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Abstract
We present data and analysis from two techniques for probing the nanoscale behavior
of spins in ferromagnetic thin films. The first is an all electrical measurement we use to
determine the position of magnetic domain walls in the ferromagnetic semiconductor
(Ga,Mn)As at high precision and speed. We exploit these properties to create a scanning
domain wall magnetometer, which uses the domain wall itself as a nanoprobe. Data from the
magnetometer evinces a highly disordered, non-repeatable domain wall interaction potential,
which we determine to be a result of an elastic stretching mode of domain wall motion. The
stretching mode had been predicted theoretically1 but not directly measured. We then take
higher resolution data of the stretching mode specifically, and use it to extract domain wall
pinning site strength, energy, and density. We also observe much higher domain wall mobility
in the stretching mode than has been previously measured at larger domain wall
displacements, a property which may be useful for future spin based device applications. Our
second measurement technique is based on the magneto-optic Kerr effect (MOKE), which we
use to monitor the field dependent magnetization and susceptibility of interacting Pt/Co and
permalloy nanomagnet arrays. We observe evidence for magnetostatically mediated
collective behavior at small lattice spacings in both materials. Position resolved magnetization
data taken on the Pt/Co arrays tentatively shows domain nucleation and growth.
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I. Introduction
Motivation
Classical electronics has revolutionized the world in the past century. From the
invention of the light bulb to the electronic computer, society has depended more and more
heavily on the controlled motion of electric charges. However, as electronic computing power
has advanced, the need for dense and accessible data storage has likewise risen. Currently,
bits in commercial hard drives are composed of small magnets which can be realigned to
record data. Bit sizes in these commercial hard drives are on the order of ~50nm2, and are
limited from being smaller by cross talk interactions between adjacent bits, in addition to
difficulty in reading ever smaller magnetic fields.
These effects lead to an increasing importance of understanding the nanoscale
behavior of electron spins in ferromagnetic materials. At the nanoscale, boundaries between
the bits in a memory storage device, which are called domain walls, are wide enough relative
to the bit size to have a large effect on the total bit magnetization. Furthermore, these domain
walls don’t move repeatabley, but instead are governed by stochastic thermal forces.
Repeatability is necessary for fast, dependable devices, and so making smaller bits will require
understanding and characterization of these effects.
In this study, we explore this nanoscale magnetization regime in two geometries. First,
we observe an elastic flexing regime of domain wall motion which had been predicted
theoretically by Néel1 sixty years ago, but never measured in detail in a ferromagnet. We
perform this measurement in Hall bar structures of (Ga,Mn)As, a ferromagnetic semiconductor
which has been well studied in the past two decades. This material will likely never become
technologically useful due to its requirement for cryogenic temperatures, but the measurement
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we present can in principle be made on more practical materials. We also present data on
magnetostatic interactions within arrays of interacting nanomagnets. This system is a direct
analogy to data storage in hard drives, and can also be used to model degeneracy in systems
with frozen in disorder, such as water ice. We observe that the interactions dominate the
remagnetization behavior of the arrays when the nanomagnets are close together, leading to
collective, domain like magnetic switching. These measurements are done on permalloy and
Platinum/Cobalt (Pt/Co) multilayers, two room temperature ferromagnets.

Magnetism
Introduction to magnetism
Magnetic dipole moments are produced by two phenomena: the motion of charged
particles, as dictated by Maxwell’s equations, and by particles which intrinsically possess them,
as predicted by the Dirac equation of relativistic quantum mechanics. For a charge in a
closed circuit, the moment produced is proportional to the area of the loop, and the time
averaged current around it (equation 1.1):

Figure 1. Magnetic moment produced by the circular motion of a charged particle.

1.1

r r
m = is
The current and the area enclosed by the charge are related to the angular

momentum of the particle. For quantum particles, such as electrons, angular momentum is
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quantized by their orbital angular quantum number L, which is a property of the solutions of
the Schrödinger equation with a radially symmetric potential. Additionally, as spin ½ particles,
electrons have an intrinsic angular momentum relating to their spin quantum number, S. Thus,
an electron orbiting which has contributions from the orbital quantum number L and spin
quantum number S. We can combine the spin and orbital component of the two momenta
into a single quantum number J. Then, the total moment created by these two angular
momenta can be written as:

r
r
m = − gµ J

1.2

B

In equation 1.2, g is the gyromagnetic ratio, µB is the Bohr magnetron, and J is the
total spin quantum number. By Hund’s third rule, the orbital (L) and spin (S) angular
momentum quantum numbers are subtracted to yield the total quantum number (J) if the
subshell is less than half filled and added if the subshell is more than half filled. If the subshell
is exactly half filled, L=0, and thus the total angular momentum quantum number only has a
contribution from the spin, and J=S.
The behavior of an atom when exposed to magnetic field is determined by the
configuration of the electrons in the outermost orbital. Since energy shells have even numbers
of electron states, filled shells will have zero net spin, leaving only the orbital component of
angular momentum and thus magnetic moment. In this case, Lenz’s law dictates that an
applied magnetic field will induce a change in the electron angular momentum as to decrease
the field. This property is called diamagnetism, and is a characteristic of all elements. If,
however, there are unpaired spins in the outermost orbital, the atom will have a net spin
contribution to its magnetic moment. In this case, since the magnetic moment arises from an
intrinsic moment and not an orbital motion, it is not governed by Lenz’s law. In this case the
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spins will tend to align with the field, a property called paramagnetism. Generally the spin
contribution to the magnetic moment is greater if there are unpaired electrons, so
paramagnetism is larger than diamagnetism is most materials.
The Hamiltonian for spins in materials contains four energy terms: exchange,
anisotropy, Zeeman, and magnetostatic terms. Additionally, there is a stochastic thermal
energy which destroys long range ordering of spins at high temperatures. A given spin’s
orientation is determined by the minimization of these four energies, which lead to
macroscopic behavior such as domain formation and hysteresis.

Exchange interaction
Exchange energy is an energy term which tends to line spins up in the same direction
as neighboring spins. 2 It is a result of the quantum mechanical exchange interactions that
arises from the negative sign from exchanging the position of two electrons (analysis taken
from [2]):

ψ (q , q ) = −ψ (q , q )

1.3

1

2

2

1

We can then split the wavefunction ψ into a spin component χ and a spatial component ϕ,

ψ (q , q ) = ϕ (r , r ) χ (σ ,σ )

1.4

1

2

1

2

1

2

To generate the antisymmetry above implies that, upon exchange of particles, if the spatial
component ϕ is symmetric, the spin component χ must be antisymmetric, and vice versa:

ϕ (r , r ) = −ϕ (r , r )
1

1.5

2

2

1

χ (σ ,σ ) = χ (σ ,σ )
1

2

2

1

or:

1.6

ϕ (r , r ) = ϕ (r , r )
1

2

2

1

χ (σ ,σ ) = − χ (σ ,σ )
1

2

2

1
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The energy for these two states can be computed quantum mechanically for each case:

1.7

U = ∫ ϕ *[ H + H + H
1

2

INTERACTION

]ϕdV

With a difference in the energies for the symmetric and antisymmetric cases of:

1.8

J = ∫ ∫ ϕ * (r )ϕ * (r ) H
12

1

1

2

2

INTERACTION

ϕ (r )ϕ (r )dV dV
1

2

2

1

1

2

This quantity, called the exchange integral, is a term aside from the normal coulomb
interaction arising specifically from the two antisymmetrization conditions above. For two
opposing spins there is thus an energy increase of 2J12 over the energy of two parallel spins.
This leads to the Heisenberg Hamiltonian:

E = Js • s

1.9

EX

1

2

The J term, also called the exchange integral, can be either negative or positive,
depending on the specifics of the wavefunctions in the material. For negative J, the lowest
energy state is achieved when the spins are parallel, and for positive J, the lowest energy state
is for antiparallel spins, yielding either a ferromagnet (J<0) or an antiferromagnet (J>0). The
ferromagnetic interaction can be easily visualized as a twisted piece of elastic material, with
arrows drawn on it to represent spins.

Figure 2. Exchange interaction between spins represented as arrows on a twisted elastic strip. The
stiffness of the strip models the exchange integral J.

Since exchange energy is based on the overlap of the electron wavefunctions, the
interaction length of the exchange energy shares the wavefunction size and is thus is a local
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effect, insignificant over distances larger than a few lattice sites. However, since it is such a
strong effect, distant spins can indirectly interact via exchange as mediated by intermediary
spins, much like how a twist in one side of the elastic strip will transfer torque to the other side
through the strip.

Magnetocrystalline anisotropy
Anisotropy energy is an energy which is proportional to the direction of a spin in the
ferromagnet. In a crystal, electrons will be subject to different potentials in different directions,
which consequently causes spins to have energetically preferred directions via the spin-orbit
interaction. A preferred direction is called an easy axis, and an unpreferred direction is called
a hard axis. These directions typically have the same symmetry type as the crystalline structure,
so materials with one easy axis (uniaxial) and two easy axes (biaxial) are common. In
crystalline iron, for example, magnetization vectors tend lie along (010) and (001) directions.3
Furthermore, since straining a material changes the bond length slightly, the anisotropy can
be controlled by physically stretching the sample. If one of the materials in this work,
(Ga,Mn)As, is grown on GaAs, which has a slightly smaller lattice constant, the material has
biaxial magnetic anisotropy, with easy axes in the (010) and (100) directions. However, if
grown on In,GaAs, which has a slightly higher lattice constant, the material has uniaxial
anisotropy,8 with the easy axis aligned along the (001) growth direction. Most of our work is
based upon this perpendicular (Ga,Mn)As material. For uniaxial anisotropy:

1.10

E

= K sin θ ≈ K θ
2

Anisotropy

U

2

U

In equation 1.10, KU is a material constant called the uniaxial anisotropy constant, and θ is
the angle between the spin and the easy axis.

7

Zeeman interaction

Spins also react to applied magnetic field due to minimization of their Zeeman energy,
which is proportional to the magnetization and the dot product of the spins direction and the
direction of the applied field. For a single spin with moment m, the Zeeman energy can be
written as:

E

1.11

Zeeman

r r
= −µ m • H
0

This equation can then be integrated over the sample area to obtain the total Zeeman
energy. This interaction is the reason spins can be rotated with field with an effective torque,
which is highest for spins perpendicular to the applied field, and minimized when the spins are
exactly aligned or anti-aligned with the field. Thus magnetization reversal is actually
impossible if the field is applied exactly antiparallel to the spins. In reality, there are always
small effective field misalignments due to sample inhomogeneity, which act to initiate the
reversal process.

Magnetostatic self energy
The field term in Zeeman energy can come from the magnet itself, and thus there is
also an energy determined by the interaction of the fringe field created by a ferromagnet with
itself. The fringe fields are created whenever spins point into or out of the surface of a
ferromagnet. The energy of a ferromagnetic sample and can be written as:

1.12

E =−
MS

r
r
1
H
•
MdV
∫
2
D

SAMPLE
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In this equation HD is the field generated by the sample. Thus the magnetostatic self
interaction is over longer range than the exchange interaction, generally acting over micron
length scales and larger. Additionally, unlike exchange, magnetostatic energy is proportional
to the overall magnetization of a sample and thus acts to demagnetize it. For this reason HD
is often referred to as the demagnetizing field. For example, in a magnetic wafer with
magnetization pointing out of the plane, the magnetostatic energy will cause an isotropically
magnetized wafer to split into smaller, oppositely magnetized areas, called domains (figure 3).
The boundaries between these domains are called domain walls.

Figure 3. A uniformly magnetized perpendicular sample (left) splits into two domains (right) to minimize
magnetostatic energy. The domain wall is shown in yellow.

Since the fringe fields are created whenever magnetization points out of the sample
surface, the self interaction manifests to minimize the spins perpendicular to the sample
surface. Thus for highly magnetized samples magnetostatic energy can be used in this way to
create artificial anisotropy due to a sample’s shape. For example, if an otherwise isotropic
magnetic material is patterned into a narrow strip, the spins will align along the long axis of
the strip, to avoid creating fringe fields along the long edge of the fringe. This process is
shown schematically in figure 4.
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Figure 4. Shape anisotropy causes a narrow strip to energetically prefer magnetization along its long
axis (right) to its short axis (left) to minimize fringe fields.

Magnetic hysteresis
The interaction of these four energies leads to a property characteristic to
ferromagnets called hysteresis, which is an effective spin memory property. If the magnetic
moments in a ferromagnet are pointed along an easy axis, they can be switched with the
Zeeman energy term, by applying a magnetic field. The field required to switch from one
direction to another is called the coercive field, HC, and its value depends on the direction of
the applied field, and the measurement direction. In ferromagnets it is typically nonzero, due
to anisotropy and exchange contributions to the magnetic energy. They can thus be
characterized by measuring their magnetization while a field is swept from a large negative to
large positive value, and then back, tracing a loop. (Figure 5)
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Figure 5. Schematic hysteresis loops showing the coercive field and saturation magnetization for two
ferromagnets. In the blue trace the field is applied along the hard axis, and in the green trace the field
is applied along the easy axis.

For two sample ferromagnets with shape anisotropy (Figure 5 left) hypothetical
hysteresis loops are shown (figure 5 right), one where the field is applied perpendicular to an
easy axis (green), and one where it is applied parallel to it (blue). For the easy axis loop the
field must rotate the spins up a large anisotropy barrier, yielding a larger coercive field HC,
(defined as the field where the ferromagnet has zero net magnetization). The hard axis loop
has a lower HC as the spins in the measurement direction can be easily rotated to have zero
moment, but require a much higher field to achieve the saturation magnetization MSAT, as they
must be forced in the hard magnetostatic direction.

Domain walls
If magnetostatic energy were the only significant energy in the material, its
minimization would create more and more domain walls in order to reduce the total
magnetization. However, there is an energy cost associated with having spins rotated from
their equilibrium position due to exchange and anisotropy energy. These energy terms dictate
the microscopic geometry of the domain wall. Since exchange energy minimization tends to

11
prevent spin misalignment, the difference in spin angle from one electron to the next is small
and continuous. There are two directions for the spins in the middle of the domain wall to
take, perpendicular to the wall surface and parallel to the wall surface. These two types are
called Néel and Bloch domain walls (figure 6).

Figure 6. Diagram of a Bloch domain wall (left) and a Néel domain wall (right). The arrows represent
spins, and w is the width of the domain wall.

Exchange energy drops as the domain wall width w increases, since the interaction is
quadratic in misalignment angle for an expansion of the dot product in the exchange energy
above. Thus, for films with strong exchange, like permalloy, domain walls are large, typically
100s of nanometers. Anisotropy energy, however, is minimized for narrow domain walls, as a
narrow wall reduces the number of spins misaligned with the easy axis. Thus the width is
determined by the simultaneous minimization of these two energies. For the work presented
here, we are primarily concerned with Bloch domain walls in high anisotropy, perpendicular
materials, where the domain wall width is in the 10s of nms. The energy per unit area of the
wall is simply the integration of the sum of the exchange and anisotropy energies over the
domain wall width w.3 This energy can be written as (analysis taken from [3]):

γ

=∫ E
∞

Wall

1.13
∞

∫ [ A(
−∞

−∞

Exchange

+E

Anisotropy

dx =

dθ
π
) ] + [ K sin ( − θ )]dx
dx
2
2

2

U

Minimizing the domain wall energy with respect to θ(x) gives the domain wall width:
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1.14

w=π

And energy per area:

U

γ

1.15

A
K

Wall

= 4 AK

Field driven domain wall motion
In a homogeneous and dissipation free ferromagnet, there is no energy landscape to
impede the motion of a domain wall. It is generally much more difficult to switch an isolated
spin, with no domain walls nearby, as this isolated spin will need to climb both an anisotropy
barrier and exchange barrier. For this reason, in clean ferromagnets much larger than the
domain wall width, the magnetization process typically begins as nucleation at a few areas
where the exchange or anisotropy energy has a local minimum. Then, the domain walls
formed by the nucleation process travel across the sample, leaving behind the switched
material. Since domain wall motion dominates the remagnetization process, macroscopic
features such as hysteresis loops shape and coercivity will depend strongly on the reaction of
domain walls to applied magnetic field.
As domain walls travel under the influence of field, the nature of their interactions with
the local energy landscape is determined both by the size of the field and the properties of the
disorder. Since the domain wall is a flexible, area minimizing membrane, it deforms as it
moves, and its motion can thus be described with theoretical tools developed for motion of a
general elastic interface in a disordered potential, such as wetting interfaces and
superconductor vortices.4 The shape of the domain wall in its disordered potential will thus be
reflective of the potential. To characterize the shape along the length of the domain wall for
zero applied field (analysis taken from [6]) we can use the correlation function given by
equation 1.6:
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In equation 1.16, LC is the pinning length, which is the length under which the domain
wall will be effectively rigid. ζ is the wandering exponent which describes the displacement of
the wall, and is theoretically predicted to be 2/3 for a1D interface in a 2D pinning potential.
ξ is a characteristic length of the pinning potential, and ∆ is a measurement of the disorder
given by ∆ =f2pinni ξ where fpin is the pinning force and ni is the surface density of pinning sites.
γ is the domain wall surface energy as described above, and uc is a scaling parameter. The
correlation measure effectively means that the roughness of the domain wall characteristically
increases at length scales L larger than the critical pinning length, according to the
dimensionality of the film. If converted to a free energy:
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In this equation, the first term represents the elastic energy of the domain wall, and the
second term represents the energy gained from the application of the field, and thus depends
on the magnetization MS, the film thickness t and the applied field H. Minimizing the free
energy with respect to L yields a characteristic energy boundary to domain wall propagation.
Inserting this energy barrier into a thermally activated Arrhenius law finally yields the rule for
domain wall creep:

 T H  
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Where
1.20

µ=

2ζ + 1
2 −ζ

TDEP is a depinning temperature characteristic to the material related to the energy of
the pinning potential, HDEP is the depinning field, and v0 acts to scale the equation. µ
characteristically is ¼ for our dimensionality, and observation of this factor is evidence for
creep motion. Intuitively equation 1.19 describes the stick/slip motion of the domain wall, in
which it remains stuck at various pinning locations, and is released on a thermally activated
basis. This thermal activation is a consequence of the Arrhenius law used to obtain the last
equation. For this reason domain walls propagating in the creep regime are intrinsically
stochastic and unpredictable.
At fields much higher than the depinning field, however, the domain wall doesn’t stop
at pinning sites, so they merely act as a viscous damping force impeding the motion of the
domain wall. This is called the flow regime, and motion is much more repeatable. In
between the creep and flow regime is an intermediary regime, called the depinning regime,
where the domain wall is occasionally pinned and thermally released.
In addition to these classical features in the V vs H curve, there are quantum effects
relating to the spins in the in the domain wall. At high fields, the spins in the domain wall
precess around the applied field.5 This precessional motion robs the domain wall of its energy,
yielding a region of lowered differential mobility. For Bloch walls in perpendicular media, this
field, known as the Walker field, is given by:
1.21

H = 2πα M
W

Z

where α is the Gilbert damping parameter and Mz is the magnetization.
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This Walker field is unrelated to the three regimes of motion detailed above, and can
occur in any of the three.

Figure 7. Five different domain wall motion regimes. Precessional motion above the Walker field is a
quantum effect, and can occur in the creep, depinning or flow regimes.

The theory describing this motion has been confirmed experimentally in a number of
systems, notably in Pt/Co/Pt trilayers by Lemerle et al.6 In the cited experiment they used a
MOKE microscope to detect the distance a domain wall traveled in response to field pulses
applied with an electromagnet. Domain wall velocities are determined by dividing the
distance the domain wall has traveled by the pulse width. If plotted against the inverse fourth
root of the applied field, the natural log of the velocity is linear, confirming creep range
motion for this system (figure 8). The work cited explains the nonlinearity in the high field
region of the ln[v] vs H-0.25 graph as the onset of the depinning regime.
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Figure 8. Observation of the creep regime of motion in Pt/Co/Pt trilayers. The linear nature of the left
figure is a confirmation of the µ=1/4 exponent predicted by theory. Figures adapted from reference [6]

From these measurements the group was able to calculate the critical depinning field
for pinning sites in the ferromagnet, which is the field which would be required to move the
domain wall at zero temperature. Furthermore, they were able to characterize the roughness
of the wall in terms of the autocorrelation function, enabling calculation of the wandering
exponent ζ, upon which the µ value of ¼ is based. These measurements were done in more
detail later,7 confirming the analysis at higher velocities. In (Ga,Mn)As,8 the ferromagnetic
semiconductor in our study, experiments have been done over even larger ranges of domain
wall velocity, demonstrating not only creep motion, but also depinning and flow, and
observation of the Walker field. In the cited work the Walker field occurs near the transition to
the flow regime, convoluting these two behaviors.
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Figure 9. Observation of domain wall creep, depinning, and flow in (Ga,Mn)As. The Walker peak
occurs near 10mT. Figure taken from reference [8]. (Copyright 2008 by the American Physical Society)

These measurements also revealed another high field peak in the V vs. H curve (small
peak in the data at ~80mT) which the group has recently attributed to an interaction between
the precessional motion of the spins in the domain wall with the fringe fields in the
ferromagnet.9 Since the material enables observation of these different regimes, it has
attracted a great deal of attention in the domain wall physics literature.

Materials
(Ga,Mn)As
As semiconductors have gotten smaller and faster, there is an experimental push to
putting spin functionality into them as well as traditional charge FETs. There are two general
approaches to this problem. One is to inject spins into typical non-magnetic semiconductor.10
In this scheme computations must be performed before spins decohere in the generally
diamagnetic semiconductor, and in the region where spins have been injected. Both of these
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constraints require careful designing of the geometry of the eventual device. The other
scheme is to dope a traditional semiconductor with a transition metal to make it ferromagnetic.
Such materials are called dilute magnetic semiconductors, as the dopants are generally
incorporated at the levels of a few percent.
As a commonly used semiconductor, GaAs has become a target for such doping. It is
a direct bandgap semiconductor useful for low power applications, such as cell phones and
LEDs, and in fact was used as a higher clock frequency alternative to silicon in the CRAY 3
and CRAY 4 supercomputers.11

In 1996 a group at Tohoku University12 succeeded in

doping GaAs with Mn at at ~10% levels without losing semiconductor functionality. The
material, (Ga,Mn)As, must be grown via molecular beam epitaxy (MBE) at around 250°C,
which is lower than the traditional growth temperatures for GaAs. At these temperatures
manganese incorporates into the crystal substitutionally for gallium, and acts as a hole dopant
in the material. This is referred to as non-equilibrium growth, since Mn isn’t soluble in GaAs
above a few percent, and at higher growth temperatures the manganese dopants precipitate
out of the semiconductor, coagulating to form clusters of MnAs metal.
If grown at low temperatures, however, (Ga,Mn)As is homogeneous and
ferromagnetic. The ferromagnetism in general arises from an exchange interaction between
the Mn atoms and itinerant electrons, which then exchange couple to each other to provide
long range order. However, when doped with Mn at levels higher than a few percent, there
are still competing theories regarding the band nature of the itinerant electrons. Generally,
there is discussion as to whether the exchange interaction is mediated through an impurity
band which lies within the bandgap, or the valence band of the semiconductor. An early
study13 gave theoretical and experimental evidence for Ruderman-Kittel-Kasuya-Yosida (RKKY)
type exchange interaction between the p orbitals in the conduction band, and d orbitals in the
valence band, due to p-d hybridization (figure 10).
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Figure 10. A diagram of the RKKY interaction in (Ga,Mn)As. The itinerant electron spins are aligned by
the Mn spins, and ferromagnetically align with each other.

However, electrical14 and optical absorption15 experimental data suggest instead that
ferromagnetism is mediated through holes in an impurity band arising in the semiconductor
due to the presence of the Mn atoms. In this impurity band model, spin polarized holes
interact with each other via a variable range hopping interaction, in which they can hybridize
between two Mn sites if they are close enough. Since the strength of the ferromagnetic
interaction is determined by the amount of hybridization, the distance between Mn sites
strongly influences properties such as transition temperature in this model. Based on this
dependence, this model has been used to correctly predict the relationship between Mn
doping density and the ferromagnetic transition temperature over a range of doping levels14.
Unfortunately despite theoretical models, this transition temperature has not been
experimentally increased beyond about 180K in thin films,16 precluding use in practical
technology. However, (Ga,Mn)As is still well studied and characterized as a proof of concept
material.
In our study, we use (Ga,Mn)As as a magnetic material but take advantage of its
semiconductor related electrical properties. It has high electron mobility and resistivity, which
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leads to a large anomalous Hall effect (AHE). AHE is a Hall effect which is proportional to
the component of the sample magnetization out of the plane (Figure 9).

Figure 11. Hall bar showing correlation between Hall effect and magnetization.

In figure 11, electrical current is sent through a channel of (Ga,Mn)As which is
partially spin up and partially spin down. The Hall voltage where the spins are up is positive,
and negative where the spins are down. In strained (Ga,Mn)As, the maximum size of the AHE
(the difference between the saturated up state and the saturated down state) is about 100Ω
for typical sample temperatures. We describe the AHE in more detail in the experimental
techniques section.

Permalloy
Permalloy, an alloy of nickel and iron, was designed to have low anisotropy and high
magnetization, which means it is an ideal material to engineer shape anisotropy for
magnetization control. It can be grown with evaporation, sputtering, or MBE, and generally is
made with an 80:20 ratio of nickel to iron. For deposited thin films, shape anisotropy forces
the magnetization to remain in the sample plane, with no significant in plane anisotropy. For

21
small (~100s of nm) strips domain walls then can be easily formed and studied by creative
manipulation of magnetic fields and sample geometry.17

Figure 12. Top, reproduced from reference [17]: A narrow circular strip contains a domain wall at
position α (Copyright 2004 by the Nature Publishing Group). Bottom, reproduced from reference [18]:
Domain wall diode that resists domain wall motion to the right. In both experiments spins align along
the long axis of the wire (Copyright 2004 by the American Physical Society).

Pt/Co multilayers
Cobalt natively has a complicated anisotropy structure, with biaxial anisotropy and a
large magnetization. However, if deposited into thin layers with platinum in between them,
there is an interface contribution to the anisotropy which pushes the magnetization direction to
be perpendicular to the plane of the interface.
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Figure 13. Left: Diagram of Pt/Co multilayer structure. Right: Hysteresis loop obtained by measuring the
magnetization of a Pt/Co multilayer structure. The right panel is reproduced from reference [19]
(Copyright 1989 the American Institute of Physics).

The material was originally designed19 as a convenient perpendicularly magnetized
material for memory applications, as it has high magnetic remanance (MR) and saturation
magnetization. Furthermore, it has high reflectivity, which facilitates magneto-optical
measurements of the magnetic state. For these reasons it is also well studied experimentally,
as a handy room temperature, perpendicular magnet. There is work in artificial domain wall
pinning20 with focused ion beam implanted pinning centers. Furthermore, parameters such as
coercive field and magnetization can be reproducibly tuned by varying growth conditions.21,22

Artificial spin ice
When water freezes into ice, it can take one of a large number of degenerate ground
states. This gives ice an intrinsic contribution to entropy,23 encoded in the arrangement of the
hydrogen atoms in the ice. Specifically, for a water molecule, hydrogen bonded to two of its
neighbors to form crystalline ice, there are 16 possible configurations for the bonding to take.
Two of the hydrogen atoms are bonded to the water through covalent bonds, and two are
attached through weaker hydrogen bonding. If we allow all states to occur, we get the 16
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possible configurations. Six of these are energy minima, where two hydrogen atoms are close,
and two are far away.

Figure 14. Two of the six possible configurations for an oxygen atom bonded to two hydrogen atoms.

We can simulate this six fold degeneracy in the lab with small magnets. If we pattern
permalloy into submicron, elongated islands, their magnetization will be dominated by shape
anisotropy, and they will choose one of two configurations.24

Figure 15. AFM (top) and MFM (bottom) images showing the transition from multiple domain behavior
to single domain behavior in permalloy nanomagnets. Reproduced from reference [24] (Copyright
2006 AAAS)

This image, from the cited reference, shows the transition from multiple domain state
of permalloy islands (right) to the single domain state (left) for small enough island sizes.
Furthermore, these nanomagnets will interact with each other via magnetostatic interactions.
If two are placed at right angles to each other, the lowest energy state will be characterized by
a north pole (bright areas in figure 15) being near a south pole (dark areas in figure 15). If
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we then pattern four of these islands into a cross, there will, similarly to water ice, be six
configurations that minimize the energy. These six configurations correspond to two adjacent
islands having inward pointing spin, and two islands having outward pointing spin.

Figure 16. Two possible energy minima for arrangements of artificial spin ice islands. These
arrangements correspond to the configurations of the hydrogen atoms in figure 14.

If these crosses are arrayed in a repeating pattern, they can be a flexible, convenient
simulation of water ice behavior. Since the magnets interact by their magnetostatic energy
term, which depends on their separation, the strength of interaction can be tuned by changing
the separation between nanomagnets. Furthermore, the arrangements of the magnets can be
read both via MFM or optically with MOKE measurements.25,26 Finally, any geometry can be
simulated simply by changing the design of the nanomagnets.
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Figure 17. MFM of a demagnetized array of permalloy nanomagnets. The crosses preferentially form
energetically favorable alignments. Image reproduced from reference [26] (Copyright 2007 the
American Physical Society)
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II. Experimental techniques
Growth Details
We grow the samples for our experiments with low temperature molecular beam
epitaxy (LT-MBE) with an established procedure for growing (Ga,Mn)As.27 The (Ga,Mn)As
samples are grown on top of an In,GaAs buffer layer, which has indium concentration that
increases towards its surface. This graded buffer layer is grown on top of a pure GaAs buffer
layer, which is itself grown on a commercially obtained semi insulating GaAs wafer.

Figure 18. Typical sample structure. The growth direction is up.

The graded indium concentration minimizes the threading dislocations that arise from
the mismatch of the In,GaAs and GaAs underneath it. These threading dislocations
propagate to the surface of the sample, lowering the quality of the resulting sample. The
(Ga,Mn)As itself is grown at lower temperatures than usual for GaAs (typically 250° C). The
lower temperature is to allow a larger concentration of Mn to be inserted into the sample,
which percolates out at higher growth temperatures to form energetically favorable MnAs
clusters. However, the low growth temperature introduces a number of defects in the
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crystalline structure. These can be partially removed by long duration, low temperature
postgrowth annealing.
We use an annealing process designed to both increase the transition temperature of
the ferromagnet as well as increase the magnetic homogeneity of the sample. Our wafers are
annealed at 190° C for 120 hours in air, which improves the sample by allowing for the
diffusal of arsenic antisites. We obtained this annealing procedure from a paper in the
literature27. After annealing, we check the sample Curie temperature and magnetization MZ
with a commercial Quantum Design superconducting quantum interference device (SQUID)
magnetometer.

Figure 19. SQUID measurement of the sample magnetization as a function of temperature, showing a
Curie temperature of ~140K.

Processing
After growth and annealing, we process our devices in a two step optical/e-beam
sequence. First we remove a layer of indium from the backside of the wafer by soaking the
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wafer in a bath of heated aluminum etch D for about 30 minutes. To protect the topside
surface from the aluminum etch we spin a layer of photoresist on top at first, which we strip off
with Shipley 1165 remover after the indium has been removed. We then put down another
layer of photoresist (Shipley 1813) and expose half of the sample, with the edge along the (110) direction, so that half of the sample has a layer of photoresist. Than we etch a 5nm step
into the surface of the sample, so the device has two different ferromagnetic transition
temperatures and thus slightly different coercive fields. This eases creation of domain walls as
the spins on one side of the device can be flipped without flipping the other side. We use the
citric acid based etch recipe in Appendix B, and etch for 20 seconds.
Then, we spin on a bilayer consisting of PMMA on top of MAA. With a Leica EBPG5HR electron beam writer we define the Hall bar patterns. We use an optical microscope on
the e-beam sample stage to align the devices such that the Hall probes are about 30µm from
the step. The Hall bars are aligned with the (110) direction, perpendicular to the step
direction, as domain walls tend to align along (-110) in (Ga,Mn)As/In,GaAs. We can verify
this by noting the direction of the surface striations in the bare material (figure 20). Upon
developing, the MAA dissolves faster than the PMMA, creating an overhang to ease the lift off
process (see Appendix A). Then we perform a 5 second RIE O2 plasma etch to clean the
substrate, and use E-beam evaporation to deposit ~30nm of silver on the exposed wafer. We
perform lift off in a heated bath of Shipley 1165 remover, and then etch the pattern once
again with the citric acid etchant, this time down to the insulating In,GaAs substrate. We
check this by measuring the sheet resistivity of the surrounding film with an ohmmeter. Finally,
we dip the wafer in gold etchant for less than a second, which removes the silver quickly (µms
per second) and (Ga,Mn)As slowly (nms per minute) to remove the hard mask. The devices
are then ready for characterization.
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Figure 20. AFM of one of the finished Hall bars used in this study. In this image, current is sourced from
left to right, and Hall voltage is measured at the submicron necks perpendicular to the device. The
darker surrounding area is the insulating In,GaAs substrate.

We design our Hall bars to have a small spacing in between sets of Hall probes, and
we use e-beam to minimize the size of the Hall probes and thus their influence on the
measurement. Gold wires are then attached to the contact pads with indium microspheres,
and the sample is mounted to a DIP socket for measurement in a cryostat.

Experimental setup
Due to the low temperature requirement of the measurement, we perform the
experiments in a Janis Supertran ST-300 continuous flow helium cryostat. The cryostat has 8
electrical feed-throughs, which connect to the sample socket via grounded stainless steel
coaxial cables, which reduce electrical crosstalk between leads (figure 21).
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Figure 21. Schematic of the experiment. We can perform three simultaneous domain wall position
measurements.

The electrical feed-throughs are connected to the outside electronics through a
shielded twisted pair cable, a grounded breakout box and 50Ω coax cables. We source
current and perform measurements with standard SR-830 lock in amplifiers. The cryostat is
located between the poles of a commercial GMW electro magnet, with the field applied out of
the sample plane, along the easy axis. This magnet is used for supplying high (10
Oe<H<1200 Oe) fields at long time scales. We use this magnet to measure hysteresis loops
and to create domain walls. It is mounted on a set of tracks, so it can be slid away from the
sample to reduce remnant fields stuck in the magnet poles. For high precision measurements,
we use a poleless homemade coil driven by a Keithley 2410 power supply for low (0 Oe < H
< 30 Oe) fields at short time scales. This magnet is also oriented so the field is applied
along the easy axis. We cross calibrate the magnets after each measurement run with the
sample itself as a magnetometer, by correlating field sweeps with the homemade magnet
supplying large positive and negative fields superimposed on the large magnet. We calibrate
the large magnet with a commercial Lakeshore gaussmeter.
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Anomalous Hall effect
In a sample with perpendicular magnetic anisotropy, there is a transverse Hall voltage
proportional to the sample magnetization. This voltage has the same sign as an additional
effective field due to the sample magnetization, but is much larger than this contribution. This
is called the Anomalous Hall Effect (AHE), and was first discovered by Edwin Hall in 1881,28 in
samples of iron. The proportionality constant between Hall resistivity and magnetization, R S,
can be used to monitor the dominant contribution to the AHE. There are three contributions
to the AHE, two extrinsic spin dependent scattering events, and an intrinsic Berry phase
contribution.29 All three contributions are due to spin orbit coupling in the ferromagnet. One
of the extrinsic scattering effects, side jump scattering, comes from the electrons coupling to
an effective transverse electrical field from impurities. It predicts a linear correlation between
the longitudinal resistivity of a ferromagnet and the coefficient RS. The other, so called skew
scattering, arises from the electron scattering from the spin orbit field of an impurity, and
predicts a linear relation between the square of the longitudinal resistance and RS. Finally, the
intrinsic contribution arises from the out of plane magnetization breaking the symmetry of the
wavefunction, causing electrons to obtain a Berry phase as they travel around the asymmetric
Fermi surface. The Berry phase yields a transverse velocity which causes the AHE. This
contribution predicts, once again, a squared relation between R S and the resistivity. For
strained (Ga,Mn)As, low temperature measurements30 have been used to confirm the side
jump scattering mechanism.
In this work, we use the large value of RS in our material to monitor sample
magnetization. For example, if we measure the Hall effect as a function of applied field while
sweeping the field up and down, we obtain hysteresis loops (figure 22).
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Figure 22. Hysteresis loops taken at three temperatures showing saturation values (black arrows).

These loops were taken at three different temperatures, demonstrating easy axis
behavior over a range of device conditions. We can measure the coercive field as a function
of temperature with a simple electrical measurement. Additionally, if there is only one domain
wall in the sample, there is a correlation between the AHE and the domain wall position.
This correlation is a result of circulating currents near the domain wall, which has been
theoretically predicted,31,32 and experimentally confirmed32 on Pt/Co wedge samples. It is:
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In equation 2.1 the prefactor, which is the multiplication of the anomalous Hall
resistivity tensor ρ, the current density j, and the Hall bar width w, scales the infinite series part
in the brackets. We obtain this voltage by measuring the saturated anomalous effect AHE SAT,
(arrows in figure 22) for a range of temperatures. Typically, the sigmoid is sensitive to domain
wall displacements when the domain wall is closer to the Hall probes than the Hall bar width a.
We thus design our devices with a series of Hall probes spaced a Hall bar width apart to
monitor domain wall position over a continuous area of the devices. If equation 2.1 is
graphed as a function of Hall fraction (figure 23), we can see how the function is most
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sensitive when the domain wall is close to the Hall probes. For our setup, this sensitivity gives
us a noise of about 1nm for a domain wall close to the Hall probes.

Figure 23. Correlation between AHE fraction and domain wall position for two Hall bar widths.

MOKE
If polarized light is reflected from a material with nonzero spin polarization, the
polarization of the reflected light is rotated a small amount.33 This effect, discovered by Kerr in
1877, can thus be used to measure magnetization of reflective surfaces. Since it’s an optical
technique, we can use it to study the spatial dependence of magnetization in our samples. It
arises when the electrons in the material are oscillated by the electric field from the incoming
light. They obtain a small transverse electron motion due to the local magnetic field in the
ferromagnet.2 For our measurements these polarization rotations are in the tenths of a degree
range, so stable light sources and optics are important for accurate results. We use two forms
of MOKE in this experiment (figure 24), polar and longitudinal MOKE, which are sensitive to
different directions of magnetization. Polar MOKE is sensitive to magnetization out of the
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plane of the reflecting surface, and longitudinal MOKE is sensitive to magnetization in the
plane of incidence, and along the plane of the reflecting surface.

Figure 24. Schematic of the two MOKE magnetometers used in this study. The longitudinal setup,
which is sensitive to magnetization in the plane of incidence, was used to measure the average
magnetization of permalloy arrays. The polar setup, sensitive to magnetization out of the sample plane,
was used to image Pt/Co nanomagnet arrays and the (Ga,Mn)As domain wall devices.

For longitudinal MOKE the signal is strongest when θ is nearest to 45°, however in our
setup it is limited to about 40° by the cooling plates on the ends of our electromagnet, which
block the laser beam.
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III. Results
(Ga,Mn)As
After sample processing, mounting, and continuity testing, the first step of
measurement is to characterize the AHE of the device at low temperature. We cool down the
sample while monitoring the Hall effect to verify the transition temperature and the stability of
connections. Next we allow the temperature to stabilize at the lowest measurement
temperature of 34K, and measure hysteresis loops with the AHE. We then increase the
temperature in 8.5K increments, measuring a loop at each step up to the Curie temperature
of the sample. The loops are taken to scale the position correlation equation, and to
characterize the magnetic quality of the sample. If plotted against temperature, the saturation
values of the AHE reflect the temperature dependence of the magnetization. For our
measurements, we require these magnetization measurements at any arbitrary temperature, so
we perform a cubic spline of the saturation values to get values for intermediate temperatures.
For a high quality sample with no pinning, the hysteresis loop will have sharp transitions,
looking more like an easy axis loop than a hard one (figure 5).
Then, a domain wall is prepared by taking advantage of the different coercive fields
patterned into the device. Our technique for doing this is outlined in figure 25.
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Fig. 25. Diagram of the domain wall generating scheme. An increasing field applied (bottom) to
generate a domain wall in the Hall bar device. Both the Hall resistance (middle, green) and the time
derivative of it (top, blue) are monitored while the field is being ramped. The field is set to zero when
the controlling program senses that both of these go above a threshold.

For this technique we gradually ramp the field (figure 25 bottom) while monitoring
both the AHE and the time derivative of the AHE. If both the AHE and its time derivative go
above a certain threshold above the intrinsic noise of the measurement, we turn off the field as
soon as possible with the controlling program. If the program has worked, the AHE will be
somewhere in between the two saturation values, indicating we have generated a domain wall
in the measurement area. If this is the case, the domain wall will respond to small field pulses
by moving, changing the Hall voltage. We thus verify we have created a domain wall. If the
AHE doesn’t respond to field pulses, we repeat the process with a lower field ramp rate.
Domain walls move most easily at high temperatures, so we do this procedure at the high end
of our measurement range, ~120K.
However, there is an ambiguity in converting the AHE to a position; if there is more
than one domain wall in the device, the correlation between Hall effect and domain wall
position (equation 2.1) will not be accurate. Thus to proceed with the measurement, we have
two techniques to verify only a single domain wall exists in our measurement area. First, we
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have taken MOKE images of the devices under typical measurement conditions to ensure that
a single domain wall is a stable sample state (figure 26).

Time

Figure 26. MOKE images of the 10µm device showing a domain wall moving from left to right under
the application of a small magnetic field. Visible are the four Hall probes (tapering structures at the
middle right of each frame) and the 5nm step (brightness contrast in the middle left of each device)
used for domain nucleation.

In these images, a domain wall is visible on the left of the device, which then
propagates to the right in the creep regime under the application of small DC magnetic field
pulses. Four Hall probes are visible as the tapering structures in the middle of the image, and
the photolithographically defined step used to nucleate the domain wall is evident as a step in
the magnetic contrast to the left of the Hall contacts. This data is also encouraging in that it
shows a straight domain wall, which is an assumption for the Hall effect measurement.
Unfortunately, however, we cannot perform the Hall effect measurement simultaneously with
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the MOKE measurement as the lamp creates voltage noise which overwhelms the Hall signal.
Furthermore, we cannot rely solely on MOKE to measure domain wall flexing as we would
then be blind to any effects below the optical limit of ~500nm.
We thus also do an additional electrical confirmation measurement before each
measurement run. To do this we rely upon the differential sensitivity of different sets of Hall
probes to a domain wall displacement. Since the correlation in figure 23 and equation 2.1
depends on the distance between the Hall probes and the domain wall, having multiple
domain walls or a complex domain state would lead to a mismatch in the measured positions.
We check this electrically by scanning the domain wall across the device while measuring the
Hall effect from two places. To scan the domain wall we use a PID loop with a manually input
set velocity compared against the domain wall position measured with the AHE. The PID loop
is run within a Labview program, which reads the domain wall position and velocity from a
lockin amplifier, and controls the amplitude of millisecond current pulses from the current
source (Keithley 2410). This mechanism is shown schematically in figure 27.
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Figure 27. Feedback loop schematic. The domain wall is rastered between the two dashed white lines
on the Hall bar. The trimming electromagnet is positioned outside the cryostat to eliminate sample
heating.

We typically use a scanning speed in the nanometers per second, which is slow
enough for the feedback loop to adjust to the generally rough pinning potential. We allow
the program to drive the domain wall back and forth over tens of cycles to verify that the
single domain state is stable, and that another domain wall won’t come into the measurement
area. The resistance and position traces (figure 28) show, in the example measurement
presented, that a single domain wall exists in the measurement area. For a complicated
domain structure, the resistance trances (figure 28 left) would match in amplitude, as a field
application would increase the magnetization near both contacts, which would also make the
position traces in figure 28 not match. We can thus differentiate between multiple domain
walls and single domain walls, and re-initialize the domain wall if we measure more than one.
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Figure 28. Resistance traces (left) and corresponding position traces (right) for a domain wall scanned
with the feedback apparatus. The similarity of the two traces on the right graph is confirmation of a
single domain wall.

We can also use this procedure to measure the position resolved pinning site strength,
with a method akin to scanning tunneling microscopy. As the domain wall is scanning back
and forth, we monitor the output of the PID loop, and plot it as a function of domain wall
position. If the domain wall gets stuck somewhere, the feedback loop will sense the lowered
domain wall speed, and increase the strength of the field pulses. Once the domain wall gets
freed from its position, the velocity jumps, and the feedback loop lowers the pulse amplitude.
Thus the resulting field pulse strength can be used as a measure of the domain wall energy
landscape (figure 29).
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Figure 29. Domain wall pinning strength measured with the PID loop apparatus, for a domain wall
traveling back and forth across 6.5µm of the device (position 0 corresponds to the location of the Hall
probes). The vertical segments are positions where the domain wall is pinned, and the curves
connecting them represent depinning events.

This data forms a loop, as the domain wall requires positive field to travel in one
direction, and negative field to travel in the other. When the domain wall is in between
pinning sites, it moves much faster than we can resolve with our measurement, and the
domain wall exhibits stick/slip motion; jumping from site to site. If we only look at the
positions of the depinning events (peaks) in the data above, we can estimate the pinning site
density in the direction of domain wall motion by measuring the separation between the
pinning sites (figure 30 top). We can then calculate a pinning site density from this
measurement and the 20µm x 25nm cross sectional dimensions of the Hall bar. We measure
this density to in the 1013 sites per cm3 range. We use the depinning fields to observe a
Gaussian distribution of pinning site strength (figure 30, right), with a large width of a few Oe
compared to the size of the pinning strength.
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Figure 30. Data points selected from the depinning events from the above data, analyzed to obtain
depinning fields and pinning site separation. Note the large spread in depinning fields (right).

Once we have confirmed a single domain wall, we scan it back and forth tens of times
at high velocity to verify the single domain wall state is stable and doesn’t revert back to a
multiple domain state for the remainder of the experiment. This process is done at the highest
measurement temperature where a multiple domain state is most likely.
To further confirm the measurement is providing accurate results, we compare the
domain wall velocities measured with AHE with those observed previously in the literature with
MOKE, which has less uncertainty with interpreting the data. Measuring similar velocities as
presented in the literature, however, is difficult as our Hall bars have only about a 20 µm area
of sensitivity. To take data at velocities high enough to compare with those in the literature,
we thus apply an AC magnetic field such that the domain wall doesn’t move outside the 20
µm area of sensitivity (figure 31).

43

Figure 31. Applied field and corresponding measured position and velocity.

This velocity data shows strong time dependence, here visible as sharp peaks at each
change of the applied field. These peaks would not be observable in the MOKE based,
pulsed field experiments,25 since they only occur at the very beginning of field application, and
also at length scales below the optical limit. If we measure the average velocity by multiplying
the velocity curve by the corresponding applied field curve and integrating (in a technique
similar to a lock-in amplifier) we can convert this data to a point on the field vs. velocity graph,
and compare it to prior work. This comparison is shown in figure 32.
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Figure 32. Comparison of creep domain wall motion obtained from reference [8] (top curve), black,
and our measurements (bottom curves, colored). We attribute the divergence at low fields to a
conservative flexing potential.

We note that our data approaches the previously measured data for high fields,
suggesting the time dependent peaks are causing the unexpectedly high velocity at low fields,
as they are fractionally less significant at higher fields. We interpret this data as confirmation
that our measurement is sensitive to a regime of domain wall motion separate from creep.
We identify this regime of domain wall motion as a flexing regime based on a few
arguments. First we note that it appears to be temporary, non-hysteretic, and much faster
than would be accounted for by creep motion, as the velocity peaks have fallen after the
domain wall has moved a certain distance. This allows us to immediately rule out creep
motion, leaving only motion in a conservative potential. The potential could arise from two
sources, an intrinsic 1D energy conservative interaction potential, and domain wall flexing
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(quasi-1D). Furthermore, the non-repeatability of the scanning domain wall experiment
suggests there is a degree of freedom separate from the domain wall position that it accesses
as it travels across the device, ruling out a 1D conservative potential. Also, the large spread
of the domain wall depinning fields shown in figure 30 indicates that, if the pinning sites are
isotropically distributed with respect to crystalline orientation, the domain wall can become
pinned at some positions along its 10s of µm width, but be free to move at others, leading to
flexing. To further characterize this regime and confirm the identification as a flexing mode,
we search specifically for non-hysteretic, reversible remagnetization.
To do this experiment we first characterize the device as outlined above, prepare a
domain wall, and verify only the single domain wall exists with the PID loop procedure. Next,
while using the PID loop to scan the domain wall back and forth, we find an area of the
sample with few strong pinning sites and turn off the PID magnet. We then cool the sample
back to the lowest measurement temperature with out disturbing the domain wall, and attempt
to measure domain wall flexing.
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The measurement is designed to be sensitive only to non-hysteretic domain wall
motion. The measurement protocol is represented schematically in figure 33.

Figure 33. Flex measurement schematic. This process is repeated at higher and higher fields until XDW3
is greater than XDW1 by a certain threshold, or when the applied field reaches a set limit HLIM.

We first measure the domain wall position with zero field applied, XDW1. Then, we
apply a field much smaller than typical depinning fields measured previously, and wait an
amount of time, τ, which is typically a few seconds. The wait time is chosen to be much
longer than the inverse bandwidth of our measurement device. Then, with the field applied,
we measure the domain wall position again, xDW2. Finally, we remove the field, wait a time
τ again, and measure the domain wall position a third time, XDW3. If the domain wall has
moved back to its original position, i.e., XDW3 - XDW1 =0, we interpret the difference between
the second and third measurement, XDW2 - XDW3 as the position through which the domain wall
has flexed. Usually, this is the case, and we then repeat the measurement at a slightly higher
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field. The applied field is ramped linearly in this fashion until the domain wall no longer
moves back to the original position, or if the field has reached an artificial limit field, HLIM.
When either of these happens, we begin the experiment again, and repeat a defined number
of times nEXP (typically 4) to obtain statistical information on the pinning sites. We then
increment the temperature and repeat the measurement. Raw data from this procedure
generally looks like what is presented in figure 34.

Figure 34. Three sample measurements showing the applied field (blue) and raw position data (red).
Inset: Domain wall path, with three representative measurements boxed.

The first step we take in processing this data is subtracting the unflexed positions
(lower data points on the red trace in figure 34) from the flexed positions (upper data points
on the red trace) to extract the flexed distance as a function of applied field. We also separate
the data into individual measurements; figure 34 shows three measurements in entirety.
To analyze this data we will use theory presented in the literature that assumes a
semicircular domain wall profile between pinning sites, which is a result of the area minimizing
nature of the interface. We also assume the potential between the pinning sites is flat. With
these assumptions, measuring the effective spring constant of the domain wall provides
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information on the density of pinning sites; for many pinning sites the wall will be resist motion,
and for only a few the wall will move even for small applied fields. This relationship depends
on the magnetization and the specific energy of the domain wall, and is linear in applied field
for small domain wall displacements.34
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Equation 3.1 relates the flexing distance x to a fraction with a pressure term P divided
by a surface tension term σ, multiplied by the square of the pinning site separation y. The
pressure term is the Zeeman energy gained by the switching of the spins in the area swept out
by the flexed domain wall. Thus it contains a volume, magnetization, and magnetic field. The
surface tension term is simply the specific domain wall energy computed from simple domain
wall theory. The factor m is the inverse effective spring constant, and is what we measure
experimentally by curve fitting the linear areas of our data traces. We then use equation 3.1
to correlate the measured m values to the average distance in between pinning sites y.
However, to perform temperature dependent measurements, we need to know the
temperature dependency of the anisotropy constant K. We use a relation obtained from the
literature35 (equation 3.2) that relates the anisotropy constant to the magnetization. The
paper we cite determines the anisotropy constant is proportional to the square of the
magnetization, and domain wall width independent of temperature. We use these to
determine the pinning separation y is proportional to the square root of the magnetization
multiplied by the slope m.
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We compute the temperature dependent magnetization MZ from a cubic spline of
SQUID measurements performed on the sample. To confirm that this calculation correctly
accounts for the temperature dependence of the anisotropy and exchange constants, we first
perform the measurement limited to a single place on the device with strong pinning at
different temperatures. If the analysis is correct, we should observe the same pinning site
density across a range of temperatures. With these theoretical tools, we are then ready to test
the analysis and then measure pinning site densities.
First we do a confirmation measurement where we deliberately set the limiting field
HLIM to be much smaller than the depinning field, and choose a site with very strong pinning,
which we determine with the PID measurement. The strong pinning measurement allows us to
calibrate our analysis with a known constant number of pinning sites. For this measurement
we confirm after each run that the domain wall has not left the site (figure 35).

Figure 35. Confirmation traces taken with a constant number of pinning sites.
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If we then look at the slopes of these traces, we see a weak temperature dependence (figure
35) which can not be due to a changing number of pinning sites, since we have confirmed the
position to be the same after each run. Thus, if our analysis is correct, we should measure a
constant number of pinning sites despite the changing effective spring constant.

Figure 36. Slopes obtained from above graph. Note the weak temperature dependence.

While the dependency is small, if converted to a site separation (figure 37) the
dependency has been removed, and we measure a constant pinning site density across the
~50K temperature range.

Figure 37. Measured pinning site separation at different temperatures with a constant number of
pinning sites.
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The second is a confirmation that domain wall creep isn’t a factor in our analysis.
Since we are in the creep regime of motion, the domain wall will move with nonzero average
velocity even with small applied fields. This will not occur, though, if the field is left on for
much less than the time it takes for a domain wall to thermally depin. To verify we have a
short enough time this we raster the wait time τ from 1s to 15s, and compute the dependency
of the observed properties on the wait time.

Figure 38. Time dependent measurements. The similarity in the slopes of the linear areas shows that
creep motion does not affect measured domain wall flexibility.

This data shows that our measurement is insensitive to creep motion up to about 10
seconds, at which point the curve fitting can no longer distinguish between the depinning
events and the linear regions. Furthermore, as we take measurements at delay times τ down
to our bandwidth limit, we note that the similarity between the τ=1 sec and τ=2s data hints
that the domain wall is moving much faster than we can resolve in this measurement. Based
on this, and the response characteristics of the lock-in amplifier, we can place a rough lower
limit on the domain wall mobility, as shown in figure 39. From this limit we obtain a mobility
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roughly four times the mobility expected in the creep regime, confirming the mismatch
presented in figure 32. We explore domain wall mobility with higher bandwidth in a later
section.

Figure 39. Mobility limit from data taken with 1 and 2 second τ.

We can also verify creep motion is not affecting the measurement by observing the
raw, unsubtracted positions (figure 40). Creep motion in these traces would be observable as
a large difference between the position measured before and after field application, here
shown as blue and red traces. We don’t observe this, and can rule creep out of our analysis
further. Interestingly, we can also see a tendency for the domain wall to be pinned around
750nm in all three traces. This may be evidence for the domain wall pinning at both sides of
a pinning site, as it gets stuck there both in the positive direction, and in the negative direction.
In these traces we can also see the domain wall creep event that ended the measurement,
which is the last point on the red (after field) data trace. Evidently for this measurement, the
domain wall was pinned at a position of ~750nm from the Hall probes, got measured by our
apparatus, and then moved forward.
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Figure 40. Raw (unsubtracted) position data showing the domain wall returns to its original position,
even after becoming depinned from a pinning site. The creep motion that does occur (step in the blue
and red curves at ~5.5s) is subtracted out of the analysis below.

The final measurement is aimed at determining average material properties. For this
measurement we deliberately allow the domain wall to leave its original pinned site by
increasing HLIM, and only limit the domain wall’s position to a 3-5 micron region of the Hall
bar where there are no strong pinning sites. Figure 41 shows three typical traces. In this data
clean, reproducible linear areas are separated by sharp jumps, indicated on the 53K trace in
figure 41 with black arrows.
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Figure 41. Three typical traces from the domain wall experiment. We interpret the discontinuous steps
(arrows on 53K trace) to be partial depinning events.

We extract the relevant parameters by curve fitting the data to functions with linear
areas decorated by up to three error functions. To avoid overfitting, the program controlling
the fit minimizes both the standard error and the number of error functions used to model the
data. Furthermore, we impose a stipulation that the height of the error functions must be
above the noise of the measurement. We note that the discontinuities occur more frequently
at high fields and high temperatures. We then use the equation presented above which
relates the pinning site separation to the effective inverse spring constant m to measure typical
pinning site densities for our two devices (10µm and 20µm width Hall bars).
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Figure 42. Measured pinning site densities from the analysis of the linear areas of the flexing data.

We note that this pinning site density is much higher than can has been attributed in
the literature to threading dislocations arising from the In,GaAs.36 (Areal density of 109 per
cm2 vs 104). However, this density is much lower than would be expected for pinning at
arsenic antisites, measured to be in the 1018 per cm3 range by optical absorption
measurements.37 In this mesoscopic regime it is thus difficult to speculate what the origin of
the pinning might be.
As for the discontinuities, we interpret these as depinning events where the domain
wall is released from some, but not all, of its pinning sites. We note that for data to be
represented here, the domain wall must have some memory of its original position x DW1 (if it
didn’t return, the program would stop the run and start at the new position.) Additionally,
there must be a negative restoring force at the domain wall position where the discontinuity is,
or the domain wall would adiabatically climb the potential (figure 43). Domain wall
depinning and flexing can correctly explain both of these observations. There is energy stored

56
in the flexed domain wall which drives it non-adiabatically over the pinning site, and that
flexed energy also acts as an additional potential to bring it back to its original position. We
note that we observe domain wall flexing up to about 100nm.

U

UFLEX

x

Figure 43. Potential required for the nonadiabatic jumps visible in the data. The additional potential
UFLEX is required to bring the domain wall back to its original position.

If we analyze the field position of these depins we can thus measure the pinning site
strength as per analysis presented in the literature.38
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In equation 3.3 ρ is the density of pinning sites measured above, f is the maximum
force a pinning site can react, MZ is the saturation magnetization, and A and K U are exchange
and anisotropy constants. If plotted as a function of temperature, we measure an exponential
relationship to inverse temperature, which we can curve fit to extract a domain wall depinning
energy in the meV range (figure 44).
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Figure 44. Analysis of depinning events in our temperature dependent data. Arrhenius fits demonstrate
activation energies of 21±2 meV for the 20µm device, and 25 ±5 meV
for the 10µm device.

Finally, we explore the mobility limits on the flexing regime of domain wall
motion with higher bandwidth. For these measurements we prepare and verify a single
domain wall as before, and apply a small amplitude (~3Oe) field square wave offset from
zero (the field is essentially toggled on and off) while measuring the domain wall position.
This measurement is sensitive only to non-hysteretic remagnetization, once the domain wall
settles into a potential minimum where it doesn’t irreversibly move. For this preliminary
measurement, we use a 10ms time constant, which enables us to see 99% of a domain wall
displacement within 100ms. The data we observe is consistent with instantaneous domain
wall displacements, so we still cannot measure the domain wall mobility in this regime.
However, we can put a higher, but still conservative, lower limit on it of about 100nm/Oe•s.
This mobility limit is about ten times what has been previously observed in (Ga,Mn)As at
similar reduced temperatures.8
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Figure 45. The domain wall moves faster than the measurement can resolve. Note the symmetry
between the “field on” and “field off” parts of the data trace, demonstrating the conservative nature of
the potential.

Artificial spin ice
Permalloy arrays
For this project we measure the collective behavior of many of the nanomagnets with
MOKE, and look for the influence of interactions on the coercive field of the arrays. MOKE
has the advantage over MFM in that it can poll all of the islands at once quickly, while a
magnetic field is applied. We measure hysteresis loops on square nanomagnet arrays with
lattice spacings ranging from 320 to 880 nm. We also carry out angle dependent
measurements where the measurement direction and the direction of the applied field is varied
in a range between the symmetry directions of the lattice (figure 46).
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Figure 46. Diagram of MOKE spin ice magnetometer. The field is applied in the same direction as the
axis of sensitivity of the MOKE setup.

These measurements are compared with simulations run with the object oriented
micromagnetic framework (OOMF). Three sample hysteresis loops are shown in figure 47.

Figure 47. Three sample hysteresis loops taken with MOKE. The field is applied in three different
directions relative to the symmetrey axis of the magnet array.

In the raw data there is already visible a clear coercivity dependence on the direction
of the applied field. To further explore this dependence we extract the coercivities from the
raw data by looking for the point of maximum slope. When plotted against the angle of
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applied field, we find a minimum in the coercivity when the field is applied along 45° (solid
lines in figure 48). This tendency is reflected in the analyzed simulation data as well (dashed
lines in figure 48). Furthermore, we see a local coercivity minimum when the field is applied
along a symmetry axis (dips at 0° and 90°). We determine these local minima to be related to
inter-island interactions as they go away for larger lattice spacings (blue curve.)

Figure 48. Measured and simulated coercivities for square lattices of permalloy nanoislands. The
smallest lattice spacing shows a coercivity minimum with the field applied on the lattice symmetry
directions.

We also take experimental and simulated lattice spacing dependent data at a constant
0° angle. This data (figure 49, left) shows that the dip at 0° is in fact interaction related, and
goes away for larger lattice spacings where the interactions are weaker, in both simulations
and experiments. We also verify further that the local minimum is not a single island effect by
measuring the array with the largest lattice spacing (880nm) at very small angle increments
close to 0° (figure 49, right).
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Figure 49. Verification the local minimum in coercivity is an interaction effect. The coercivity minimum
goes away at larger lattice spacings (left). Furthermore, repeated measurements on a non-interacting
array (right) show a coercivity maximum at 0°.

We have also characterized the magnetic susceptibility of the arrays with MOKE. For
the susceptibility experiment we add a second electromagnet with an integrated sensing coil
(to measure the phase of the drive field) to probe the low frequency dynamics of the system.
The measurement is made by a lockin amplifier measuring a photodetector slaved 90° to the
sensing coil. Typical traces are shown in figure 50.
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Figure 50. Longitudinal susceptibility as a function of applied magnetic field for different directions. The
field oscillation frequency is 39Hz.

In this data the AC and DC fields were applied along the same axis, which we
incremented in 7.5° increments from one symmetry direction of the square permalloy lattice to
another. Since this is an AC susceptibility measurement, it is only sensitive to reversible
magnetization; if there is a large change in magnetization that only goes in one direction, it
won’t show up in this data. For this reason if we integrate the traces shown above we can
obtain hard axis loops for the arrays. With the field applied along 0°, we are sensitive only to
islands that have the field along their hard axes, and there is almost no hysteresis in the data.
However, at larger angles, the susceptibility depends on the magnetization, so there is a
mixing of the easy and hard axis. Figure 51 shows the integrals of the susceptibility data
presented above.
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Figure 51. Integrals of the traces in figure 50. With the field applied on a 45° angle the hysteretic
behavior is maximized.

These traces will be useful for future analysis of spin ice data, as figuring out the
nature of the interaction between islands depends on knowing the separate contributions to
the hysteretic behavior from the two species of islands.

Pt/Co Arrays
Finally we have measured the position resolved MOKE on arrays of perpendicularly
magnetized Pt/Co nanoislands in a variety of different geometries. Unfortunately, to achieve
high enough magnetic fields with our current power supply we are forced to use a large
magnetic pole which makes field calibration difficult. The following images are all taken at
zero field, with 5ms field pulses of increasing strength applied between each frame. Frames
aligned vertically are taken after identical field pulses. This preliminary data gives evidence
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for interaction dominated remagnetization, as islands tend to switch at the edges of the arrays
and a wave of magnetization sweeps in to the center, in a process similar to domain wall
motion. We note that for identical islands (the arrays were patterned and deposited
simultaneously) the lattice geometry has a strong effect on the coercive fields of the arrays, as
by the fourth frame the triangular and square lattices have not fully magnetized, whereas the
kagome and hexagonal arrays have.
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Figure 52. MOKE images showing magnetization behavior of arrays of interacting Pt/Co nanoislands.
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IV. Future directions
Domain walls
The first step to continuing these measurements will be to perform them on Hall bars
with a wider range of widths, especially smaller ones. The domain walls in the devices
presented here typically are pinned by 10-40 pinning sites, depending on the temperature. If
smaller devices are made, the number of pinning sites will approach zero, where we should
observe drastically different behavior. Furthermore, smaller devices have a more sensitive Hall
effect-domain wall correlation (figure 23) enabling us to increase our spatial and time
resolution.
Another possible direction with smaller devices will be to specifically engineer domain
wall pinning potentials. Our previous attempts at doing this have involved making cuts or ion
implanted defects in the Hall bar to pin domain walls, which is an established technique for
pinning them in (Ga,Mn)As.39 We have had problems changing the sample structure enough
to pin the domain wall but not enough to affect the electrical properties of the device as to
otherwise affect the measurement. Patterning proximal permalloy nanomagnets near a small
(1 µm wide) Hall bar should produce a smooth, measureable, and tunable pinning potential.
Furthermore, since the width of the domain wall is known, and the magnetization is calculable,
we should be able to measure quantitatively the strength of the fringe field from the
nanomagnet, which is difficult with other scanning probe techniques.
Another direction will be further quantifying the true domain wall mobility in this flexing
regime. Since the domain wall motion while flexing is not limited by pinning sites, and is
instead conservative, we have reason to believe that the mobility we measure will be
determined by the intrinsic Walker field, at which precessional motion robs the domain wall of
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energy, reducing the differential mobility. In (Ga,Mn)As this field is ~80 Oe8, ten times what
we have applied for our time resolved measurement. Thus for strong enough artificial pinning
sites much higher frequency devices may be possible.
One possible high frequency device is a single domain wall inductor. Since an
applied magnetic field will induce a fast domain wall displacement, and domain walls have
finite resistance, an AC field will induce current in the device at the same frequency as the
drive. Furthermore, the device could be made into a domain wall rectifier, if the field were
applied with a component in the direction of the domain wall itself. This device will rely upon
the in plane field partially compensating for the in-plane anisotropy, and adding a
directionally dependent domain wall width. Theoretically,40 the domain wall resistance and
thus induced current depends on the domain wall width, yielding rectified DC current. The
amount of rectified current could furthermore be tuned by adjusting the angle of the applied
field. This experiment would simply require the additional capability of measuring the
differential voltage along the length of the Hall bar as a function of the angle of the applied
AC field.
Another, more exotic device achievable with a single domain wall is a spin capacitor.
The domain wall is as a membrane separating spins in the ferromagnet much as a dielectric in
a capacitor separates differing charges. Much like traditional capacitors can be used to store
charge, and therefore energy, domain wall spin capacitors could be used to hold spin.
Energy would be stored in the increased area of the distended domain wall. Demonstrating
this technology would be a natural next step for the experiment, and would require simply
observing the domain wall position to nanometer sensitivity while applying a high frequency
AC current.
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Spin Ice
The main push of the spin ice project has been to resolve the switching of a single
island, and watch how this switching interacts with neighboring islands. Single islands can be
observed with MFM, but this technique suffers from poor time resolution and an inability to
apply magnetic fields in situ. The current MOKE setup, on the other hand, has poor spatial
resolution, but the arrays can be observed at video frequencies, with fields applied up to
about 0.2T. Enhancements to these measurements will thus fall into the category of
increasing the spatial resolution of the MOKE setup, which has not yet reached the diffraction
limit. We have optically observed single perpendicular islands with a 100x objective, but lack
the vibration damping to successfully subtract background images to get single island
switching. Redesigning the sample chuck and magnet system should eliminate these issues, as
applying field pulses with a ferromagnetic sample holder introduces vibrations. Additionally,
experiments with oil immersion objectives have provided encouraging results, enabling much
clearer observation of single islands. The oil immersion lens has not yet been incorporated
into our current setup, however.
Another possible direction is to give up single island resolution altogether and instead
perform the experiment in Fourier space with a coherent light source. Since the illuminating
lamp is focused on the sample, when it is re-collimated the beam has encoded the K-space
image,41 which can be seen as ordered diffraction peaks for our regular arrays. (In fact, these
diffraction peaks are a handy way of aligning the laser on a nanomagnet array). This beam,
if aimed through the analyzer, will contain the spatial modulation of the Kerr effect, which will
be a direct readout of the spin ice state. In this manner the field could be adjusted
interactively to achieve a lower energy ground state.
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Figure 53. Diffraction MOKE. The K-space image contains the periodic information about the
sample magnetization.
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V. Conclusions
We have demonstrated a new measurement technique based on the anomalous Hall
effect which enables us to measure one dimension of domain wall position to nanometer
precision, and used this to probe a little studied regime of domain wall motion, the flexing
regime. We have evidence that this motion regime is both more controllable and faster than
longer scale dissipative domain wall motion. These observations may be useful for spin based
computing and information storage. Furthermore, we have developed a MOKE system, and
used it to measure the collective magnetization and susceptibility behavior of arrays of
interacting permalloy nanomagnets. Finally, we have also constructed a position resolved
MOKE system which has allowed us to observe interactions in perpendicularly magnetized
nanomagnet arrays.
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VI. Appendix
A. Sample processing
Our samples are processed with an e-beam liftoff process.
Step 1. Deposit PMMA, MAA

Step 2. Expose and develop

Step 3. Deposit 30nm Ag

Step 4. Lift off

Step 5. Etch, remove Ag
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B. Chemicals used
Etchants:
10g Anhydrous Citric acid
70g DI water
0.8mL 30% H2O2
Stir 5 minutes, room temperature
Use within 30 minutes, 18±2nm/min

Aluminum etch type D, heated to 70°C

Solvents
Shipley 1165 heated to 70°C
Acetone
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