of
frustration (F1) and lack of frustration (NF6) between island moments. We define
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frustration in a cluster as the inability of all of the moments within it to simultaneously
minimize the magnetostatic interactions of all the near-neighbor pairs (those pairs of
islands that are separated by one square lattice spacing or less). The F1 geometry is
frustrated because not all the pair-wise near-neighbor interactions can be simultaneously
minimized, whereas all near-neighbor interactions in the loop cluster NF6 can be
minimized in a state where all of the moments point clockwise or counter-clockwise
around the loop. Under this definition, the frustrated clusters here all contain a “T”
shaped motif of three islands, with the fourth in various possible positions.
(a)

(b)

(c)

a

Figure 6-1(a) Extraction of two clusters F1 (upper right) and NF6 (lower left) from a square
artificial spin ice lattice, the lattice spacing, a, is defined as indicated; (b) and (c) show the MFM
images of cluster F1 (cross) and cluster NF6 (loop) respectively where the scale bar is 1µm.

We first examine the distinct island moment configurations and magnetostatic
energies of the demagnetized clusters. The symmetry-distinct classes of moment
configurations are microstates with well-defined magnetostatic energies that can be
calculated by micromagnetic simulation utilizing the OOMMF package [26]. We label
the microstates by their relative energy from ground state (n = 0) to highest energy
configuration (n = X, where X is determined by the geometry of the cluster), as depicted
in Figs. 6-2(a-b) for F1 and NF6 respectively. Both of these clusters have four symmetry-
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distinct classes of moment configurations, (i.e. only four energetically distinct states),
much reduced from the 24 = 16 total configurations, because of the four-fold symmetry.
(a)

n=0

n=1

n=2

n=3

F1 cluster
(b)

n=0

n=1

n=2

n=3

NF6 cluster
Figure 6-2 The symmetry-distinct classes of moment microstates (i.e. distinct energy states) for
(a) geometry F1 (cross-like cluster) and (b) geometry NF6 (loop-like cluster); The percentages
indicate the expected fraction of each state if the individual moment orientations were completely
random.

We obtain the populations of the different microstates and the average cluster
energy from MFM images of large populations of isolated clusters as described above.
Since F1 and NF6 are simply subsets of an extended square-ice lattice, the relative
populations of corresponding n = 0 through n = X cluster states can also be obtained for
the same island configurations extracted from the extended square-ice lattice (subject to
the same demagnetization protocol). Figs. 6-3 (a-b) show the populations of the distinct
cluster microstates as a function of inter-island spacing for F1 and NF6, as compared to
the corresponding populations from the extended lattice. All four cluster microstates for
both F1 and NF6 follow the same overall trends with inter-island spacing as do their
counterparts extracted from the extended lattice. However, there are many more n = 0
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microstates in the clusters than in the corresponding lattice, showing that the ground state
is more accessible in the isolated clusters than it is in the extended lattice. The average
magnetostatic energy of the clusters versus lattice spacing (as determined by summing
over measured populations, using the magnetostatic calculations for individual clusters
mentioned earlier), shown in Fig. 6-3 (c), reinforces the observation that it is easier for
the isolated clusters to access lower energy states (the energy is individually normalized
to the ground state in each case, so that E0 = -1).

The distinction between the

populations of isolated clusters and those embedded in the lattice can be qualitatively
understood as being due to the absence of competing interactions from neighboring
islands outside the clusters.
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Figure 6-3 Populations of four energy states (n = 0, 1, 2, 3) for isolated cluster geometries (closed
symbols) and for the same island configurations extracted from the extended lattice (open
symbols) as a function of lattice spacing for (a) cluster F1(cross) and (b) cluster NF6 (loop); (c)
Normalized energy for these two cluster shapes, isolated clusters compared to the same island
configurations extracted from extended lattice, the energies for the F1 and NF6 clusters are
individually normalized to their respective ground state energies.
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As seen in Fig. 6-3(c) the normalized cluster magnetostatic energy monotonically
decreases with decreasing lattice spacing in all cases. Notably, the normalized energy of
cluster NF6 approaches the normalized value of E0 (= -1) at small inter-island spacing,
indicating that the ac demagnetization protocol enables this system to access its ground
state in this limit. In contrast, the energy of cluster F1 fails to reach the ground state
value, instead saturating at approximately -0.8 in normalized units. The frustrated cluster
apparently has greater difficulty accessing its ground state, but we note that the presence
or absence of frustration is not the only distinction between NF6 and F1 clusters, since
the energies of the different moment configurations of the two clusters are also quite
different. We can see this by considering the energy difference between the two lowest
energy microstates of the moments, E  E1  E0 , where E1 and E0 correspond to the
magnetostatic energies of the n = 0 and n = 1 microstates. Comparing E for F1 and
NF6, we find that it is much smaller for F1 (1.99×10-18J vs. 4.33×10-18J, or 1.4×105K vs.
3.1×105K). We therefore note that it is possible that the difference in ground state
population could also be attributable to the relative energies of the different states of the
clusters.

6.3 Isolating the effect of frustration – the role of the “ T” shape

To isolate the effect of frustration from that of energy level spacing, we study
another thirteen cluster geometries, as illustrated in Figs. 6-4 (a-b), where the white
arrows show the n = 0 moment configuration for each cluster geometry. Using the same
definition of frustration as before, these clusters can be separated into frustrated and non-
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frustrated subsets, labeled F and NF accordingly in Figs. 6-4 (a-b). The energy spectra for
the fifteen geometries are illustrated in Fig. 6-4 (c): the energy levels E  E0 are plotted
against the first excited state ( E  E1  E0 ) separately for each of the geometries. We
see that the values of E are similarly distributed and occupy approximately the same
range of energies for both the frustrated and the non-frustrated clusters. There is a weak
tendency for frustrated clusters to have a higher degeneracy or near-degeneracy around
the first excited state.
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Figure 6-4 Schematic diagrams of cluster geometries (a) frustrated and (b) non-frustrated. Arrows
show one of the two ground state configurations (n = 0), and the number in the parenthesis is the
total number of symmetry-distinct moment microstates (i.e. the total number of energy states, n =
0, 1, 2…) for each geometry. (c) The energy spectra of the fifteen geometries: energy levels E-E0
obtained from micromagnetic simulation (Ref. [26]) are plotted against the first energy spacing
(E1 - E0), the length of the line represents the degeneracy of this energy level; the table next to it
shows the ground state energy E0 for each of the fifteen cluster geometries in an order (from top
to bottom) same as their appearance in this figure (from left to right).
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Figure 6-5 Percentages of all energy states (n=0, 1, 2…) for each cluster geometry as a function
of the magnetostatic energy of this state (the energy of each state for each cluster geometry is
calculated by OOMMF [26]), the square and triangle symbols represent the non-frustrated and
frustrated clusters respectively.

Because of differing degrees of symmetry, some cluster geometries have fewer
symmetry-distinct cluster microstates than others. Fig. 6-5 plots the populations of all
symmetry-distinct cluster microstates as a function of their magnetostatic energy. For
each of these geometries, the fractional population of the clusters is largest for the n = 0
state and decays with increasing energy to approximately zero for the higher energy
states (i.e., n = 2, 3). Although the overall behavior is roughly exponential, the data
points for individual clusters do not precisely follow an exponential dependence, and the
data thus do not warrant extraction of a characteristic energy scale. A direct comparison
of the effects of frustration can be seen in Fig. 6-6, where the percentage of n = 0 for each
cluster is plotted against E , and also compared to the percentage of n = 0 extracted
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Figure 6-6 Percentages of n = 0 energy states as a function of E  E1  E0 for all 15 cluster
geometries. Closed symbols are for isolated clusters, and open symbols represent data for the
same island configurations extracted from the extended lattice. Frustrated and non-frustrated
clusters are denoted respectively by triangles and squares, and are shaded respectively.

from the extended lattice.

Just as for NF6 and F1 (see Figs. 6-2(a-b)), all cluster

geometries have a much higher fractional population of n = 0 than do their counterparts
within the extended lattice. Importantly, the non-frustrated isolated clusters consistently
have a higher percentage of n = 0 microstates than the frustrated isolated clusters with
essentially the same E , e.g. consider NF7 and F1. This trend strongly suggests that
there is a distinct physical difference between frustrated and non-frustrated cluster
geometries, and the lack of distinction between their energy spectra in Fig. 6-4 as well as
the effect appearing only in isolated clusters indicates that the difference originates in the
frustration of the clusters. By moving far away from the infinite-size thermodynamic
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limit, these small clusters eliminate the macroscopic ground-state degeneracy that is
characteristic of extended frustrated lattices. Hence the frustrated ground state of a small
cluster no longer has a multiplicity advantage over unfrustrated systems, and its ground
state becomes less accessible.

6.4 Summary

Our results suggest that frustration acts on the dynamics of ferromagnetic island
clusters by providing a kinetic barrier that prevents the system from reaching lower
energies. Understanding the details of this behavior will require considerable
micromagnetic modeling, which is beyond the scope of the present work, but we can see
that the nature of frustration is inherent in the energetic landscape of frustrated systems,
even ones with such a finite extent as we are studying here. Our data suggest that one
might obtain a detailed understanding of artificial spin ice systems by starting from small
finite clusters and building to extended lattices. By building successively larger clusters,
we should be able to extrapolate to the extended lattices and better understand the details
of demagnetization, effective thermodynamics, and monopole excitations. Furthermore,
the microstates of small clusters can be exhaustively enumerated, which opens the system
to additional modes of analysis, as compared to extended systems, both in terms of
effective thermodynamic treatments and (in the longer term) models of annealing
kinetics.
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6.5 Outlook for the artificial frustrated magnets

The study of artificial frustrated magnets opens a new way to investigate and
understand the frustration in chemical compounds. This study uses the advanced
lithographic techniques to fabricate magnetic arrays of hundreds of nanometers on
different geometries where the properties of frustration in the arrays are analogous to that
in the compounds (like the ice rule and the short correlation length in pyrochlore spin
ice). But unlike the compounds, the lattice spacings and neighboring interactions can be
controlled, and local defects can be introduced or minimized intentionally to observe how
the frustrated system responds to local disorder. The artificial frustrated magnets are also
accessible to range of available measurement techniques, with which “spin”
configurations can be resolved (such the Lorentz TEM [27-28], MOKE measurements
[3], and magnetic force microscopy used in this research, etc) and the local
accommodation of frustration can be understood.
The work in this dissertation mainly focused on artificial spin ice and artificial
kagome spin ice, which just started the research on the artificial frustration. It, however,
can be well extended to other related model systems, like glassy matters. New models for
statistical mechanics can also be established based on the investigation on frustrated
magnetic arrays. The artificial frustrated magnetic arrays are also perfect candidates for
observing the magnetic monopole defects and associated Dirac strings in real-space [14,
29]. Aside from the basic scientific interest, the study of frustrated magnetic arrays has
practical connections to new technologies where arrays of interacting nanomagnets are
fundamental to the design. For example, future high areal storage technology may use
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patterned magnetic media that consist of arrays of closely packed ferromagnetic
elements. The elements in these media will necessarily interact with each other due to
the high density and the long-range nature of the dipole interaction. Furthermore,
prototypical magnetic logic devices have recently been demonstrated with clusters of
nanomagnets which explicitly utilize the dipole interactions of ferromagnetic islands
[22]. In a general context, arrays of interacting nanomagnets are excellent model systems
for the study of complex systems consisting of many-body interactions.
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Appendix A
Calibration of the motor rotational speed, and the electromagnet field

During the demagnetization the samples are mounted onto the DC motor (Pittman
14203S010 12V DC) whose rotational speed is controlled by adjusting the voltage
outsource of the HP 3611A DC power supply. Although 1000rpm is used during our
demagnetization, we calibrate the speeds over a range of voltage, and show the speed as
the figure A-1 below.

Rotational Speed (RPM)

Rotational Rate (RPM)

1000
800
600
400
200
0
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Applied Voltage (V)
Figure A-1 Calibration of the rotational speed of the motor that is used in all the demagnetization
study. Note the curve shows linear dependence on the applied voltage.

The samples that are mounted onto this motor are demagnetized inside the GMW
electromagnet. This electromagnet system is controlled by the Labview codes from the
manufacturer, and the field strength is depended on the current that is sourced from the
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power supply. Upon the application of the current from the bipolar power supply, the
field inside a pair of parallel poles is ramped up, and reach the designated value at the
maximum rate of 11,620Oe/s (70A/Oe) or at any specified rate (<70A/s). And the field
strength at each current value is calibrated as the following.
Table A-1 Calibrate the field strength of the electromagnet at both positive and negative current
values.
I(A)
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10

H(Oe)
82.5
172
255
337.5
420.5
503
586
669.5
752
834.5
918
1001
1083.5
1168
1250
1337.5
1420.5
1503.5
1587
1669.5

I(A)
10.5
11
11.5
12
12.5
13
13.5
14
14.5
15
15.5
16
16.5
17
17.5
18
18.5
19
19.5
20

H(Oe)
1751.5
1834
1915.5
1998
2078.5
2159
2241
2322.5
2402.5
2484
2564
2645.5
2725
2804.5
2883.5
2960.5
3036
3111
3182
3252

I(A)
20
19.5
19
18.5
18
17.5
17
16.5
16
15.5
15
14.5
14
13.5
13
12.5
12
11.5
11
10.5

H(Oe)
3252
3187.5
3120.5
3049
2975
2899
2819.5
2740.5
2660
2578.5
2498
2416.5
2335.5
2254.5
2171.5
2090
2008
1925.5
1843
1760.5

I(A)
10
9.5
9
8.5
8
7.5
7
6.5
6
5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5 / 0

H(Oe)
1678
1595
1512.5
1430.5
1347.5
1263.5
1180
1097
1013.5
931
847
763.5
680
596.5
514
429.5
346
263.5
179
93.5 / 12.5

I(A)
-0.5
-1
-1.5
-2
-2.5
-3
-3.5
-4
-4.5
-5
-5.5

H(Oe)
-77.5
-160.5
-244.5
-327.5
-410
-494
-577.5
-661.5
-743.5
-827.5
-911.5

I(A)
-10.5
-11
-11.5
-12
-12.5
-13
-13.5
-14
-14.5
-15
-15.5

H(Oe)
-1742
-1824.5
-1907
-1990
-2071.5
-2153.5
-2236.5
-2318
-2399.5
-2481
-2562.5

I(A)
-20
-19.5
-19
-18.5
-18
-17.5
-17
-16.5
-16
-15.5
-15

H(Oe)
-3252
-3187.5
-3120
-3049
-2975
-2898.5
-2819.5
-2740.5
-2660.5
-2579
-2498

I(A)
-10
-9.5
-9
-8.5
-8
-7.5
-7
-6.5
-6
-5.5
-5

H(Oe)
-1677
-1595
-1511.5
-1429
-1346.5
-1263.5
-1180
-1096.5
-1013.5
-930.5
-847
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-6
-6.5
-7
-7.5
-8
-8.5
-9
-9.5
-10

-994.5
-1077
-1161
-1243.5
-1327.5
-1410
-1493
-1576
-1658

-16
-16.5
-17
-17.5
-18
-18.5
-19
-19.5
-20

-2643.5
-2723.5
-2803.5
-2882.5
-2960.5
-3036
-3110.5
-3182
-3252

-14.5
-14
-13.5
-13
-12.5
-12
-11.5
-11
-10.5

-2416.5
-2335
-2254
-2171.5
-2089.5
-2008
-1925.5
-1843
-1760

-4.5
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5 / 0

-763.5
-680.5
-596.5
-513
-429
-346.5
-262
-178.5
-95 / -12.5

Appendix B
Additional vertex population plots and scaling for three lattices

Besides the data we presented in chapter 4, this appendix contains the complete
set of data that we have measured on the perpendicular square lattice – the artificial spin
ice arrays. We present here the vertex populations, and correlations for lattices of
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Figure B-1 Vertex populations for square and ladder lattices after demagnetization at a range of
step sizes from (a) 1.6Oe, (b) 3.2Oe, (c) 9.6Oe to (d) 16Oe.

Figure B-1 shows the comparing of the vertex populations for square and
brickwork lattices. Both of them share the same local symmetry, and have a highly
similar vertex population distribution over the range of demagnetization step size used.
To see the effect of the geometry, we also study the hexagonal lattices, and compare their
vertex populations with those of brickwork lattices, and the results are shown in figure B2.
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Figure B-2 Comparing the vertex populations for brickwork and hexagonal lattices at serials of
demagnetization step sizes (a) 1.6Oe, (b) 3.2Oe, (c) 9.6Oe to (d) 16Oe.

The above 4 figures clearly show that the vertex populations for brickwork and
hexagonal lattices are quite different, indicating the effect of symmetry in deciding the
populations. Quite surprisingly the hexagonal lattices of small spacings achieve the
complete ground state at the small step size, a phenomena that is not observed for the
other two lattices as discussed in chapter 4.
To further understand the geometry effect, including the symmetry and topology,
we also scale the normalized energy and nearest neighbor correlations with three
parameters, the nearest neighbor interaction (Eint), the energy associated with step size
(Estep) and the variation of the coercivity (Ecor). The value of Ecor remains unclear to us
when we conducted the scaling, but it should be a near constant value for the lattices as
we fabricated them with exactly the same technique, and the properties of the lattices are
characterized collectively. However this value can be extracted from the vertex
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population using Monte Carlo simulation discussed in the appendix C. Below we show
the results for only using two parameters and assume the Ecor is constant for all the
lattices of different geometries and spacings. Even such a crude modeling we are able to
see the universal behavior after scaling for both the energy and correlations.
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Figure B-3 Scale the normalized energy with two parameters the Eint and Estep, while the Ecor is
assumed to be a constant for different geometries.
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nn correlation value
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Figure B-4 scale the nearest neighbor (nn) correlation value with the same two parameters.

Although the excellent agreement of correlation and normalized energy for all the
lattice structures studied in our research, the underlying physics that causes such a exotic
phenomena still remains unclear at this stage.

Appendix C
Algorithm of the Monte Carlo simulation for computing the correlation

The centers of the islands on the spin ice lattice coincide with the sites of a square
lattice rotated by 45°. We consider such an Lx*Ly simple square lattice equipped with
periodic boundary conditions, and seek maximum entropy states on the simple square
lattice. Denoting the sets of diagonal nearest neighbors (on the original lattice) by DNN
and longitudinal nearest neighbors by LNN, we seek the maximum entropy probability
distribution

| DNN |1



ijDNN

on

the

spin

configurations

 Si S j   D (1) and | LNN |1



ijLNN

subject

to

the

constraints

 Si S j   L(1) , where D(1) and L(1)

are prescribed. As is well-known, such a distribution is obtained with probability weights
of the form p[ S ]  e [ s ] where [ S ]  J D



ijDNN

Si S j  J L



ijLNN

Si S j ; and the multipliers JD

and JL are chosen to satisfy the constraints. This distribution has precisely the same form
as a canonical distribution with nearest-neighbor couplings, so standard Metropolis
Monte Carlo methods can be used and linear response theory facilitates the search for the
right values of JD and JL. Once the appropriate couplings are found, measurement of
further neighbor correlations are made. We worked on lattices of size 28*28 to 32*32;
there is no need for anything larger since the systems are far from criticality. A typical
run begins with 1500 to 3000 equilibration sweeps starting from a completely random
configuration. Then about 10000 separate sample configurations of the entire lattice are
taken, separated by 15 Monte Carlo sweeps. That number of sweeps flips each spin an
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average of 2.5 to 3 times to give relatively high independence of the samples
configurations one from another. Subsequent runs starting from the final configuration
show that the standard error for correlations out to 5th-order neighbors are all below 5*
10-4.
This Monte Carlo simulation was done by Dr. Paul Lammert on the dataset of
square and hexagonal lattices taken by Dr. Xianglin Ke and the author.

Appendix D
Magnetic charge interaction for randomly distributed monopoles

In this appendix, we will discuss the charge-charge interaction for randomly
distributed monopole, i.e. we assume that there were no interactions between neighboring
components. There are two different cases here: (1) the high energy 3in or 3out
configurations for hexagonal lattices are forbidden as we didn’t observe such
configurations at small lattices spacings, and (2) 3in or 3out states are allowed for larger
lattice spacings. We discuss the two situations separately below.
For Hexagon vertex, if the center one is shown as the diagram below, the charge
is -1 (1in/2out). And then we consider the neighboring charges, there are three
configurations as shown in the row below it.

-1

+1

-1

-1

The possible charges for the vertex just below the center one are +1, -1, -1 (i.e. fix
the moment of the top one, but relax the other two) and thus the average charge number
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of this vertex is (1 - 1 - 1)/3 = -1/3. Similarly the average charges of the other two
neighboring vertices are +1/3 and +1/3. So the charge-charge interaction is (1/3 + 1/3 1/3) * (-1)/3 = -1/9. If the center charge is +1, the charge-charge interaction is still -1/9.
Therefore the average charge-charge interaction is -1/9 if 3 in or 3out states are excluded.
The average charge-charge interaction for vertices that 3in or 3out states are
allowed can be calculated in the same way. If we still assume the center vertex has -1
charge, then the four possible states for the vertex just below it can be shown as the
diagram below.

+1

-1

-1

-3

The possible charges are +1, -1, -1, -3, and the average charges of this vertex can
be calculated as (1 -1 -1 -3)/4 = -1. The average charge numbers for the other two
neighboring vertices are +1 and +1. The charge-charge interaction thus is (1 + 1 - 1) * (1)/3 = - 1/3. If the center vertex has a charge number of -3, the average charge numbers
of its neighboring vertices are all +1. The charge-charge interaction in this case is
(1+1+1) * (-3)/3 = – 3. As 2in-1out and 1in-2out have possibility of 75%, and 3in and
3out have possibility of 25% when the interaction is zero, the grand average chargecharge interaction for hexagonal lattices is (-1/3) * 75% + (-3) * 25% = - 1. The grand
average charge-charge interaction for brickwork and square lattices can be calculated in
exactly the same way as we demonstrated above. For the lattices where the interaction is
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not negligible, the average charge-charge interaction differs from the values calculated
here assuming random distribution. These values are used in the chapter 5 to indicate the
effects of interaction when the lattices are demagnetized and their energies are
minimized.

Appendix E
Lift-off recipe for thick films

In fabricating some of samples, where the films deposited are thicker than 25nm
we use a thicker e-beam resist, PMGI SF2 as the bottom layer (liftoff layer) instead of the
usual thin SF1. This new resist can easily dissolve in acetone, and be lifted off by
sonication. Even for samples with SF1 resist, the liftoff processing sometimes is hard
because the film deposition covers the small undercut created in the lithography. Thus a
harsh processing method needs to be adapted in such situations. To remove these layers,
we use the N-Methyl-2-pyrrolidone (NMP), a chemical compound with 5-membered
lactam structure or REMOVER PG (MicroChem company) a proprietary NMP based
solvent stripper. Both solvents are designed for efficient and complete removal of PMGI,
MMA, SU-8, and other resist films on Si, SiO2, GaAs, and many other substrate
surfaces. It may also be used as a lift-off solvent. Samples are lifted off in the immersion
mode, where a two-bath system is adapted to reduce the possibility of re-deposition of
removed resist. The first bath removes the bulk of the resist and the second, cleaner bath
removes remaining traces of material with the assist of ultrasonic agitation (usually
enhance physical transport of swollen/dissolved resist away from the substrate.). A 3rd
water miscible solvent (e.g. IPA bath serves as a final solvent rinse prior to DI water rinse
and dry).
To improve stripping performance, we also use both of the stripper solvent at
operating temperatures well above ambient. Since the flash point of NMP based solvent
is 88ºC, closed cup, it can be used at temperatures up to approximately 80ºC using
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routine caution regarding combustible liquids. The detailed procedures of using both
solvents can be found in the application notes of MicroChem company.
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