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ABSTRACT

We have investigated the Faraday effect of bismuth-doped rare-earth iron-garnets
with varying doping levels of gallium from z = 1.0 to 1.35. We used lutetium to control
the film's in-plane magnetic properties and found that gallium doping levels above the
compensation point caused a loss of anisotropy control, a canted out-of-plane
magnetization in the film, and an extremely weak but linear coercivity above 10 microTesla fields. Using these results we focused on in-plane films to create 8 layer stacks of
500 um thick films to achieve a minimum detectable field of 50 pT at 1 kHz. Unlike
previous Magneto-Optic (MO) studies that typically used thin films of approximately
1um thickness, we used approximately 400um thick films to allow experimentation with
the final, robust, ideal form the MO sensor would take. We measured what most other
MO studies with garnets neglected: the magnetic anisotropy axis or structure within the
film. Knowledge of this structure is essential in improving the sensitivity of a stacked
MO probe. Studying thick films proved to be key to understanding the magnetic
anisotropy and domain properties that can degrade or enhance the sensitivity of the
Faraday rotation in bismuth doped rare-earth iron-garnets to an applied magnetic field
and to pointing the direction of future research to develop the conditions for rugged
magnetometer sensors.
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CHAPTER 1

1 INTRODUCTION
The measurement of magnetic fields in the femto-Tesla (fT, 10-15 Tesla) range is
important for applications such as magnetometry, magnetic resonance imaging (MRI) and
magnetoencephalography. The only sensors capable of detecting these very weak magnetic fields have been based on superconducting quantum interference devices (SQUIDs)
which require cryogenics and atomic vapor Cell magnetometers that require a 400 Kelvin
temperature to operate in near zero ambient magnetic field (Sheng et. al. 2013).
We attempted to achieve femto-Tesla strength magnetic field detection using Magneto-Optic (MO) sensors which would allow the development of robust, low cost magnetometers capable of competing with the current extremely low and high temperature devices. We found we could reach tens of pico-Tesla to one pico-Tesla detection using thick
film MO sensors, but were unable to extend beyond this range due to the electric noise
limits of the photodetectors.
MO sensors are solid state materials that exhibit the Faraday effect when exposed
to a magnetic field. The Faraday effect is the rotation the plane of a linearly polarized
beam of light undergoes after passing through a MO material. (Such a rotation is similar
to a half-wave plate rotating a linearly polarized beam into a new orientation). The degree of polarization rotation is a linear function of the strength and direction of the applied magnetic field over the sample.
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Because we have limited our material to 500um thick films, our study is solely occupied with the classical definition of the Faraday effect in which the polarization rotation
takes place after a beam has transmitted through a material with the applied magnetic
field directed parallel or anti-parallel to the beam path. Our MO material is a rare-earth
iron-garnet, an iron oxide crystal that exhibits “soft” ferrimagnetic properties, i.e. they are
susceptible to temporary magnetization and demagnetization similar to an iron bar ferromagnet. We enhance its MO properties by doping the garnets with the rare-earth bismuth
(Bi). Bismuth promotes a higher degree of Faraday rotation and substantially reduces the
transmission loss of the crystal in the near-infrared range, allowing for clear detection of
the beam's polarization rotation.
Our study is motivated in part by past experiments which probed the effects of
doping garnets with gallium. In agreement with these experiments we find that doping
dilutes the garnet's iron content and reduces the magnetization. We then consider the
magnetization properties where we used three drastically different gallium doping levels
up to the “compensation point” where the garnet approaches an anti-ferromagnet state.
This region was of interest to Helseth et. al. 2002 but were unable to address. Helseth et.
al. 2002 thought sensitivity could be enhanced by reducing the magnetization or the effective restoring force on the magnetic moments after an applied magnetic field was removed. In this study we found this to be true, but at the cost of losing control of vector
sensitivity and relying on domain wall motion to double the sensitivity.
Our study focused on applying the beam and field perpendicular to the plain of the
film whose thickness is a quarter or less than the side lengths of the film. Such beam ge-
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ometry insured the use of the maximum power of the beam cross section. For the applied
magnetic field, this geometry also provided greater control of the direction of magnetic
anisotropy – the effective restoring force on the magnetic moments after an applied magnetic field is removed. By situating the magnetic anisotropy vector in the plane of the
film (in-plane or IP, along the surface of the film) the film could be oriented perpendicular to the applied magnetic field, thus allowing for the maximum torque to be applied on
the magnetic moments.
To cause in-plane orientation of the magnetic anisotropy we diluted bismuth with
lutetium as a dopant. In-plane orientation of the magnetic anisotropy minimized “polarization incoherence” (Garzarella et. al. 2015, APL) allowing us to stack films without rotating the polarization of the beam at zero applied magnetic field. The use of multiple inplane anisotropy films could extend the path length of the beam through the MO sensor
indefinitely for linearly higher sensitivity to magnetic fields.
Our study's initial objective was to determine the optimal MO stack length and the
optimal probe beam wavelength for achieving the highest sensitivity. We confirmed that
while increasing the length of the MO sensor allows for a greater Faraday rotation, it also
exponentially increases the crystal's beam absorption. We find beam absorption can partially be avoided by limiting the beam wavelength within the near-infrared between a
1200nm and 1800nm wavelengths, with the Faraday rotation increasing in sensitivity at
lower beam wavelengths. We find that an effective doubling of sensitivity can be
achieved with a 1220nm beam wavelength and that demagnetization effects of the stack
transitioning from a plane to a rod geometry allows for additional sensitivity improve-
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ments, so long as the domain pattern between layers is matched (Garzarella et. al. 2016,
241101).
To our surprise we found that the sample with the highest gallium doping exhibited a hysteresis curve with such a low coercivity that it appears linear. This disproves the
idea that MO sensitivity can be measured merely by dividing the Faraday rotation by the
saturation magnetization. Instead careful observations must also be made of the magnetic
anisotropy and its orientation in the film.
Using a GHz scale short pulse at micro Tesla (“sub-Gauss”) strength magnetic
fields, we determined that domain wall motion can cooperate with the magnetization rotation to almost double sensitivity by enhancing the apparent Faraday effect. At fields
above 10 micro Tesla, the domain wall encounters local defects where the magnetic anisotropy is larger in strength than the surrounding magnetic anisotropy. This creates pinning sites that halt domain wall motion until the applied field overcomes this pinning site.
When this occurs on a macroscopic scale it results in what is called a Barkhausen step or
jump, related to the phenomena of Barkhausen noise. Such phenomena can allow a ten
times increase in sensitivity, but only in detecting fields above 10 micro Tesla. We conclude that Barkhausen jumps could be made to occur at weaker magnetic fields if the coercivity of this hysteresis curve is further reduced through careful engineering of point defects evenly spaced along the path bulk domain walls traverse in the film.
This dissertation presents results of experiments studying the magneto-optic effects entailing the Faraday effect to study the sensitivity of various thick film garnet sen-
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sors doped with bismuth after reviewing relevant MO theory and research in the first
three chapters.
Chapter 2, MAGNETISM, introduces the microscopic mechanism for magnetism
in our garnets and the size and pattern of the domains in our samples. We do this to work
towards calculating the anisotropy energy for our samples.
Chapter 3, OPTICS, focuses on the microscopic mechanism of the Faraday rotation, providing background on its classical theory, its quantum mechanical theory, and the
current accepted theory as a function of probe beam wavelength. We demonstrate why
these functions do not explain how Faraday rotation depends on applied magnetic fields
and why there is thus an underlying need for understanding magnetic anisotropy in order
to enhance sensitivity.
Chapter 4, MATERIALS, describes the garnet samples used in our experiments,
including their gallium doping levels and crystal structures. It also shows the temperature
compensation point in the highest gallium doped sample where it briefly takes on an antiferromagnetic state.
Chapters 5 and 6 present the primary results of our experiments. Chapter 5,
SPECTRA, describes our efforts to determine the optimal MO sensor length and optimal
probe beam wavelength by reporting on our observations of the transmission loss and the
Faraday rotation spectra of our samples. It also shows our original data measuring the
sub-Gauss Faraday rotation spectrum, or the Faraday rotation at magnetic fields below 1
Gauss. Chapter 6, DOMAIN DYNAMICS, closely examines how domains aide the sensitivity of the Faraday effect. This chapter expands on initial work done by Garzarella et.
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al. 2015, OSA, by probing three spatial axes of the film to determine the magnetic anisotropy and domain wall motion.
The final two chapters apply our findings to making a stacked MO sensor.
Chapter 7, STACKING, examines how multiple garnet films are used to extend the beam
path length in order to maximize the Faraday effect sensitivity while minimizing beam
power loss due to absorption. It also describes the role demagnetization plays in enhancing sensitivity. Chapter 8, SENSORS, applies a stack to a setup where the lowest
strength magnetic field can be detected (circa 50pT at 1kHz) and outlines metrics for
minimum field detection.
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CHAPTER 2

2 MAGNETIZATION
2.1
2.1.1

Magnetism.
Origin of magnetism.
A magnetic field is generated by the circular motion of a charged particle about

some center. The simplest way to generate a magnetic field is by applying an electric
current to a wire, or to a loop of wire to generate a magnetic field that goes to zero at
infinity. Any magnetic field generated by the motion of electric current is known by
H , the auxiliary field.

There are materials that possess no electric current, yet still generate a magnetic
field. A quantum mechanical picture is necessary to understand such materials. For now,
we study some of the simplest principles of magnetism in a classical picture, being that of
a circulating charged particle moving in a very small radius relative to other charged
particles.
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2.1.2

Dipole-dipole interaction.

Figure 1: An illustration of two magnetic moments.

Analogous to angular momentum, the magnetic dipole moment can be defined as

μ=I α

Where

I

is the electric current and α

is the area that current encircles, with the

vector being defined by the direction of the current using the right-hand rule. It follows
that the magnetic field from a magnetic dipole moment is approximated through an
expansion as

B=

μ 0 3(μ⋅^r ) r^ −μ
4π
r3

8

For two magnetic moments defined in Figure 1, their energy equation is defined
by

U=

μ 0 μ1⋅μ 2−3(μ 1⋅r^ )(μ 2⋅r^ )
3
4π
r

Text 1

This indicates the lowest energy state is where the magnetic moments are collinear with
their separation vector. However, if one magnetic moment is fixed at an angle to the
separation vector, the lowest energy state for the second magnetic moment will be a
vector orientation 180° relative to the fixed moment. In macroscopic materials, the fixed
vector orientation of the first magnetic moment represents the anisotropy axis of the
material, which in turn is governed by complicated crystal lattice and chemistry terms
bonding the material together. The separation vector in bulk materials can then be
considered equivalent to the lattice constant of the material. Hence the interplay between
the anisotropy axis and the lattice constants are what principally determines the magnetic
domain pattern in a material.
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2.1.3

Magnetization’s quantum mechanical origins.

2.1.3.1 Orbital magnetic moment of an atom.
In any typical material, there is no electric current and hence no magnetic field.
At the atomic level, the classical picture is that the electron orbits the atom’s nucleus.
However quantum mechanics dictates that an electron always has a non-zero angular
momentum, and that this minimum angular momentum is at a value of the Planck
constant h . Then instead of crashing into the nucleus, the electron hovers above the
nucleus. With no preference for a position above the nucleus, the electron forms a
spherical cloud-like probability distribution above the nucleus, which in classical terms is
the equivalent of a circular orbit.
Despite being just a probability distribution, the electron cloud still generates a
magnetic field. The electron does not have a single circular orbit about the nucleus, yet it
still has a non-zero angular momentum about the nucleus. The wave function dictates the
probability distribution of the electron about the nucleus, and the magnetic moment of the
atom can be determined by “collapsing” the wave function by measuring the magnetic
moment along a specific axis in a large applied magnetic field gradient.
The magnetic moment due to an electron’s orbit about a nucleus is called the
orbital magnetic moment of the atom. Its alignment follows the same rules as that of the
classical dipole-dipole interaction. All materials, and all elements, can have the orbital
magnetic moments of their electrons magnetized, based on this dipole-dipole interaction.
This is the foundation for paramagnetism. Unlike other magnetizations, paramagnetism
is the weakest, yet the most universal magnetization behavior among all materials.
10

Diamagnetism is a magnetization opposite of paramagnetism. Instead of aligning
itself to the applied magnetic field, a diamagnetic material’s orbital magnetic moment
will orient to oppose the applied magnetic field. This is analogous to Lenz’s law of
induction where a changing magnetic flux will result in an electric current opposing the
change in magnetic flux. Instead of the electron’s orbital magnetic moment aligning with
the magnetic field, the electron enters an excited state where its orbital magnetic moment
runs counter to the applied magnetic field. However in the quantum mechanical picture,
the counteracting electric current does not reduce to zero as the change in magnetic flux is
reduced, but will only change if the magnetic field is changed. Examples of diamagnets
in nature are few and weak. Superconductors can mimic a perfect diamagnetic material,
although with some caveats.
The orbital magnetic moment alone does not describe the existence of magnetism
in materials with zero applied magnetic field. For this an understanding of the electron’s
own angular momentum is required.

2.1.3.2 Intrinsic magnetic moment of an electron.
Analogous to planets, orbital motion corresponds to a planet revolving about a
star, which corresponds classical to how an electron orbits a nucleus. A planet that rotates
about its own axis is said to rotate about itself, with one rotation corresponding to a day.
Classically, this is how electron spin can be described. However as electrons have no
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known substructure and are virtually identical to each other, the electron is said to possess
an “intrinsic” angular momentum, called its spin.
Like orbital motion, the orientation of a spin cannot be known unless the wave
function of the system is collapsed. This means an electron has two wave functions, one
for its orbital motion about the nucleus, and the other for its own spin. The coupling of
these two wave functions, and the fact that electrons are identical to each other, are the
foundation for the exchange interaction. The exchange interaction is the foundation for
ferromagnetism, as it allows magnetic moments to orient parallel to each other despite
their separation vector being perpendicular to those moments.

2.1.4

The exchange constant.
The exchange interaction can be derived from a simple hydrogen molecule as

shown in Figure 2. The nuclei are the white circles and whose separation from each other
is held fixed. The black circles represent electrons interacting with every other charged
component in the system through the Coulomb force. Their separation vectors are
indicated relative to an arbitrary coordinate system. The spin vectors of each electron are
also indicated.
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Figure 2: An illustration of two electrons
(black) orbiting about two fixed protons
(white).

We establish the Hamiltonian of the system as

H =K +U

Where based on the relation

p=−i ℏ ∇ ,

K=

K

is

−ℏ2 2 ℏ2
∇−
∇2
2 me 1 2 me 2

Representing the kinetic energy of each electron. The Coulomb potential of the system is
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e2
e2
e2
1
U=
−
−
| r 2−r 1| | R2 −r 2| | R1−r 1| 4 π ϵ0

(

)

Where we neglect the interaction of each electron with the other electron’s proton. We
seek solutions to the equation

H Ψ s , t=E s ,t Ψ s ,t

Where

Ψs , t

represents the two lowest energy state wave functions for the two electron

system. Conceptually integrating over this function would yield the probability
distribution for an electron’s presences about both nuclei.
In order to construct this wave function, we begin with the ground state wave function for
a hydrogen atom.

ϕ(r )=

Where a=

1 −r / a
e
√ π a3

ℏ2
in fundamental units for the electron's mass and charge and e−r /a
2
me e

refers to Euler’s number function. The combined wave function for a hydrogen molecule
is
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ψs (r 1 , r 2)=ψ0 (r 1) ψ0 ( r 2)

Where

ψ0(r )=ϕ1 (r )+ϕ2 (r )

The purpose of this function is to simultaneously consider states where either each
electron is orbiting its own nucleus, or if the electrons have switched and are orbiting
each other’s nucleus. One unlikely state is present where two electrons orbit the same
nucleus. As this is considered highly unlikely, these terms are dismissed, known as the
Heitler-London approximation.
We then consider that the electron has its own intrinsic angular momentum wave
function. This is known as a spinor, and can only take relevance when a neighboring
electron is present to compare its spin vector. Here the spins of the two electrons in
Figure 2 are represented by

χ s=(|↑↓⟩ −|↓↑⟩ )
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1
√2

This represents the singlet state, where each electron’s spin is antiparallel with the other.
This represents a system with a total magnetic quantum number of S = 0 and is
considered our ground state. Unlike the singlet orbital wave function

ψs , this wave

function is anti-symmetric. In other words if we change the origin of our coordinate
system from one side to the other, the change in sign of the spin must also be noted. This
is opposed to

ψs which views the electrons as identical.

The first excited state of the spinor is represented by the triplet state. Here the
spins of the two electrons have a total magnetic quantum number of S = 1 and can take
any of the three following forms,

χ t=

{

(|↑↓⟩ +|↓↑ ⟩ )
| ↑↑⟩
| ↓↓⟩

1
√2

Unlike the singlet state, the triplet spinor is symmetric under a coordinate system change,
as both electrons have the same spin direction. This reasoning applies for the last two
states, but the first state suggests a different picture. The first state postulates a linear
combination of two opposite spin states, however it falls within a S = 1 triplet state as
while the electrons can interchange, one of their spins may have flipped in the process.
This prevents knowing which electrons flipped during the exchange and makes defining
our coordinate system symmetric whether it be respect to electron 1 or electron 2.
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Using these spinors, we can combine them with the orbital wave functions to yield

Ψs , t=ψs , t ( r 1 , r 2)χ s ,t

However in describing the triplet orbital wave function, a special circumstance arises.
Despite it being unknown which electron flipped its spin to be parallel to the other, the
orbital wave function must keep track of which electron has been essentially excited.
This breaks the symmetry of our coordinate system and makes it matter whether we are
defining it with respect to electron 1 or electron 2. To incorporate this asymmetry, we use
an asymmetric form of a linear combination of the two orbital wave functions,

ψ1 (r )=ϕ1 (r )−ϕ2 (r)

Yielding

ϕt (r 1 , r 2)=2[ϕ2 ( r 1) ϕ1 (r 2 )−ϕ1 ( r 1) ϕ2 (r 2 )]

This principle goes by various names such as the Pauli exclusion principle or Hund’s first
rule. Either way it stipulates that fermion particles like electrons must always have a total
anti-symmetric wave function due to their half integer spin number.
Comparing these two energy states of the singlet and triplet state, we calculate
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E s−E t =

⟨ Ψ s|H |Ψ s ⟩ ⟨ Ψt|H|Ψ t ⟩ 2 J
−
=
⟨ Ψ s|Ψ s ⟩
⟨ Ψ t|Ψ t ⟩
4 π ϵ0

Where the integrals normalizing the probability distributions are known as overlap
integrals. While the spinors normalize to 1, there are cross terms in the orbital wave
functions preventing the denominators from being equal. We can set these cross terms to
zero if we assume the nuclei are well separated relative to their electron’s orbit about
them.
Focusing on the numerators, we note that while the spinor components and the
electron-proton integral terms commute between the two operated Hamiltonians, the
exchanged orbital cross components do not. This result is defined as the exchange
integral

J =∫ d r 1 d r 2 [ϕ1 (r 1 )ϕ2 ( r 2)]

(

e2
e2
e2
−
−
[ϕ (r ) ϕ (r )]
| r 2−r 1| | R1−r 1| | R2−r 2| 2 1 1 2

)

Text 2

It represents the components of the probability distribution where the identical electrons
may have switched nuclei, hence the name “exchange”. In dealing with much larger
systems such as entire lattices, this integral is reduced to an exchange constant in the form
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N

H =−∑ J ij S i⋅S j
i,j

Text 3

Where

N

refers to the number of electron-nucleus pairs in the system and S refers

to the spin vector of an electron.
An interpretation of the exchange interaction represented by the exchange integral
is that the Coulomb repulsion force between electron-electron interactions becomes so
strong at close proximities that the system jumps into the triplet excited state over the
singlet excited state for the electron spin pairing. This helps reduce the Coulomb
repulsion force and satisfies the Pauli exclusion principle. Ultimately the exchange
interaction rests on the fact that electrons have intrinsic angular momentum and are
identical to each other. This is then how magnetic moments can align parallel to each
other, if brought close enough together for quantum mechanics to take effect.

2.1.5

Demagnetization.
Text 2 shows the exchange constant will remain positive for lattice sites near

each other, but as distant lattice sites begin interacting with each other, the exchange
constant will become negative and these distant magnetic moments will prefer an antiparallel orientation. These negative exchange constant terms are the microscopic origin
for Maxwell’s equation

∇⋅B=0 , which for magnetic materials embodies the principle

that it will minimize the occurrence of external stray magnetic field lines from occurring
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outside the boundaries of the sample in free space. However the positive exchange
constant terms makes this ideal case difficult to obtain for the magnetic material, thus an
interplay between these two counteracting forces can characterize the domain pattern of a
film, especially depending on its shape. While the shape of the sample can be a
contributing factor in determining the magnetization easy axis, we will later find that
anisotropy plays a stronger role in both determining the easy axis and in defining domain
wall widths. For now we explore a set of cases to study demagnetization without
resorting to complicated numerical techniques.

2.1.5.1 1-dimensional lattice model.
For a 1-dimensional lattice with a small lattice population

N , the exchange

interaction dominates in aligning all the magnetic moments, but has no preference for the
orientation of its total magnetization vector. As we add magnetic moments to the end of
this lattice, the exchange constant’s value begins to decrease with distant lattice site
interactions till the constant turns negative. Eventually these negative exchange constant
terms will dictate anti-parallel magnetic moment orientations with distant lattice sites.
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Figure 3: A simple model of the exchange interaction occurring in 1-dimension.

As soon as we add one too many magnetic moments to the lattice, an eruption
occurs at the edge of the lattice where an anti-parallel magnetic moment configuration is
favored relative to the other edge. A cascade effect takes place as magnetic moments near
the newly added atom begin to flip their moments to align with their immediate
neighbor. This flipping continues until it reaches the middle of the lattice and stops.
Where it stops is what is known as a domain wall. An example is shown in Figure 4,
where at the domain wall the exchange interaction energy is increased by units of d ϕ
where

N

H =−∑ J ij S i S j cos d ϕ
i,j
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It is worth noting that the lattice would become like that in Figure 4 no matter
whether the magnetic moment vectors were added perpendicular or parallel to their
separation vector. This is due to the dipole-dipole interaction of Text 1 where an antiparallel orientation is favorable over a head-to-head vector orientation. Thus due to the 1dimensional nature of the lattice, and easy-plane is defined where the magnetization
vector of any domain will seek to lie within, either parallel or anti-parallel to the
anisotropy vector. This is an example of spatial anisotropy, or anisotropy being defined
by the shape of the material.

Figure 4: A close up of a Bloch wall in the 1-dimensional magnetic
model.

Another worthy note is the length over which the domain wall occurs in Figure
4. This type of domain wall is known as a Bloch wall where the magnetization vector
rotates 180 degrees to the next domain. For magnetic materials this domain wall width is
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typically quite small, though in theory the wall should extend over the entire lattice to
evenly distribute the energy penalty the exchange interaction incurs with each
infinitesimal moment rotations. Latter we will learn this domain wall width is due to the
material’s anisotropy energy.

2.1.6

Circular lattice.
To study a naturally occurring example of an infinite domain wall width, we

look at a circular lattice shown in Figure 5. Here we take a 1-dimensional lattice like
Figure 3 but with its magnetic moments all parallel to their separation vector. While for a
large lattice population the moments would seek to be anti-parallel and define a spatial
anisotropy, here the 1-dimensional lattice is looped back into a circle whose diameter
corresponds to the same length where the exchange constant becomes negative. Now the
local dipole-dipole interaction, the exchange interaction, and the demagnetization can all
be satisfied equally throughout the lattice. This also represents an example of a material
truly obeying

∇⋅B=0 , forming a continuous domain wall with each moment rotation

only separated by the lattice constant.
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Figure 5: A circular model of in-plane magnetic anisotropy.

2.1.6.1 The demagnetization tensor.
Such a lattice like that seen in Figure 5 would have an energy density of

dU
1
=
B⋅H
dV 2 μ0

In the absence of free charges and zero electric field. In other words,

dU
1
1
=
B⋅ μ B−M
0
dV 2 μ0

(

Where

∇⋅B=0 . From this relation we define
24

)

∇⋅H d =−∇⋅M
Text 4

Where

H d is the demagnetizing field. In the absence of any applied magnetic field

and if the magnet was saturated, this would be the magnetic field generated outside the
magnet and would resemble a magnetic dipole at far distances. Therefore determining
the energy density of a magnetization with its own field yields

dU
1
1
=
H d⋅ μ0 H d −M
dV 2 μ0

(

)

Text 5

To determine the total energy, we take the integral of Text 5 over all space. The
magnetization term only exists in the volume of the sample, so over all space this term
goes to zero except within the borders of the sample. Far from the sample, we
approximate the

2

Hd

term as going to zero, and for a fully demagnetized sample this

term would continue to be zero right up to the boundary of the sample where the
demagnetization field would not penetrate. Therefore
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U=E d=

−1
H ⋅M dV
2μ 0 ∫sample d

Text 6

Is the only term relevant in describing the demagnetization energy.
To calculate the demagnetizing field for a sample, Text 4 is integrated to yield

H d =−N⋅M

Where

N

is the demagnetization tensor of the form

(

N en
a

N= 0
0

)

0

0

1
(1−N en
a )
2

0

0

1
en
(1−N a )
2

Text 7

Text 7 is specifically the demagnetization tensor for a film of the shape shown in Figure 6
and whose values for

en

Na

were determined in Hubert and Schafer 1998 (p.124) and

well be the tensor we use to study our samples. For our case N en
varies from 0.65 to
a
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0.8 depending on film thickness “a” with the ratio b/a = 4 to 10, respectively. Text 6 then
becomes

Ed =

Kd
M

2
sat

∫sample M T⋅N⋅M dV

Text 8

Where the demagnetization constant

K d =M 2sat / 2μ 0 . The magnetization vectors are

defined as

Ma
cos ϕnM
M = M b = sin ϕnM cos ψ pM M sat
Mc
sin ϕnM sin ϕpM

( )(

)

Where all angles are the magnetization vector relative to the surface normal “n” of
Figure 6 parallel to side “a”. “p” represent the p-axis parallel to side “b”. Generally this
magnetization vector could vary throughout the volume of the film, and does so in order
to minimize the demagnetization energy to satisfy

∇⋅B=0 . Taking only interest in

the out-of-plane magnetization and assuming it does not vary throughout the plane of the
sample, we find
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1
2
en
2
2
M T⋅N⋅M = N en
a cos ϕnM + (1−N a )sin ϕnM M sat
2

(

)

Text 9

This represents the demagnetization energy we will use to describe our samples.

Figure 6:The labeled
dimensions for a film.

Generally for a thin film,

en

Na

goes to 1, and for a nearly cubic film its goes

to 1/3. From Text 9 we can minimize the free energy to find that for a thin film, the
lowest energy state is for the demagnetization vector to be in the plane of the film,
corresponding to our circular model in Figure 5. For thicker films the value of ϕnM
becomes undefined and can take on any value. Instead for thicker films the anisotropy of
the material begins to play a larger role in determining the magnetization vector relative
to the surface normal.
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2.1.7

Anisotropy.
We return to the model in Figure 4 of a long linear lattice with a sufficient number

of large negative exchange constants. For the domains to form, a domain wall must exist
between them where the local exchange energy is compromised. Generally there is no
restriction to how long this corkscrew rotation can take place throughout the lattice.
However if the magnetic moments are pinned locally due to the shape or chemistry of the
lattice, the total energy equation would have a third term which would increase every
time the magnetization vector was rotated out of this pinning vector. This is the basis for
the anisotropy energy, that is an inherent material mechanism that fixes the magnetization
vector in one orientation in the crystal. Deviating from this vector incurs an anisotropy
energy penalty locally, which leads the material to confine the domain wall to a small
volume in the lattice.
To determine the width of a domain wall involves calculating the specific wall
energy

γW . If we generalize the linear lattice in Figure 4 to a 3-dimensional picture,

the specific wall energy represents the total energy per unit area across the wall’s surface
(in the plane of the rotation). The specific wall energy can be easily calculated for the
case of a Bloch wall seen in Figure 4 by integrating
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∞

−∞

dϕ 2
+ K sin2 ϕ dx
dx

(( )

γW = ∫ A

)

Text 10

A

Where for ϕ( x) , ϕ(−∞)=0 and ϕ(∞)=π .
representing the exchange interaction constant and

K

is the stiffness constant
represents the specific

anisotropy constant of this material where the magnetization orients either parallel or
anti-parallel to the anisotropy vector. The integral in Text 10 can get far more
complicated for different degrees and geometry of rotations, but for the simple case in
Text 10 we can find that

γW =4 √ AK .

Generally we can define the anisotropy energy as

dEa
^ 2
=K a ( S×a)
dV

Where S in the magnetic moment vector and

K a is the anisotropy constant. The

anisotropy vector a^ is also known as the “easy” axis as it is easy to magnetize the
lattice along this vector. This also represents the rest state of the magnetic moments
inside a single domain in zero applied auxiliary field. Typically this energy is difficult to
measure at zero magnetic field, and can only be measured in a weak perturbing magnetic
field as being the restoring force for the magnetic moments. This then is considered the

30

“true” anisotropy as the restoring force for the magnetic moments after an applied
magnetic field.

Figure 7: A circular model of an out-of-plane magnetic
anisotropy.

A useful type of anisotropy is its energy defined relative to the film’s surface
normal. This is called uniaxial anisotropy and is defined as

dEu
=K u sin2 ϕna
dV
Text 11

Where ϕna is the angle between the surface normal and the anisotropy axis. This
definition is particularly useful when describing films as the sign of

K u changes

depending on the general orientation of the magnetization vector. Figure 5 shows an

31

example of negative uniaxial anisotropy where the anisotropy axis lies in the plane of the
film (in-plane). However if

K u is positive we end up with a film like that seen in

Figure 7 where the anisotropy axis is out of the film plane (out-of-plane). Note that in
this definition ϕna can only take values of 0 or 90° and can be undefined if

K u is

nearly zero. Typically in our magneto-optic studies our films were magnetically saturated
along the surface vector normal.

Figure 8: A circular model with inplane magnetic anisotropy distorted
into a square shape.

The anisotropy energy plays a large role in determining domain widths in both
out-of-plane and in-plane films. The anisotropy energy helps minimize the exchange
interaction energy locally and allows the exchange interaction to push the
demagnetization term to areas of the film with awkward geometry. An example is shown
in Figure 8 of a film with negative uniaxial anisotropy compressed into a square shape.
Along the diagonals of the film are examples of Neel walls where the magnetization
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vector is rotated in the film’s plane as shown in Figure 9. While Neel walls are known for
being a 90° rotation of the magnetization vector between domains, their angle can be
lower depending on how weak the anisotropy energy is (as seen in Figure 5) or due to
lattice constant inconsistencies as we will learn latter.

Figure 9: The definition of a Neel wall at
the corner of Figure 8.

2.2

Magnetic materials.
In order to find materials with a large magnetic moment, likely candidate places

to look on the periodic table is midway in the d and f-orbital shell sections. Specifically
it is the first row of these orbital shells where most of the largest magnetic moment
materials are located. This specifically comes from their outer orbital shell being halfway filled, resulting in neighboring electron spins initially aligning with each other before
pairing with further addition of electrons, as prescribed through Hund’s first rule. If the
orbital shell is half-way filled, the orbital magnetic moment will align anti-parallel to the
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total spin moment (J = L - S), however once electrons begin pairing, the orbital magnetic
moment will align with the total spin moment (J = L+S), resulting in total larger magnetic
moment.
The prediction of ferromagnetic elements was first determined through the
Bethe-Slater curve, where pure lattices of each element were assembled and the exchange
interaction studied. However this table failed to predict the experimental result where
iron has the highest total magnetic moment of the d-shell elements. This is due to further
complications in the iron atom leading to internal splitting of energy levels and an
increase in degenerate states. For now though we concern ourselves only with the
magnetic moments generated by the spins of unpaired electrons in iron’s d-shell as these
will be key to understanding the optical activity experienced by garnets.

2.2.0.1 The total energy equation.
Summing up each contribution to the magnetization energy, we arrive at an
energy equation describing the whole system as integrated over the sample’s volume.

((

Etot =∫ A ∇

M 2
M
1
1
+ F an
+
H d⋅M− μ0 H ex⋅M dV
M sat
M sat 2μ 0

) ( )

Text 12
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)

In order from left to right are the exchange energy, the anisotropy energy function, the
demagnetization energy, and the energy due to an externally applied magnetic field.
The demagnetization energy follows from Text 8 and Text 9 for our types of
samples and shows the only thing required is knowledge of the film thickness and the
magnetization at saturation ( M sat ). For the data studied in this chapter, we studied
without an applied field, so

H ex=0

except for Earth’s magnetic field, which we

approximate here as zero.
The stiffness constant

A quantifying the exchange interaction in Text 12 can be

found experimentally using the Curie temperature. The Curie temperature is defined as
the point where the exchange interaction breaks downs in a heated magnet. Above the
Curie temperature the magnet can no longer form a coherent magnetization vector even
when magnetically saturated. A rough estimate for the stiffness constant can be
calculated using

k B T curie=

f a0 A
2 S2

Text 13

Where S

is the spin of the electron ( S=1/2 ), a0

2 Angstrom), k B is the Boltzmann constant, and f
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is the lattice constant ( a0≈
is a factor that depends on the

f

interaction range and lattice character.

varies between 0.1 to 0.6 and generally

captures the number of nearest neighbors and the orbital radius of the d-shell electrons.
Another way to calculate the stiffness constant

A

is by using molecular field

theory for bulk ferromagnets. Here the zero temperature stiffness constant

A (0) is

defined using the Bohr magneton as

(

k B T Curie 3 μ 0 μ B
=
A (0)
M sat (0)

)

Text 14

Which accounts from the temperature dependent magnetization

3 /2

( ( ))

M sat (T )= 1−

T

T curie

M sat (0)

This equation allows for a better estimation of the stiffness constant

A (T ) at room

temperature ( T ≈300 K ). For our purpose this definition will suffice, though for
garnets the stiffness constant can be more complicated and depends on molecular
interaction parameters (Hubert and Schafer 1998, p.392).
We can see the first two terms of Text 12 bear a resemblance to Text 10, though
the anisotropy energy function can vary widely in definition depending on the type and
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complexity. Anisotropy is far more complicated such as with cubic lattices like iron
garnets. Here multiple anisotropy axes may be present and interacting with each other.
Depending on the history of magnetizing the sample, the dominance of one axis can over
take the other. Here we will only focus on two cases, that of “true” anisotropy and
uniaxial anisotropy.
For the uniaxial anisotropy definition, we can replace the anisotropy energy
function in Text 12 with that in Text 11. For the true anisotropy definition, it is zero at
zero applied magnetic field

H ex , applied along the surface normal vector. Therefore,

we focus on the domain wall terms that encompass a single domain “particle”. Here the
exchange energy and anisotropy energy are combined together in the specific wall energy
defined in Text 10 to reformulate Text 12 as

dEtot f W γW dEd
=
+
dV
lp
dV

Where f W =F W /V 2/ 3 , the domain wall area
the single domain.

FW

normalized by the volume V

of

l p=V 1 /3 represents the effective length of the single domain. For

cubic particles this is effectively approximated as

l p=6.15 γW / K d
Text 15
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Where

Kd

is the demagnetization constant (Hubert and Schafer, p.165). Using the

solution for Bloch walls, the specific energy is approximated as
here

γW =4 √ A K a , where

K a is the “true” anisotropy of the domain. Measuring the domain wall width

directly is difficult, but measuring the width W

of a single domain is easy and is used

in conjunction with Text 15 to determine the value of the “true” anisotropy.
In coming to Text 15 a number of approximations had to be made regarding
sample geometry and domain wall shape being comparable to cubic particles with Bloch
walls. For films where it is unknown whether Bloch walls or Neel walls dominate, we
determine the uniaxial anisotropy by replacing the anisotropy energy function in Text 12
with that defined in Text 11. For the exchange energy term, we approximate the gradient
of the normalized magnetization as the inverse of the domain width W ,

∇

M
1
≈
M sat W

Then using the demagnetization relations in Text 8 and Text 9 we can determine the value
of the uniaxial anisotropy as
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A
1
2
en
2
+ N en
a cos ϕna + (1−N a )sin ϕna K d
2
2
W
K u=
sin2 ϕna

(

)

Text 16

Though we will be unable to determine the sign of K u .
We now aim to determine the value of the “true” anisotropy constant
the uniaxial anisotropy constant

K a and

K u for our samples. First we will determine the

saturation magnetization through Vibrating Sample Magnetometry (VSM) and further
verify it with magneto-optic (MO) techniques. Next we will determine the Curie
temperature by studying the temperature varied VSM data, and confirm its magnetization
temperature dependency with magneto-optic techniques. Then we will determine the
domain width W

and anisotropy axis through polarization microscopy. We will then

further verify the anisotropy axis through various weak dynamic field MO techniques.

2.3
2.3.1

Saturation curve.
Vibrating Sample Magnetometry (VSM).
Vibrating sample magnetometry (VSM) consists of vibrating a magnetic sample at

a high frequency inside two sets of coils. The first set of coils are pick-up coils designed
to detect the magnetic field strength of the sample along a particular axis through
induction and by phase locking on the frequency of this induction at which the sample
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vibrates. The second set of coils are used to apply a static auxiliary field to magnetize the
sample along the same axis the pickup coils are oriented in. The auxiliary field coils
typically can reach Tesla order field strengths. Further accuracy is obtained by vibrating
a sample in a vacuum, making it also convenient to attach a heat induction rod to study
the magnetization at various temperatures.
In a typical VSM reading taken at room temperature, the auxiliary coil’s field is
increased slowly in one direction. While this is done the pick-up coils measure the
increase in net magnetization in the sample along that vector. The magnetization scales
with the applied field until all domain walls disappear and the material has become
mono-domain or magnetically saturated. In a typical ferromagnetic material, the
magnetization will no longer increase or change with increasing auxiliary field. After the
saturation magnetization has been determined, the auxiliary field is then decreased. In
materials with a high coercivity, a lower or reversed magnetic field is required before the
magnetization leaves the saturation state, which persists if the process is repeated in the
opposite field direction. This is known as a hysteresis curve. While our samples show
very little hysteresis, it is worth noting that even the VSM itself can exhibit a hysteresis
curve, as we found ours to have a coercivity of 5 mOe.
No matter which direction the sample is fully saturated, the total magnetization
value remains the same. However how soon a material saturates relative to its applied
auxiliary field does give an indication to the direction of the anisotropy axis. This is seen
with our lowest gallium doped sample p55 in its VSM curve shown in the insert of
Figure 10. Here the sample was oriented in the VSM with its plane parallel to (in-plane)
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then perpendicular to (out-of-plane) the applied auxiliary field. As p55 was easy to
saturate in-plane rather than out-of-plane, this meant that the anisotropy axis must be in
the plane of the material, or perpendicular to its surface normal.

Figure 10: Vibrating Sample Magnetometry (VSM) for two of our samples. The insert is sample p55 taken
in an in-plane (blue) then out-of-plane (red) orientation of the film relative to the applied VSM magnetic
field indicated in the diagram. The large graph is VSM of p77-3 taken in its in-plane orientation at four
angular rotations about its surface normal in the VSM magnetic field.

VSM is good for determining saturation magnetization and the general
character of a film, however it is poor at studying samples at very weak, sub-Gauss
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magnetic fields. We found this particularly so in identifying Barkhausen jumps in micro
hysteresis curves which could never have been seen over the timespan or resolution
available to VSM (Garzarella et. al. 2016, 242410).
We also found VSM can be deceptive in determining the anisotropy axis as in the
case of the highest gallium doped sample p77-3. Figure 10 shows different VSM curves
for the sample plane oriented parallel to the auxiliary field. Here the sample was rotated
in 15 degree increments about its surface normal vector for each run. For a truly out-ofplane anisotropy axis, there should be no difference in these curves. However the same
result can occur if the planar component of the anisotropy axis is soft and can reorient
with each saturation cycle. While p77-3 was understood from VSM to be out-of-plane,
MO results suggested it had an in-plane component. This issue would not be resolved
until we attempted polarization microscopy on p77-3.

2.3.2

MO technique.
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Figure 11: The Faraday rotation of each sample with an applied out-of-plane
magnetic field. Here the Faraday rotation is normalized by its saturation angle
and its saturation field when fitted by a tanh model.

Using Magneto-Optic (MO) techniques, a similar saturation study to VSM was
done with the out-of-plane component. Here each sample was placed in a Faraday
rotation setup and exposed to a half-Tesla permanent magnet placed at various distances
from the sample. The Faraday rotation of each sample was then normalized by its fitted
saturating field in the linear region of the hyperbolic tangent curve. Here we see in
Figure 11 MO techniques yielding the same saturating field values as was determined
from VSM. However MO techniques here can only yield the out-of-plane curve as it is
difficult to couple the beam to the edge of the sample as would be done for an in-plane
curve.
The saturation magnetization of each sample as measured by VSM is given in
Table 1 for both the in-plane and out-of-plane component. From these values we can
determine the stray field energy coefficient for each sample.
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Table 1: The values of the in-plane and out-of-plane saturation magnetization for each gallium
doped sample as collected from VSM.
1

1.14

1.15

1.35

Ga doping
level

[Gauss]

p55

p77a32

p77a28

p77-3

Sample
name

Saturation
magnetization

396.82

58.1

33.3

42.045

in-plane

Saturation
magnetization

384.87

58.5

26.15

35.385

out-ofplane

2.4
2.4.1

Curie temperature.
VSM study.
To determine the Curie temperature, the VSM can be used again to study the

total magnetization with varying temperature. This was done for the p55, p77a32, and
p77-3 samples labeled by their gallium doping level in Figure 12, respectively.
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Figure 12: VSM of each samples magnetization versus temperature
for p55, p77a32, and p77-3, taken Feb 2016.

The Curie temperature is defined as the temperature above which the total
magnetization remains zero. This definition is important to note as it is separate from the
compensation point temperature. The values for the Curie temperature can be identified
from Figure 12 and are listed in Table 2.
The compensation point is a temperature relevant to ferrimagnetic materials where
the net magnetization is so weak that its magnetic polarity can be switched depending on
the temperature. At the compensation point the sample is essentially anti-ferromagnetic,
with the magnetization of one sublattice increasing or decreasing with temperature
relative to an oppositely magnetized sublattice. Latter we will learn our garnet materials
have two different iron lattices with their magnetic moments anti-parallel but collinear
with their separation vector. If the magnetization values between these sublattices are
unequal, the material is called ferrimagnetic. This compensation point can be seen in
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p77a32 and p77-3 as shown in Figure 12 as points below the Curie temperature where the
magnetization is briefly zero.

Table 2: Curie temperature values for each gallium doping level from Figure
12.

1

1.14

1.35

[Kelvin]

p55

p77a32

p77-3

Curie
temperature

443

418

410
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Ga doping
level
Sample
name

2.5
2.5.1

Polarization microscopy.
Anisotropy axis.

Figure 13: A diagram
of a polarization
microscopy setup with
sample indicated in
yellow.

To determine the average domain width which is fundamental to the exchange
interaction, we used the polarization microscopy setup illustrated in Figure 13. Here a
typical Faraday rotation setup is used to study a sample between two polarizers, with the
optical power output sent through a microscope. While there have been many papers on
polarization microscopy, none are known to have been done on thick (>100um) in-plane (
ϕna > 60°) garnet films. This is due to the interplay between the optical rotation
versus the insertion loss; the thicker the film or the shorter the beam wavelength, the
higher the insertion loss, but the longer the beam wavelength, the lower the optical
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rotation becomes. Achieving high optical rotations in this setup becomes especially
difficult if the anisotropy axis is nearly in-plane, as the optical rotation is proportional to
the how well the magnetization vector is aligned with the beam propagation vector.
Our setup is unique from other polarization microscopy setups in that it uses a
single beam wavelength from a laser and with a polarizing analyzer directly between the
sample and the objective. Additionally, we use long (~30s) exposures in a low light
environment with a high gain CCD (Charged-Coupled Device) camera. This both allows
for greater polarization control and the ability to image the sample even near the
extinction point of the polarizer-analyzer pair.

Table 3: Calculating the easy axis relative to the plane of the film using
polarization microscopy data and the saturation angle. All done with a
780nm beam wavelength.

Crystal
ordering
Ga doping
(beam =
780nm)
thickness
[um]
θ_sat / L
[deg/um]
θ_sat [deg]
θ_0 [deg]
θ_F [deg]
φ_e [deg]

ordered

disordered

ordered

disordered

1

1.14

1.15

1.35

p55

p77a32

p77a28

p77-3

450

300

180

171

0.423

0.431

0.256

0.256

190.35
87
3
89.1

129.3
78.5
11.5
84.9

46.08
86
4
85.0

~45
45
45
0
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Additionally the setup was constructed so that θ0 can be recorded relative to the
extinction point of the polarizer-analyzer pair. This can give additional information about
how out-of-plane the magnetization vector is relative to the surface normal. This is
determined by rotating θ0 to a position where one domain is darker than the other. If
there is an out-of-plane magnetization component in this domain, this θ0 would be its
own extinction point, while at the polarizer-analyzer pair’s extinction point both domains
would be rotating the polarization equally out of the extinction point. Hence θ0 can be
related to the ambient Faraday rotation θ F . Using this information with the measured
Faraday rotation saturation angle, a guess can be made for the out-of-plane anisotropy
axis relative to the film’s normal. For samples with θ F > 180° optical rotations this
metric would be considered untrustworthy, but changing the beam wavelength to 1220nm
or other intermediary wavelengths shows no reductions in the θ0 reading, if anything
the θ0 only increases with increasing beam wavelength, which corresponds to reduced
optical rotation. These values for the anisotropy axis ϕna (or ϕna=ϕe ) relative to
the surface normal are provided in Table 3 and are plotted over their gallium
concentrations with their respective polarization microscopy image in Figure 14.
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Figure 14: A plot of the easy axis data from Table 3 over gallium doping level, plotted with the
polarization microscopy pictures of the respective samples taken Dec 2016.

Based on Figure 14, we would conclude that the highest gallium doped sample
has an out-of-plane anisotropy. It is remarkable that even with slight changes in crystal
ordering or gallium doping, the mid-range gallium doped samples can be so different in
appearance yet have the same in-plane anisotropy as the lowest gallium doped sample.
Focusing on the domain patterns, we attempt to generalize their description by measuring
the average width between domain walls. For some samples a general in-plane
anisotropy axis is very clear and a line can be run perpendicular across many domain
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walls, from which an average domain width can be measured by counting domains and
measuring the line. For samples like p77a28 however this practice is much more difficult
so a crude approximation is required by just counting intersecting domains with the
reference line. A plot of these domain widths versus gallium doping are shown in Figure
15.

Figure 15: A plot of the average domain width over gallium doping level, plotted with the polarization
microscopy pictures of the respective samples taken Dec 2016.

Using polarization microscopy, information on the domain size and pattern can
be acquired. It can also yield immediate information on the out-of-plane anisotropy angle
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if θ0 is measured. Based on the domain pattern, a guess can also be made as to the
angle of the in-plane anisotropy axis, as the longer domains tend to align along it.
While Figure 14 suggests similarly that the highest gallium doped sample (p77-3)
is out-of-plane, we still collected MO data that indicates an in-plane component to the
magnetization. This contradiction can be resolved by re-evaluating the assumption that at
saturation the magnetization aligns with the surface normal vector. It does not account
for the possibility that if the anisotropy vector is very close to the normal vector, the
sample will prefer to reach saturation first along the anisotropy vector before the normal
vector. This would mean that the true optical saturation angle can only be measured in
very large magnetic fields, and the proximity of the anisotropy axis to the surface normal
can make this measurement exponentially difficult for small angular deviations. While
the polarization microscopy analyzer angle can be a guide to the out-of-plane anisotropy
axis, it has to be considered cautiously in cases where the saturation angle matches the
analyzer angle. It is for this reason perturbation techniques were used to measure the
anisotropy axis orientation.

2.5.2

Domain width.
While domain patterns appear to vary dramatically with gallium doping levels

in Figure 14, they can also vary in the lowest gallium doping level of z = 1.0 depending
on the dimensions of the film as shown in Figure 16 and Figure 17. Knowing magnetic
domains are dependent on the interplay between the exchange interaction and the size of
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the lattice, we compare how the average domain width varies with thickness and the
length dimensions of the film.

Figure 16: A plot of the average domain width over area size of the square film for the p55 class, plotted
with the respective polarization microscopy pictures used for each data point. Taken Dec 2016. Thickness
of sample indicated.

In order to understand the domain wall width measured Figure 16 and Figure
17 for films of varying dimension, we first hypothesize the trend we should see with
increasing dimensions. Based on the linear lattice model (Figure 4), domain width is
determined by the length of lattice. In a 2-dimensional model, the exchange interaction is
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amplified now that each magnetic moment has double the nearest neighbors it had before;
doubling the exchange interaction. This would mean that along either dimension, a
longer lattice length would be needed before the exchange interaction can be broken
down. This suggests a general trend that domain width size should increase with
increasing dimensions. For the samples available, we tested this along the length of the
sample and along its thickness. All of the samples presented are generally square in
shape, therefore for the plot where two dimensions are increased simultaneous, only the
length of the square is plotted as seen in Figure 16. A similar trend should follow where
the thickness of the sample is varied, but should not be as steep as Figure 16 as only one
dimension is varied in the plot of Figure 17.
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Figure 17: A plot of the average domain width over the thickness of the film for the p55 class, plotted with
the respective polarization microscopy pictures used for each data point. Taken Dec 2016. All samples
roughly 2x2mm^2 in area.

While vaguely this theoretical relation can be seen in these illustrations, it only
appears as an extreme upper limit. Instead it is experimentally observed as samples grow
in size, the more uncertainty there is in how wide its domain widths are. For some thick
and large samples, this can get worse with micro-domains appearing inside much larger
order domains. Further investigation across these large samples can also show variations;
with some parts showing medium size striped domains and others showing much larger
striped domains with micro-domains embedded in them.
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Another issue is the in-plane anisotropy axis, which is assumed to be aligned
parallel to the domain walls. In our toy examples we grow our one dimensional lattice
along one length, so in a 2-dimensional sample a diagonal pattern would be predicted
with most samples. However even this pattern can vary or distort in some samples, such
as those seen in Figure 16 with 11x11mm^2 dimensions where domain walls end in
triangular corners. But again, this assumes the lattice is grown in an even and ordered
fashion, where as our lattices are grown through liquid phase epitaxy, which is a hot
molten melt that must be gradually cooled to form a crystal. While this may explain why
the domain pattern may not turn out ordered or have consistent domain widths, it still
leaves these occurrences of micro or even smaller domains as seen in p55-d of Figure 17
unexplained.
The occurrence of micro-domains can be explained in that the effective domain
widths in Neel wall samples can be reduced if inhomogeneities lie within the crystal
lattice, where lattice constants can vary in direction through the lattice. If these lattice
constants are all relatively equal, then large domain widths can more easily form.
The average domain widths for each gallium doping level is presented in Table
4. For the lowest gallium doping level, the p55-no-d sample's domain widths are used as
it more closely follows what is expected from an ordered, homogeneous in-plane crystal
where the domain width is largest.
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Table 4: Average domain widths gathered from Figure 15.
Ga doping

1

1.14

1.15

1.35

(beam =
780nm,
sample size
2x2mm^2)

p55

p77a32

p77a28

p77-3

thickness
[um]

450

300

180

171

θ_0 [deg]

87

78.5

86

45

avg domain
width [mm]

0.404

0.048

0.209

0.062

57

2.6
2.6.1

Magneto Optic Perturbation Techniques.
Ellipsometry of beam and field direction.

Figure 18: The experimental setup used for collecting
ellipsometry or biasing data for the samples, done at sub-Gauss
fields at low alternating field frequency with a 30cm Helmholtz
coil. Sample indicated in yellow.

We returned to our application for weak, sub-Gauss magnetic field measurements.
Here it dove-tailed to do a perturbation measurement to study how the Faraday rotation,
and thus in turn the magnetization, behaves in very weak and low frequency magnetic
fields. By varying the axis along which this perturbation is applied and along which the
probe beam passes through the sample, we hoped to also learn the direction of the
anisotropy vector relative to the surface normal of the sample. Also by using low
frequency alternating magnetic fields we avoid spin resonance or any internal frequency
dependencies of the magnetization from corrupting the data.
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Studying the frequency response in various orientations can also give great
insight into the type of magnetization motion occurring along different axes of the film.
It is with this Garzarella et. al. 2015, OSA could distinguish domain wall motion from
domain rotation as the type of magnetization motion dominates along a specific axis.
That study also constructed a model finding that domain wall motion is typically
perpendicular to the domain rotation axis. Here we will further extend this study into 3dimensional space to study whether the magnetization motion along one transverse axis is
the same type as the other transverse axis.

Figure 19: Faraday rotation ellipsometry data of p55 in three different beam bias orientations, plotted
over magnetic field angle, along each axis of the film.
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Figure 20: Faraday rotation ellipsometry data of p77-3 in three different beam bias orientations, plotted
over magnetic field angle, along each axis of the film.

To do a frequency response study requires the use of a single, linear wire. A
Transverse Electromagnetic (TEM) cell was used to replicate this system where the
sample was mounted on a copper plate. However these results had to be viewed with
caution and it was unknown what the field gradient was from the plate. After performing
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multiple TEM cell perturbation biasing measurements with different edges of the film
toward the plate, it was found this difference is minimal and what was more important
was the bias direction, with anti-parallel bias pair results showing similar data. Despite
this, the low frequency Helmholtz coil perturbation bias study was done as confirmation
with the setup shown in Figure 18 and yielded similar results as seen in Table 4, gathered
from fits done on Figure 19 and Figure 20 for samples p55 and p77-3 respectively.
In both studies a coordinate system was established defining the auxiliary field
and beam vector relative to the sample plane as shown in Figure 21. Ellipsometry
measurements were conducted where the auxiliary field and beam vector were varied
with respect to the surface normal vector where possible.

Figure 21: The coordinate system used relative to the sample for Figure 19 and Figure 22.
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2.6.2

Short pulsed, homogeneous small volume field.
Presented here are just major results and samples of the raw data from the

lowest (Figure 22) and highest (Figure 23) gallium doped samples of the dampening
results following Garzarella et. al. 2015, OSA, but here incorporating a measurement
along the other transverse axis. With each result is an insert indicating the orientation of
each pulse relative to the auxiliary field and beam vector. Also included is a polarization
microscopy image of that sample oriented with its surface normal vector facing away
from the reader and its p-axis pointing toward the right.

Figure 22: The short pulsed or dampening data taken of p55 in the Transverse Electro-Magnetic (TEM)
cell.
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From the results for the lowest gallium doped sample (p55-no-d) shown in
Figure 22, it can immediately be seen that the dampening profile of the sample
corresponds with the direction of the in-plane anisotropy axis determined from
polarization microscopy. While a field applied along the surface normal or the q-axis
yields a perfect replication of the pulsed field signal dH, a field applied along the p-axis
shows a great degree of dampening of the applied dH signal. As the domain walls are
parallel with the p-axis, this would indicate that domain wall motion occurs along the paxis, while domain rotation only occurs along the surface normal or q-axis. Fitting this
data to results and models from Garzarella et. al. 2015, OSA and using the Levenberg–
Marquardt method (LMM) (Newville et. al. 2014), and extending it to a 3-dimensional
coordinate system, the angle of the anisotropy axis relative to the surface normal was
determined and shown in Table 5.
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Figure 23: The short pulsed or dampening data taken of p77-3 in the TEM cell.

Comparing these dampening results to the highest gallium doped sample shown
inFigure 23, we see a similar trend where the anisotropy axis appears canted both inplane and out-of-plane along the diagonal of the sample, starting from the bottom right of
the polarization microscopy picture and going away from the reader toward the top left.
Fitting again using the methods in Garzarella et al 2015, OSA, the LMM, and generalized
for 3-dimensional space yields the results in Table 5 for the anisotropy axis relative to the
gallium doping level, and are plotted in Figure 24.
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Figure 24: The fitted angle of the easy axis relative to the plane of the film from the TEM cell data.

Table 5: Fitted values for the angle of the easy axis relative to the normal
of the film .

Ga doping
φ_e [deg]
Helmholtz
coil
TEM cell

1
p55

1.14
p77a32

1.15
p77a28

85
89.6

1.35
p77-3
32.9

86.1
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75.9

49.8

2.7

Determining the anisotropy constant.
Collecting all the results determined, we use Text 16 to determine the uniaxial

anisotropy constant for each sample, with f

= 0.6 and a0

= 2Å. The parameters

used and results are shown in Table 6. If we approximate p77a28’s value for TCurie as the
same as that for p77a32, we calculate an anisotropy constant for it as shown in grey in
Table 6. While alarming that p77a28’s uniaxial anisotropy constant is higher than p773’s, it is difficult to compare as p77-3’s ϕna is close to being undefined in terms of the
uniaxial anisotropy. While p77a28 appears to have a very low uniaxial anisotropy, there
is very little error in indicating it has a substantial out-of-plane component compared to
p77-3.
Another factor to note in these calculations is how weak the exchange energy
term is compared to the demagnetization term. The demagnetization term is greater than
the exchange energy term by a magnitude from low to higher gallium doping levels.
Hence it is the saturation magnetization alone that could determine the demagnetization
energy compared to other quantities. While the saturation magnetization can indicate the
value for the uniaxial anisotropy constant, it cannot alone determine its sign unless
measured precisely with MO perturbation techniques.
In determining the stiffness constant

A , we can either approximate the

lattice constant as 2Å or use the Bohr magneton and saturation magnetization. The
former is represented in Table 6 as A_lattice and the latter as A_Bohr. In comparing to
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typical values for these constants (Hubert and Schafer 1998, p.155), we find A_Bohr is
closer to a typical value for the stiffness constant. Therefore A_Bohr was the stiffness
constant used to calculate the two anisotropy constants.
Another study we can compare our anisotropy constants to is one done by Helseth
et. al. 2002. Here they measured the saturation rotation angle θ sat and compared it to a
measured θ F for an applied field of

H . Then based on the equation

θsat
H a= θ H
F

Can determine the anisotropy field

H a for different gallium doped materials. Based on

empirical data they fitted a trend line to model the anisotropy field, and combining it with
a previous empirical trend data for the saturation magnetization, yields the following
equation for the anisotropy constant as a function of gallium dopant z,

3

3

K a (z)=2 π(0.432 z−0.8)(1−0.75 z)×10 J /m
Text 17

The results of this equation are compared to our anisotropy constants in the bottom row
of Table 6 as K_a (z). While the highest and lowest gallium doping results appear to
match up with the uniaxial anisotropy, the middle range gallium doping levels are off by a
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factor of x20. This is largely due to the saturation magnetization for the mid-range
gallium doping samples being around ~ 30 G compared to p55’s 250 G found in our VSM
data. However at low gallium doping levels, the K_a (z) values appear to match well
with the values for the “true” anisotropy as calculated by Text 15 using the domain
widths W

and solving for

Ka .

Table 6: Gathering magnetic characteristics to calculate uniaxial and true anisotropy energy.
“Grey” cells are inferred from p77a32's Curie temperature.
Ga
doping

1.1

1.14

1.15

1.35

p55

p77a32

p77a28

p77-3

thickness
[um]

450

300

180

171

N^en_a
M_sat [G]

0.65
384.87

0.7
58.5

0.8
26.15

0.8
35.385

K_d
[J/m^3]

589.4

13.6

2.72

4.98

0 to 3 *
10^6

T_Curie
[K]

443

418

418

410

1000

A_lattice
[J/m]

2.55E-11

2.40E-11

2.40E-11

2.36E-11

A_Bohr
[J/m]

1.19E-11

6.26E-12

4.787E-12

5.28E-12

avg W
[mm]

0.404

0.048

0.209

0.062

φ_na
[deg]

89.6

86.1

75.9

49.8

K_u
[J/m^3]

103.2

2.09

0.41

3.35

K_a
[J/m^3]
K_a (z)
[J/m^3]

7.85E+06 1.13E+02 1.12E+02 2.99E+01

-5.78E+02 -2.80E+02 -2.62E+02 1.70E+01
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Typical
values

10^-12 to
2 * 10^-11

+- (10^2
to 2 *
10^7)
-5000 to
-300 for z
= 0.1 to
1.2

CHAPTER 3

3 OPTICS

3.1
3.1.1

Polarization.
Spin 1 photons.
The photon is much like a 2D electron when averaged over one period of a

photon's oscillation. In this way a photon can appear like a 2-dimensional electron when
this electric field vector is summed over one cycle and viewed along the propagation axis,
through no electric field vector from the photon exists along this propagation axis. If a
photon could remain stationary, it would consist of one electric field vector of a fixed
magnitude. As the photon propagates along it's 3rd dimensional vector, called the beam
axis or direction of propagation or k^ (the propagation axis), this electric field vector
does not remain stationary, but rotates about the beam axis in a helix like shape. Whether
the direction of the corkscrew is right or left determines the spin direction of the photon
relative to k^ .
Unlike electrons, photons are fundamental interaction particles for the electromagnetic interaction. They have no rest mass and have an integer spin (twice that of an
electron). The photon itself does not carry a charged particle or a mass, however it does
carry momentum. Photons can only exist while in motion. While in motion, photons
project an electric field only in one direction, as opposed to an electron projecting an
electric field radially about its entire self. While a photon propagates, this single electric
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field vector rotates about the photon in either a clockwise or counter clockwise
orientation relative to its propagation vector. Another difference of a photon over an
electron is that a photon does not emit an electric field parallel to its momentum vector.
Unlike electrons, photons are their own anti-particle. In matter-anti-matter
collisions, photons are created in pairs where they possess the same momentum vector,
but the rotation of their electric field vectors are opposite relative to each other. These
photons are then each said to possess either right-hand circular polarization or left-had
circular polarization, with the convention of the rotation differing between optical and
elementary particle physicists (Table 7). Also unlike matter-anti-matter pairs, interaction
particles like photons do not annihilate when in contact with their anti-particle. Instead
the rotations of their electric field vectors are superimposed on each other, resulting in a
free standing transverse electric field wave where the electric field now only oscillates
along one single axis. This is known as the polarization or transmission axis of the beam.
Ideally this oscillating electric field is described by

i (k⋅r −ωt )

E=E0 e

^x

Text 18

Typically at emission the photon pair forms a polarization axis that is aligned with the
major cavity direction of their wave-guide. However as they propagate and encounter
other optical materials, one photon spin can be given preferential treatment over the other.
In one case this can involve the complete absorption of one photon's spin orientation
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resulting in circularly polarized light. In another case if one photon's spin orientation is
not absorbed, it may be delayed in its propagation relative to its partner. This results in a
linear rotation of the polarization axis vector about the the beam propagation path,
changing its axis relative to what it was at emission. A combination of absorption and
phase delay then creates what is called an elliptically polarized beam.

Table 7: The conventions for how the electric field vector rotates about the circularly polarized beam.

In classical electrodynamics, polarized oscillating electric fields or polarized
beams are much easier to deal with over circular polarization vectors when adapting them
to Maxwell’s equations. Particularly of importance is when a polarized beam encounters
a material, as the dielectric equations must compensate to account for the atomic
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polarizability of the material, yet must maintain a continuous solution across the
boundary defining the material. This generally results in refraction, a phenomenon that
can both change the direction and effective speed of the beam. This phenomenon can
further be exploited to develop what is called a Glan-Thompson (GT) prism, which
consists of two triangularly cut long calcite crystals oriented so the beam is perpendicular
to their surfaces but the diagonally cut angle being acute to the beam vector. This
powerful polarizer is then capable of dumping one transverse polarization away from the
beam path while allowing the one parallel to the plane’s cut to continue. What makes the
Glan-Thompson prism so powerful is its ability to resolve the polarization vector so that
any perpendicular component to the polarization axis is minimized, allowing for what is
called a “high extinction ratio”. Typically a GT prism can obtain a 50 dB extinction ratio.
A similar polarizing optical device called a Wollaston prism is capable of near 40
dB extinction ratios, but makes up for this deficit by providing equal beam paths for both
orthogonal polarization vectors. Instead of dumping one polarization vector, both are
evenly split at the diagonal interface inside the crystal, which then forks the beams away
from each other. This allows for the implementation of balanced photodetectors that have
superior noise performance over using a single photodetector. It also minimizes the
complexity of the setup when used with a rectifier over a power beam monitoring setup
where two beam paths are used, one to monitor the beam power and the other to monitor
the polarization rotation, using the beam power channel to cancel any noise occurring due
to power fluctuations in the beam.
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3.1.2. Polarizers.
Detection of the polarization vector can be done directly either with an antenna or
an electro-optic crystal, however both of these techniques are limited to radio or GHz
electro magnetic waves. To study shorter wavelength beams, two polarizers are used,
though only one is needed if the beam is sufficiently polarized at emission. The first
polarizer is referred to as “the polarizer” of the system. The polarizer's role is to clean the
beam so it has one well defined polarization axis. In conjugation with a half-wave plate
before the polarizer, total control can be obtained in both the orientation and definition of
the polarization axis, allowing the polarization axis to be rotated a full 180°. If no
instruments are available to measure the electric field (E-field) directly, a second polarizer
is used after the first polarizer, called an “analyzer”. In the case of using a GlanThompson prism as an analyzer, the analyzer reduces the E-field vector amplitude to an
intensity reading that depends on the analyzer’s orientation relative to the polarizer
following the equation

P=P0 cos2 θ0

This equation is otherwise known as Malus’s Law, though here the function will be
referred to as a Malus curve. It can be derived directly from averaging the oscillating Efield in Text 18 into an intensity or power reading of the beam. Here
incident power of the beam and

P0 is the

P is the transmitted power through the analyzer.
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θ0 is the angle between the “transmission axis” of the polarizer relative to the
analyzer. For Glan-Thompson prisms this would correspond to the angular difference
between the planes of each diagonally cut prism along the beam path. A similar relation
is used in the case of Wollaston prisms for one photodetector, while the other
photodetector uses a sine function instead of a cosine function. In the case of Wollaston
prisms, the polarization reading is reduced to a power reading at the photodetectors rather
than at the analyzer as with a Glan-Thompson prism.
In our Faraday rotation studies, the Malus curve is critical for determining the
scale and amplitude of the optical rotation caused by an applied magnetic field. A variety
of analyzer angles θ0 can be used, but to obtain a linear reading for small optical
rotation detection, θ0 = 45° is recommended. This angle corresponds to the linear
regime of the Malus curve where it has a linear slope. This slope determines the
sensitivity of the optical rotation, so ideally a system is preferred where the incident

power

P0 is as high as possible but the extinction ratio at θ0 = 90° is

P
= 0.
P0

Experimentally the incident power is limited by either the beam power or the 5 Volt
standard maximum gain of photodetectors, and the extinction ratio is limited to the
polarizer’s resolving power of the polarization axis. Most importantly, θ0 = 45° is
recommended as it allows for the best monitoring of the incident power, which helps
determine the scale of the optical rotation directly. Additionally in the case of a
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Wollaston prism, θ0 = 45° allows for balancing the beam power between the
photodetector pair.
If a polarization rotation occurs somewhere between the polarizer pair, that
polarization rotation can be read using the beam power and the analyzer angle, resulting
in

P(θ F )=P0 cos2 (θ 0−θ F )

Where θ F is the unknown optical rotation. The beam power can be measured based
on the known analyzer angle and power at zero optical rotation, provided the analyzer
angle θ0 is not too close to 90° (also known as when the polarizers are “crossed”). If
the analyzer angle is 45° and the optical rotation is small, the small angle approximation
can be made to reduce the Malus curve to

θ F=

Where

P is the power reading at

level of the photodetector.

ΔP

ΔP
2P

2
P0 cos θ0 , also known here as the DC voltage

is then the change in this voltage level value. A

similar relation is derived for a Wollaston prism though with Δ P y −Δ Px in the
numerator and the factor of 2 absent.
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We have done studies where the θ0 was varied to larger values than 45°. To
some degree this can be used to enhance the sensitivity of the detectors as if the polarizer
pair is operated close to the extinction point (“crossed”), then the photodetector gain can
be increased without saturating the detector, provided the extinction ratio is large enough
to prevent a high residual background in
knowledge of the incident power

P . However such a detector sacrifices

P0 . Hypothetically this can be compensated with a

beam splitter system, but this work around does not enhance the sensitivity of the Malus
curve at very small optical rotations, as at the extinction point the slope of the Malus
curve is minimal. In order to take full advantage of the minimum sensitivity of the Malus
curve, the analyzer’s operating point must be set to θ0 = 45°.

3.2

Faraday rotation.
Michael Faraday discovered the Faraday effect in simple paramagnetic substances

like glass and water. He discovered the Faraday effect by placing such substances
between a pair of optical polarizers. Then across the substance he applied a magnetic
field with a vector coaxial to the beam propagation vector. From the power reading after
the analyzer, Faraday detected a polarization rotation or a shift in the Malus curve by
θ F that scaled with the strength and direction of the applied magnetic field. This
became the foundation of magneto-optics and the optical rotation of θ F is known as a
Faraday rotation. There are a number of optical effects that are defined differently
depending on the beam and magnetic field vector orientation relative to the sample or
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whether what phase-state the substance is in, but here we are only focused on the
phenomena of the Faraday effect.
Further attempts were then made to characterize the degree of rotation with
applied magnetic field and propagation path through the substance. The constant used to
characterize these materials became known as the Verdet constant V

(named after

Emile Verdet) defined as

θ F=VLH

Where the propagation path through the material is
along the beam vector is

L and the applied magnetic field

H .

Lesser known were further observations made by August Kundt on metallic
gases (Valenzuela 1994). Here he measured optical rotations with constants far greater
than the Verdet constant associated with paramagnetic materials. To explain such large
constants, he described the optical rotation in terms of the magnetization of the gas
instead of the applied field

H , resulting in

θ F=KLM
Text 19
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M

Where the magnetization is related to the applied magnetic field by
the optical rotation is defined by the Kundt constant
ferromagnetic materials, while the Verdet constant V

K

M =χm H . Here

and is characteristic of
is characteristic of paramagnetic

materials.
Understanding the difference between these constants is critical, as the Verdet
constant primarily relies on the Zeeman effect for optical rotation, while the Kundt
constant primarily relies on angular moment conservation. This distinguishment is
further obscured by modern theories that describe the beam wavelength dependency of
the optical rotation, but reduce the magnetic field dependency of the optical rotation to
determining the magnetization vector orientation. Here we now describe optical rotation
in terms of energy level diagrams of the photon interacting with the orbiting electron
about the nucleus in our material.
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3.3

Energy level diagrams of optical rotation.

Figure 25: An illustration of the group velocity of a photon.

While Text 18 describes a continuous function for a photon, in reality photons are
point like particles and cannot be described by continuous oscillating functions. Instead
the oscillating field of the photon is better described by a distribution function like that
shown in Figure 25. This means the relation between k and ω is complicated and
what distinguishes a photon's group velocity is the derivative between the two.

v g=

dω
dk
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Figure 26: An energy level diagram showing no excitation due to the electron spin
vector being perpendicular to the photon's spin vector.

A quantum mechanical, microscopic explanation for optical rotation requires
study of the photoelectric effect, and how optical rotation can change depending on
whether the Zeeman effect or angular momentum is causing the optical rotation. We
begin with Figure 26 which shows a ground state and excited state orbital energy levels.
Next to the ground state is a frame depicting the spin orientation of the photon and the
electrons in real-space. The left side of this diagram represents the state before excitation
and the right side represents the state after excitation where the photon passes the electron
pair. The angular moment spin states of the electron and photon are both defined with the
right-hand rule, with the spin state of the photon here indicating the electric field vector is
circulating in a clockwise pattern about the photon’s propagation path looking away from
the beam. These photons are classified as right-handed photons, and a large collection of
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them defines what is called a left circularly polarized beam in optics (Table 7). In the
scenario in Figure 26, no excitation takes place as the photon’s spin vector is
perpendicular to the electron’s spin vector.
If the spin vector of the electron is anti-parallel with the spin vector of the photon,
an excitation can take place according to the photoelectric effect as seen in Figure 27.
Through the laws of angular momentum conservation, the spin +1 photon becomes
absorbed by the -1/2 spin electron, causing the electron to undergo a spin-filp transition
into the excited state and into a +1/2 spin state. After a period of time known as the
decay rate or relaxation rate in atomic optics, the electron will return to the ground state
by emitting the spin +1 photon and undergoing a spin-flip transition back to the -1/2 spin
state.

Figure 27: An energy level diagram showing the excitation of a down spin electron into the up spin excited
state. Note the size of the energy level transition matches the wavelength of the photon, and that the
electron's spin vector is anti-parallel with the photon's spin.

The secondary requirement for the excitation in Figure 27 is that the energy
level difference between the orbital states must correspond with the energy of the
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absorbed photon. If this requirement and the anti-parallel spin state alignment between
the electron and photon are not met, no excitation can take place.
In an actual setup where a linear polarized beam is applied to a sample such as
a noble gas, no optical rotation occurs as the right and left handed photons are both being
equally absorbed by the singlet state paired electrons in the ground state. Therefore the
right and left handed photons propagate at the same rate through the material, whether
they are being absorbed and remitted or not.

Figure 28: An illustration of the Zeeman effect on an energy level diagram.

We now apply an auxiliary magnetic field to the sample due to free electric
currents, anti-parallel with the beam propagation vector. This results in the effect known
as Zeeman splitting, where the orbital energy levels of the electron split due to the spin
structure of the electron. Here we assume the magnetic field is applied homogeneously
over the entire sample, resulting in a dipole-dipole interaction where the spin moments of
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the electrons will prefer to align with the applied field. This splitting occurs in both the
ground and excited states and causes the up spin electron to be more vulnerable to
excitation by longer wavelength photons in to a state where its spin can be oriented
parallel to the applied field. Likewise if the applied magnetic field vector is reversed as
shown in Figure 29, the splitting will also reverse.

Figure 29: Figure 28 with the magnetic field direction reversed.

Now we ask what would happen to such a system like Figure 29 if we applied a
linearly polarized beam parallel to the applied magnetic field vector. Naturally the spin
moments of the electrons will align with the magnetic field and increase the chances for
an excitation to take place due to angular moment transfer. If the energy of the photon
pair then matches the energy level difference between the spin down ground state and the
spin up excited state, an excitation will take place with a spin flip transition in the down
spin electron. However as indicated in Figure 30, only the +1 spin right handed photons
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are absorbed, while the -1 spin left handed photons continue to pass through the material.

Figure 30: An illustration of the requirements for the Faraday
rotation to take place.

Upon emission of the right handed photons, the left handed photons have already
propagated by a distance corresponding to the relaxation time. This causes the emitted
right handed photons to be paired with left handed photons in a latter phase of their Efield vector rotation, resulting in a phase delay of ϕnL . When superimposed back on to
each other, this new photon pair results in an overall linear polarization rotation of
θF
, where a0
N l a0

is the lattice constant and

encountered where absorption took place.
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N l is the number of lattice sites

This microscopic, quantum mechanical principle corresponds to a similar
principle derived from the classical, macroscopic interpretation where the optical rotation
depends on the difference between the effective index of refractions for the right and left
circularly polarized beams,

θ F=(n R−n L )

π N la0
λ

Text 20

Where λ

is the wavelength of the beam. Note how the phase offset is enhanced with

smaller beam wavelengths, as the shorter the cycle the more dramatic effect a phase offset
can have on the optical rotation.

3.4

Classical derivation for optical rotation: Single-line transition model.
Using classical physics alone, we can develop the simplest quantitative model for

the Faraday rotation we see in certain materials, although it takes a number
approximations to be applied with caution. We now attempt to derive Text 20, then
extend its definition to describe the beam wavelength and magnetic field dependency of
the optical rotation in the Faraday effect. The result is known as the single-line transition
model.
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3.4.1

Wave equation for a linear dielectric.
We begin with two of Maxwell’s equations in matter,

∇×E=

−∂ B
∂t

Text 21

And

∇×H =J f +

∂D
∂t

Generally our garnet films are dielectric, so we can make the assumption that there are no
free charge currents
eliminate

H ,

Jf

in the material. We then seek to combine these equations to

B , and

D by taking the curl of Text 21. We then arrive at

−1
∂ 2 E ∂2 P
∂M
∇
×(∇
×E)=ϵ
+ 2 +∇×
0
μ0
2
∂t
∂t
∂t

Text 22

Where
and

M

E is the electric field of the beam,

P

is the polarizability of the material,

is the magnetization vector at a specific point in the material. To simplify

solutions to this equation, the magnetization term is typically set to zero.
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For linear dielectric materials where the electric field is not too strong, the
atomic polarizability

P of the material can be considered proportional to the electric

field by

P=ϵ0 χ E
Text 23

Where χ

is the material’s susceptibility tensor. For a non-absorbing material the

susceptibility tensor resembles the identity matrix, where each index of refraction is
proportional to a specific crystal axis by

2

n x =1+ χ xx

Which can be derived from solutions to Text 22 with the magnetization term set to zero.

3.4.2

Equation of motion for a linear dielectric in a magnetic field.
We now return to the microscopic picture while retaining our classical

assumptions and define the equation of motion for the electrons about the nucleus in the

87

material in an applied magnetic field
perpendicular to

H , where

me

H

and an applied electric field

E applied

E is the electric field generated by the optical beam,

d2 r
dr
+ γ r +e E+μ 0 e
×(H + M )=0
2
dt
dt

( )

Text 24

Where

γ is the elastic term of the electron about the nucleus. When a photon

encounters an electron, the photon's electric field can induce motion in the electron.
When the interaction occurs, the motion of the electron plays out like the equation for a
damped harmonic oscillator, due to the electron being bounded about a nucleus.
Here again we set the magnetization term to zero to simplify the solutions to Text
24. This is particularly important as embedded in the magnetization term are quantum
mechanical terms where the electron itself and its orbit possess a magnetic moment.
Generally such approximations are safe to make when the magnetic field is alternating at
a rate below GHz and safely away from the electrons’ ferromagnetic resonance frequency
in the material.
Another approximation being made in Text 24 is we neglect the magnetic field
component of the optical beam. As with any oscillating electric field, an oscillating
magnetic field occurs transverse to the electric field. However this field is typically much
weaker than the electric field by a factor of c , so it is typically neglected. Hence only
the electric field component of the beam is present in Text 24.
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Our first move on Text 24 is to eliminate the general position function r
electron. Generally the atomic polarizability

P

of the

is related to the position function by

P=−N e r
Text 25

Where here

N

is the number of electrons per unit volume. As we are focused on one

electron on one lattice site we will set

N

to 1/a30 , but this can multiply depending

on the element on the lattice site (for iron there are four unpaired spin electrons in the dshell).
We then replace

P

with

E through Text 23 and find solutions to Text 24

where the susceptibility tensor takes on the form

χ11 i χ 12 0
χ= −i χ12 χ 11 0
0
0
χ33

(

)

Text 26

Where χ 11 is representative of the ordinary index of refraction and χ 33 is
representative of the extraordinary index of refraction. The similarity for the first two
diagonal components makes the crystal a uniaxial crystal and the presence of the off
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diagonal components makes the crystal optically active. The content of the two
susceptibility tensor components that interest us are

ω20−ω2
e2
χ 11=
me a 30 ϵ0 (ω20 −ω2)2 −ω2 ω2c

(

)

Text 27

And

2
ω ωc
e
χ 12=
3
2
2 2
2 2
me a0 ϵ0 (ω0−ω ) −ω ωc

(

)

Where ω=2 π c /λ , ω20=γ /me , ωc =eμ 0 H /me .
Solving Text 24 with the tensor in Text 26, we find the solutions are

n2R , L=1+ χ11 ±χ12
Text 28

Which corresponds to the index of refractions for the right circularly and left circularly
polarized components of the beam.
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3.4.3

The single-line transition model.
We then apply our solutions from Text 28 to Text 20 by using an expansion to

approximate

n R−n L ≈

χ 12
√ 1+ χ11

We then make the approximation that the applied magnetic field is weak and the optical
beam is far away from the resonance term, or that ω ωc ≪| ω20 −ω2| (Crossley et. al.
1969). This essential makes the Faraday rotation solely dependent on the of diagonal
susceptibility component, yielding

θ F=

π N l e2
ω ωc
λ m a2 ϵ (ω 2−ω2 )2
e 0 0
0

(

)

Text 29

Substituting out the angular velocity terms, we get the wavelength dependency

μ20 N l e3
λ2 λ20
θ F=
H
4 π a 20 √ m3e γ (λ 2−λ 20)2

(
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)

m
Where λ 20= γe (2 π c)2 .
For ferromagnetic materials, the Faraday rotation cannot infinitely scale with
the applied magnetic field, though Valiev et. al. 1983 have done studies of garnets in high
magnetic fields to yield information on their lattice magnetization. It is also trouble to
return the magnetization to this equation when setting the magnetization terms to zero,
but as we have already made the approximation of a linear dielectric medium,

2

3

(

2

2

)

μ
N e
λ λ0
M sat
H
θ F= 0 2 l 3
tanh χm
χ
2
2 2
m
4 π a 0 √ me γ (λ −λ 0)
M sat

(

)

Text 30

Where a hyperbolic tangent function is included to mimic when the material reaches
magnetic saturation.
Comparing Text 19 to Text 30, we see an approximate wavelength dependency
to the Kundt constant as

2

(

2

2

)

μ
λ λ0
e3
1
K≈ 0 3 3
2
2 2 χm
4 π a 0 √ me γ (λ −λ 0 )

Where χ m is the magnetic susceptibility of the material at weak magnetic fields.
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3.5

Sign of optical rotation.
Now that we have determined how the Faraday rotation depends on applied

magnetic field, we take a closer look at how the sign of the optical rotation is defined.
We take the example in Figure 30 and apply it to a bulk material where the applied field
vector is parallel to the beam propagation vector. Here the right handed photons are
absorbed and delayed in their propagation, leading them to be paired with left handed
photons whose electric field vector has rotated clockwise in the optical frame.
Superimposing the two photons on to each other, an overall clockwise polarization
rotation takes place as the beam exits the material, as viewed by looking at the oncoming
beam as shown in Figure 31. This type of optical rotation is known as levorotatory. A
polarization rotation in the opposite direction is known as dextrorotatory. If the magnetic
field were anti-parallel with the beam propagation vector as in Figure 28, then the optical
rotation would be dextrorotatory. This also is in agreement with a rule of thumb that the
Faraday rotation is always in the same direction as the electrons motion generating the
applied magnetic field.
Our garnet material expresses a levorotatory sign with applied magnetic field
(north pole to south pole) parallel to the beam vector.
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Figure 31: An illustration of a levorotatory Faraday rotation. The
top pictures illustrates the direction of polarization rotation with
the beam coming out of the page. The bottom picture shows the
same rotation or the polarization vector relative to the applied
magnetic field.

3.6

Quantum mechanical version for optical rotation.
The quantum mechanical, quantitative version of the optical rotation shares much

with the classical version as derived in Text 29, however Text 25 for the atomic
polarizability is now a position operator. The derivation gets further complicated due to
energy splitting and degeneracy factors that occur from the mixture of the different
lattices in our garnets. This can partially be accounted for by assigning a different elastic
term

γ for each

j lattice, with this lattice making a fraction f j of the optically

active lattice the beam encounters. When solving the dampened harmonic oscillator
(DHO) equation of Text 24 for a material where this electric field occurs over
molecules per unit volume, the dielectric constant is then described as
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N

ϵ r=1+

fj
N q2
∑
2
me ϵ 0 j ω j−ω 2−i γ j ω

The index of refraction then follows from this complex dielectric constant through use of
the first term of the binomial expansion, resulting in

2

2

2
f j ( ω j −ω )
ck
Nq
n= ω ≈1+
∑
2
2 m e ϵ 0 j (ω j −ω2)2 + γ 2j ω2

Aiming for a simple quantum mechanical version of Text 29 that also accounts for
the diamagnetic wavelength dependency encountered in our garnets, first we modify Text
27, the diagonal component of the susceptibility, to

ω±2 −ω 2−Γ2±
e2
χ 11=χ±=
me a30 ϵ0 ( ω−2 −ω2 +Γ2±)2−ω 2 ω 2c + 4 ω2 Γ2±

(

)

Where ω± refers explicitly to the energy differences between the down-up and updown ground-excitation states indicated in Figure 30. Here the new term is the half-line
width Γ± of the down-up and up-down ground-excitations states. Here instead of
looking at the orbital shells, we look at them as orbital bands consisting of multiple,
closely spaced energy states that are permitted in the lattice. This band structure is a
consequence of the solid state material having so many atoms in close proximity with
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each other. The half-line width Γ± encapsulates the width of this orbital band as
shown in Figure 32.

Figure 32: A close up of the energy level diagram indicating these energy levels are not discrete but are
actually bands of multiple, closely spaced energy levels.

Next we revisit Text 28 and take a more extreme view of the approximation
ω ωc ≪|ω20 −ω2| . This results in neglecting the off diagonal components χ 12 of the
susceptibility tensor and taking an expansion of the square root to the first order to result
in

√ 1+ χ±=

χ±
. Now considering n R≈χ+
2

2

θ F=

N le ω
4 me c a20 ϵ0

(

∑ (±)
±

and n L≈χ− , we arrive at

2

2

2

ω±−ω −Γ±
(ω±2 −ω 2+ Γ±2 )2−ω2 ω2c +4 ω2 Γ±2

Text 31
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)

To describe the general wavelength dependency of the Faraday rotation.

Figure 33: The types of energy level splitting in the ground state versus the excited
state.

The difference in Text 31 with Text 29 is in whether we choose to neglect the
off diagonal susceptibility tensor χ 12 . Whether to do so or not strongly depends on
where the energy level splitting in Figure 30 is primarily occurring, whether in the ground
state or the excited state. Again due to lattice interactions, the splitting can be suppressed
in one state or the other.
Materials with paramagnetic splitting have splitting only occurring in the ground
state while it is suppressed in the excited state. Materials exhibiting paramagnetic
splitting have a Faraday rotation wavelength dependency similar to Text 29 and requires
the approximation that ω+∼ω−=ω0 .

97

In the diamagnetic case, the energy difference in the splitting is not neglected and
ω±=ω0±Δ , where Δ

is the energy difference in the splitting. The Faraday rotation

wavelength dependency then takes the form of Text 31, and neglecting the magnetic field
dependent term ωc

Text 31 resembles the diamagnetic wavelength equation typically

used in literature as

(

2

2

2

2

2

2

2
θF
(ω0 +Δ0 ) −ω −Γ0
(ω0 −Δ0 ) −ω −Γ0
e
=
ω
−
3
2
2
2 2
2 2
L 4 me c a0 ϵ0
[(ω0 +Δ 0) −ω + Γ0 ] + 4 ω Γi [(ω 0−Δ 0)2−ω 2+ Γ20 ]2 +4 ω2 Γ2i

)

In typical garnets materials such as ours which exhibit diamagnetic splitting, the
term Δ

is not known to be dependent on the applied magnetic field. Instead the local

magnetization due to the exchange interaction between lattices is typically
overwhelmingly larger than the applied magnetic field, so Δ

remains largely fixed at

weak, Gauss scale applied magnetic fields.
At the moment there is still a debate as to the mechanism that determines Δ in
bismuth doped rare-earth iron garnets (Bi-RIGs), especially in why it is so large. There is
a great deal of interest in determining why Δ

is so large in Bi-RIGs as it is key to

moving the d-shell electrons in the iron lattices out of the typical electronic absorption
band of iron in the visible spectral range. Currently there are two models explaining the
large Δ in Bi-RIGs. One is based off of more traditional models where it is assumed a
π-type charge transfer is occurring between the iron and oxygen sites (Shinagawa and
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Matsumoto). The other more recent explanation is that the value of Δ

is covalently

determined during the bond formation between the bismuth and iron ions (Dionne and
Allen). Typically most papers studying this debate need to measure Δ

well into the

ultraviolet spectrum, which is done so with ~5um thick samples. However our samples
are 100 times thicker and due to absorption in the ultraviolet range will not be able to cast
light on this debate.

3.6.1

Magnetic field dependency of the diamagnetic equation.
In comparing Text 31 to Text 29 we immediately see a problem; the magnetic

field dependency has been approximated out. The reason for this is the importance
between the distinction of Zeemann splitting versus angular momentum conservation as
being the cause for the optical rotation as outlined in the energy diagrams above. While
all these theoretical models for optical rotation are built on a magnetic field dependent
Zeemann splitting, few include how the spin orientation of the electron is affected by an
applied magnetic field. Instead this phenomena is shuffled into magnetization relations,
principally those involving the magnetic anisotropy of the material. One such simplified
relation is defined below for the Kundt constant relative to the Faraday rotation described
in Text 31,

K=

1

μ 0 M sat

χ m L μ 0 M 2sat −2 K tot
u

Text 32
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θF

Where

K tot
u

is the total uniaxial anisotropy relative to the surface normal. This

equation is made by neglecting the cubic anisotropy and approximating the sample as an
infinite plane where the applied magnetic field is along the film surface’s normal vector.
Again for large magnetic fields, we can use the hyperbolic tangent as used in Text 30.
However for the above version in Text 32, typically θ sat
is used instead, defined
F
relative to when the film has reached magnetic saturation. This assumes that θ F can
scale linearly relative to the saturation rotation angle θ sat
. However in this study we
F
found such an approximation to be invalid for thick films of over 100um thickness. So
long as

this approximation can be considered valid, but any lower
M sat ≫K tot
u

saturation magnetization will require the complicated anisotropy dependencies to be
addressed. Also it is assumed by Text 32 that the magnetic field dependency does not
creep into the Faraday rotation term, as it is assumed the splitting factor Δ

remains

relatively fixed regardless of applied magnetic field.

3.7

Insertion loss.
Before continuing further with a study of Faraday rotation, it is important to

address the role that absorption plays in limiting both the length and probe beam
wavelength for our samples.
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Ideally, the photons passing through our material will interact with all lattice sites
as they travel through the material. However not all these interaction will result in a
phase delay between the +1 spin and -1 spin photons. In some cases, the photon might
undergo intermediary energy level transitions before returning to the ground level,
resulting in multiple photons with lower energies (chromatic dispersion). Another case is
that the photon may be emitted at a deviation from its original beam path (scattering).
Worst of all however, is the case where the lattice site absorbs the photon entirely and reemits it as a phonon, a quantized vibration in the lattice, which builds up as heat with
multiple phonons. These are regions of electronic absorption where iron is typically
highly absorptive, being in the ultraviolet range and at higher energies. We can attempt to
dodge the electronic absorption by using longer wavelength photons, however if the
wavelength is too long, it will cause the lattice of the material to absorb the photons and
remit them as longer wavelength phonons.
From the above relations, we see that the Faraday rotation can increase with
shorter wavelengths, however insertion loss due to absorption indicates there are limits to
how short a wavelength can be used. Another work around to enhance sensitivity is to
increase the length of the sensor (stacking or beam cycling); however, the absorption only
increases with path length through the material as

−η L

E=Ei e
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cos θ0

Where η is the absorption coefficient. The equation above represents the electric field
transmitted through the analyzer of the polarizer system, which when squared yields the
Malus curve. However from the above equation, the Malus curve is changed to include
the absorption factor.

−2 η L

P=Pi e

Where

2

cos θ0

Pi refers to the incident power of the beam.

While ideally the Malus curve would be modified as above, in reality there are
multiple sources of noise. In zero applied magnetic field,

PDC ±δ P=(P i±δ Pbn)e

Here

PDC

−2 η L

2

cos ( θ0±δθ)±δ P pd

is the average power level of the output beam after passing through the

sample and analyzer.

δ P represents the fluctuation in this power due to all the sources

of noise in the system. Here δ P pd is the noise power variation in the photodetector,
which can amplify at higher gain.

δ Pbn is the noise power variation in the beam’s

power itself, before reaching the analyzer.

δ θ is the polarization rotation noise that

may be occurring either in the beam’s polarization or through the sample, which also
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include magnetic field dependent noise from unknown sources. The ultimate problem
with the δ θ is that it also scales linearly with stack length.
Ideally, we seek the optimal length of the probe beam path through the sample to
minimize δ P , as δ P plays a central role in determining the minimal detectable
magnetic field (MDF). Taking the derivative with length and minimizing the function to
zero yields

L= δηθ tan θ0

Assuming δ θ≪θ0 . Here we see the optimal length of our probe will scale directly
with the amount of polarization noise, either due to the beam or the sample. Most
importantly however, the optimal length is inversely proportional to the absorption
coefficient η . While the Faraday rotation can increase linearly with beam path length,
it is the absorption coefficient of the material itself that determines the limit to how long
the beam path should be.
Generally insertion loss is a catch-all term to address beam power loss due to
absorption, scattering, and reflection, where transmitted power is directly compared to the
incident beam power. One strategy to minimize insertion loss is by eliminating beam
power loss due to reflection, especially where it is impossible to eliminate the boundary
between stacked films with controlled anisotropy axes. Anti-Reflection (AR) coating
becomes a very useful tool in this regard to extend the beam path and to reduce our
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overall absorption coefficient, however the primary disadvantage is that the AR coating
must be tuned to the specific, optimal probe beam wavelength for the highest Faraday
rotation.

104

CHAPTER 4

4 MATERIALS

Figure 34: The history of the paramagnetic Faraday rotation coefficient value.

The original Faraday rotators were made of simple paramagnetic materials like
water or glass. They were fashioned into long rods in order for the Faraday rotation to be
significantly observed. Over time some silicates were enhanced to give a greater rotation
rate for their length. The discovery and use of artificial garnets enabled a tenfold increase
in the Faraday rotation rate.
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Garnets are naturally occurring crystals with the chemical formula

Fe5 O12 .

The lattice structure of garnets consists oxygen atoms arranged in a tetrahedral or
octahedral shape. The tetrahedral lattice is typically designated by “d” and the octahedral
lattice is designated by “a”. At the core of each type of these lattices rests an iron atom
typically bearing an ionic charge based on the lattice it is occupying. The tetrahedral and
octahedral lattices occur in pairs and are joined by a single oxygen atom. The iron atoms
themselves in each of the two lattices are antiferromagnetically coupled through their
unpaired orbital d-shell electrons.

Figure 35: The two iron and one rare-earth lattice in garnets.

Around 1950 the ability to artificially grow garnet crystals was developed. This
process was known as Liquid Phase Epitaxial growth or LPE. The LPE process is similar
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to that required to grow silicon ingots where a molten hot liquid of the material is
carefully cooled to create an ordered crystal structure. Later garnets could be grown
layer-by-layer through Pulsed Laser Deposition (PLD), though this process yields
micrometer thick samples that require a substrate to support the film. The growth
substrate used for LPE is a wafer of Gadolinium Gallium Garnet (GGG); through virtue
of having a similar lattice constant the GGG substrate is the seed crystal by which the
garnet can grow.
Doping is the process where small impurities are introduced into the material in
order to modify the crystal's proprieties. This can range from point impurities to a nearly
widespread changes in the chemical formula of the crystal. Two types of doping
processes were developed for artificial garnets. One was a doping process where the iron
atoms in the “a” and “d” lattices would be replaced by a dopant. The other process
involved the formation of a new dodecahedral lattice designated the “c” lattice which was
also made of oxygen atoms. In the center of this “c” lattice was the dopant, which
consisted of a single rare-earth atom.
Rare-earths are not necessarily rare elements, but rather rarely occur naturally in
bulk form and are typically found in composite minerals. Hence the difficulty with rareearths is that they must be separated from their bulk composites. The rare-earths consists
of elements with unpaired orbital f-shell electrons and are known for having a higher
possible magnetic moment than d-shell elements due to the larger number of unpaired
electrons in the f-shell. Of these rare-earths three received special attention; yttrium,
bismuth, and lead.
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Figure 36: A plot of all the dopants used in iron garnets as assembled from various literature.

Once pure and polished artificially doped garnets could be manufactured, it was
found that yttrium iron garnets (YIG) possessed a huge Faraday rotation constant on the
order of radians per Gauss meter. This discovery let to a great deal of excitement and
lead to the development of optical isolators used in laser setups. The use of YIGs came to
a head with the push for developing non-volatile computer memory systems in the form
of “magnetic bubble domains”, but lost to the development of the traditional magnetic
hard-drives. There is still debate as to the mechanism for why the doping with Yttrium
allows for greater optical rotation, but it is believed to be associated with the yttrium's
atom working as a superexchange interaction partner between the iron lattices, allowing
for a greater deal of splitting in the iron atoms for greater optical rotation.
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Aside from yttrium, lead doped into garnets was also found to increase the
Faraday rotation greatly. However this was found to come at the cost of strong optical
absorption lines occurring where the greatest Faraday rotation takes place. This is in
contrast to yttrium which allows for both high Faraday rotation while simultaneously
being quite transparent in the near infra-red. Hence the figure of merit for such materials
is θ F / α , where α is the absorption coefficient defined relative to incident beam
power

P0 as

P=P0 e−α L . It is worth noting the process of absorption includes

multiple processes such a scattering or refraction due to the shape of the material in
addition to natural attenuation by the atoms in the material. Hence we typically talk
about the transmittance of the beam through the sample as we can not isolate absorption
due to attenuation perfectly.
Later it was discovered that bismuth was a perfect substitute for yttrium. It both
had the superior transmission qualities and similarly enhanced the Faraday rotation
through a superexchange interaction with the iron atoms, though the theoretical specifics
are still debated. While not being an improvement over yttrium, bismuth has a lower
monetary cost than yttrium and has largely displaced the use of yttrium in garnets.
Ideally the more bismuth in the sample the greater the Faraday rotation, though this can
come at the loss of making the crystal more brittle and difficult to grow, hence here we
are not using the maximum bismuth doping level for our samples.
Later, an assortment of studies where done with various garnet dopants to see if
the material could be further improved. While no other elements have been found to
increase the Faraday rotation, it has been found that certain elements can adjust the
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magnetic, anisotropy, and transmission properties of the crystal in various ways. Figure
36 shows a map of the elements already experimented with in doping garnets. Here the
elements have been classified into four categories. In purple are the only elements that
can increase the Faraday rotation. These occupy exclusively the “c” lattice. Those in
yellow are various rare-earth dopants that can dilute the rare-earth “c” lattice site by
displacing the optically active rare-earths. Similarly, the iron atoms sites can also be
displaced by the dopants in the red coloring. Aside from these elements are two in orange
that or capable of simultaneously doping both rare-earth and iron atom sites, where as the
other elements either exclusively dope the rare-earth lattice or the iron lattice.
The principle samples here were developed from lessons learned in Fratello et. al.
2004's Growth paper. Here a number of rare-earth dopants were tested that would
promote an in-plane, weak anisotropy axis without impacting transmission or Faraday
rotation. These two elements were primarily found to be lutetium and gadolinium,
though through XRF we have found very little gadolinium present in our samples.
Here gallium is the dopant of greatest importance as it was the one varied between
samples. The total gallium content

z introduced to the crystal before growth displaces

the iron atoms at either of its two lattice sites “a” or “d”, however it tends to dope the
tetrahedral site “d” by

z d=0.9 z . The full chemical formula for our samples is

{ Bi x Gd3− x− y Lu y } [Fe 2−z Gaz ](Fe 3−z Ga z ) O12
a
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a

d

d

Where each bracket stands for the elements occupying the “c” lattice, the “a” lattice, and
the “d” lattice, respectively. Gallium doping tends to reduce the magnetization of the
film, but helps increase transmission and dilutes the growth-induced anisotropy and cubic
anisotropy. Unfortunately the crystal grower can only control the gallium content within
+- 0.2 atomic formula units, and even then a precise quantification of the gallium content
is difficult to determine.
The final chemical formula for our samples is then

( Bi x Gd 3− x− y Lu y )(Fe5−z Ga z )O12
Text 33

Where the gallium content

z in atomic formula units is

z=z a + z d . Table 8 presents

all of the samples used in this study and their distinguishing characteristics. Most
importantly is the gallium content that varies from

z = 1.0, 1.14, 1.15, and 1.35,

according to the crystal grower at manufacturing of the sample. These values are
respectively associated with four major samples; p55, p77a32, p77a28, and p77-3. The
p78 type samples are mainly variations of p55 with different thicknesses and crystal
dimensions (2x2mm^2, 4x4mm^2, and 11x11mm^2) to study any correlations with
crystal dimensions. Other samples present are p7731a which is a sample with its GGG
growth substrate still present, and a non-conforming material sample (“ncm”) unsuitable
for MO applications.
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In this chapter we will present data further classifying these samples. First we
will present x-ray fluorescence (XRF) data in an attempt to determine qualitatively the
composition of each sample. We will then follow this with x-ray diffraction (XRD) data
studying the crystal structure of the samples. We will then review some polarization
microscopy of the samples to explain why certain samples of gallium doping content
were given different designations. Finally, we will look at the temperature compensation
point and how it varies with gallium doping.

Table 8: A chart of all the samples used and their characteristics.
thickness

date
received

AR
coating

[um]

Ga (crystal
grower's)

Crystal
ordering

Compensation
point

notes

planarity

domain
pattern

z

nonARp55

450

before
2013

p55-no-d

500

before
2013

yes

1

ordered

no

in-plane

Neel

p55-d

400

before
2013

yes

1

ordered

no

in-plane

branching

p78-550umUU

550

April
2015

no

1

in-plane

p78-450umUU

450

April
2015

no

1

in-plane

p78-300umUU

no

1

ordered

in-plane

300

April
2015

no

1

in-plane

Neel

p78-200umUU

200

April
2015

no

1

in-plane

Neel

p77a32 *

300

March
2013

no

1.14

disordered

* = A, C,
D, E

in-plane

serpentine

p77a28 *

180

March
2013

no

1.15

ordered

* = B, C,
D

in-plane

mixed

March
2013

no

has
substrate

in-plane

before
2013

yes

before
2013

no

p7731a
p77-3
nonconforming
material

171

1.35

disordered

yes

yes

canted
(aka
"ncm"),
no Lu

112

serpentine
serpentine
dotted

4.1

X-Ray Fluorescence (XRF)
X-ray fluorescence (XRF) is one of the few non-destructive element identification

processes. It is a spectrographic technique where the core electrons of an atom are
excited to higher than usual orbital levels using high energy photons in the x-ray range of
the electromagnetic spectrum, typically up to the order of 20 keV. The core electrons here
are referred to as the electrons closest to the nucleus inside the atom and are electrons that
have largely satisfied their orbital energy level rules and do not participate in any
chemical bonding. The electrons then de-excite to the ground states, in the process
emitting a variety of high energy photons but each of a specific energy value related to
the transition energy of their descent. From this a count can be done versus the energy of
each emitted photon to yield a spectrum unique to that particular element. From this the
presences of multiple elements can be detected qualitatively through peak identification.
The data can be used for a quantitative study of the compositional elements of the
material, but only after a rigorous process involving known pure elements to calibrate
peak height for that specific XRF device. Another limitation of XRF is that it can only
identify elements heavier than oxygen, due to the lack of core electrons in lighter
elements.
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Figure 37: X-Ray Fluorescence (XRF) spectra of our garnets taken in three energy ranges: Mid Zc, Mid
Zb, and Mid Za.

The actual XRF device itself consists of an X-Ray source covered by various sets
of optical filters depending on the range of elements being studied. These optical filters
help select specific energy ranges in the XRF spectrum by filtering out noise, but come at
the cost attenuating peak heights over a continuous range of energy values. Figure 37
shows how these filters can vary the peak height in one sample over ranges called Mid Za. Mid Zb, and Mid Zc. These names come from specific atomic transitions that take
place during the de-excitation as shown in Figure 38. Care must be taken when
identifying the elemental composition of XRF spectra in case one or more elements have
a peak overlap at similar energy level transitions. Typically this can be resolved by using
different XRF filters or through a quantitative study of the XRF spectrum.
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Figure 38: The XRF spectra of the top and bottom of a p55 film.

In our case four of the major elements of our garnets have peaks that can easily be
distinguished from each other, specifically in the Mid Zb range where they are most
distinguished. These four elements are designated in Figure 37 as iron (Fe), lutetium
(Lu), gallium (Ga), and bismuth (Bi). The smaller peak heights present in these spectra
can be generated by the same elements and are vital to quantitative XRF analysis, though
here we will be largely neglecting these peaks. One of these small peaks of value to note
is shown in Figure 39 and is the only distinct peak for the element gadolinium (Gd).
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While we know from our chemical formula that gadolinium is present in our garnets, the
content of gadolinium is much lower than expected. While this low content should not be
confused with gadolinium's rather small XRF peak height, it does show a slight
difference between the p55 and p77-3 films versus the p77a films, where gadolinium is
present in the former but not the latter. This is strange as doping with gadolinium was an
essential part of the study done by Fratello et. al. 2004 and is what our samples are based
off.

Figure 39: The variations in the XRF spectra between different gallium doped samples. Peaks are labeled
by elements they are associated with.

Vital to the manufacturing of our samples is lutetium. Shown in Figure 40 are the
three most distinct XRF spectra taken of two samples. One sample called p7731a was
manufactured with the p77a samples so it either has a z = 1.14 or z = 1.15. p7731a was
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an experiment to see if the films could still be used without having to remove the
gadolinium gallium garnet (GGG) substrate from beneath them. The distinctive profile of
the GGG substrate can be see in the p7731a bottom trend (in black) while the p7731a top
trend (in red) shows the same XRF spectra as seen in most of our samples in Figure 39.
The other sample in Figure 40 was a non-conforming material provided by the
manufacturer for non-vital, destructive garnet tests. From the XRF spectrum we can see
the non-conforming sample (in blue) was rejected by the crystal grower for its distinct
lack of lutetium. While substitution of lutetium reduces the bismuth content and hence
the optical rotation, it can be seen in the next chapter how its absences can actually reduce
its sensitivity, due to the fine interplay between the film's magnetization and optics
characteristics.

Figure 40: Comparison of the XRF spectra between the sides of a garnet sample with its growth substrate
(black) still attached. Notice the strong presence of gadolinium in the substrate. The XRF spectra of the
non-conforming material sample (ncm, blue) is also shown.

From polarization microscopy imaging of a non-conforming material (“ncm”)
sample shown in Figure 41, we see the presence of lutetium is vital for forming uniform,
large domains, and its absence may lead to serpentine like domain structures. Though not
thoroughly studied in this paper, Wolfe et. al. 1992 found similar undulation like
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structures. As Wolfe et. al. 1992 found the undulations would disappear upon focusing
the microscope to the middle of the film, they blamed the undulations on surface
demagnetization effects that occur with thick magnetic films. Hence this may mean that
lutetium aids in the superexchange interaction mediated by the bismuth atom and allows
the exchange interaction to extend much further and more uniformly through the film
than without the lutetium present.

Figure 41: A polarization microscopy image of an ncm sample taken Apr 2015 with a 780nm beam
wavelength.

While a number of XRF spectra were taken of each sample, in two areas they
varied very little. For each sample an XRF spectrum was taken of both the top and
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bottom of the sample as shown in Figure 38. Largely no difference was noticed between
these top and bottom spectra for each gallium doped sample. However when a
quantitative XRF analysis was attempted it was noticed that even samples of varying
gallium content only varied on one side of the sample, while the other side of each
sample shared the same doping level between samples. This may be an indication that
variation in doping will propagate away from the growth substrate. The problem is
compounded further by the limitations of XRF with thick films as the X-Ray beam only
penetrates and reflects off the first few micrometers of the sample's surface, beyond
which different elements have different attenuation rates which can distort the XRF
spectra. Performing double crystal topography on a sample edge-wise as seen in Figure
42, we can see variations in the crystal structure near the surface of the film as opposed to
the middle. Unfortunately we were unable to perform any studies of this crystal interior
as it would require prolonged acid etching that would damage the polish of the film.
However this surface variation can describe many of the beam profile distortions that
were seen in some samples.
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Figure 42: Double crystal topograph of a garnet sample
(Qadri et. al. 2017).

Also within a sample's gallium doping group, the sample's XRF spectra were
largely in agreement, as shown in Figure 43 where a sample of p55 and p78 are compared
which both have the same gallium doping level of z = 1.0.

Figure 43: A comparison of each side of the p55 (red, green) and p78 (blue, black) class samples showing
similar XRF spectra.
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The vital differences between XRF spectra were noticed when comparing gallium
doping content as shown in Figure 39. Here we see a trend in the reduction of iron
content with increasing gallium doping. The only sample that bucks this trend is
p77a32a, however on closer inspection we can see p77a32a has a lesser lutetium content
than the other samples, though this does not agree with the bismuth content which
appears uniform over all samples. Again, the other major difference here is in the
gadolinium peak, which appears present in p55 and p77-3 but not in the p77a samples.
Unfortunately we could not perform a quantitative XRF analysis of our data as it
requires the immediate comparison to reference samples of pure elemental content and
similar lattice structures using the same XRF equipment. However a cursory study can
be made of the doping content through peak fitting and basing it off the known chemical
formula in Text 33. Here we assume the content ratio within either the rare-earth site or
the iron site remains constant and independent of the other. Using this knowledge we
developed Table 9 for the doping values for two samples, p55 and p77-3. The table
reports the elemental content as a ratio in either the rare-earth or iron site. Multiplying by
the chemical formula for each of those sites with Text 33, we get the bismuth and gallium
content listed in the bottom rows as “x” and “z”.
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Table 9: XRF fits of the samples in Figure 39 done
by Qadri. Atomic formula units in reference to Text
33.

Bi
Lu
Fe
Ga
x
z

p55
p55
p77-3
p77-3
top
bottom bottom top
0.57
0.57
0.57
0.63 x3
0.43
0.43
0.43
0.37 x3
0.58
0.61
0.61
0.47 x5
0.42
0.39
0.39
0.53 x5
1.71
1.71
1.71
1.89
2.1
1.95
1.95
2.65

Unfortunately we see the gallium content is nearly double that of what the crystal
grower reported, however the validity of these numbers is based on Mid Zc spectrum data
so they may be exaggerated from what they really are. What we do see though is how
one side of these two different samples is identical to the other, but the elemental content
variation occurs away from this side. Again this suggests that the doping content during
crystal growth migrates away from the substrate toward the exposed side of the melt.
With these fits we also see that the gadolinium content is so low that it is negligible.
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4.2

X-Ray Diffraction (XRD)

Figure 44: A unit cell diagram for a rare-earth garnet (Geller, 1978).

The shape of our garnet lattice corresponds with the unit cell shown in Figure 44
(Geller, 1978). Here we see the tetrahedral and octahedral iron lattices sharing an oxygen
ion with the dodecahedral rare-earth lattice. The lattice constant of our garnets was found
to be 12.37 Angstrom (Qadri et. al., 2017). The crystal structure our garnets correspond
with is the Ia3d lattice group, with the unit cell being arranged as depicted in Figure 45
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(Dutch, 2017), with (a) being along one lattice axis and (b) showing a relief image of the
lattice. In a much more literal perspective we can picture our garnet lattice as resembling
that seen in Figure 46 (Suchomski et. al. 2013). Here the dots represents the placement of
the oxygen atoms (red), the iron atoms (white), and the rare-earth atoms (black).

Figure 45: The orientation of the unit cell of a rare-earth garnet throughout its lattice, as it is part of the
Ia3d lattice group (Dutch, 2017).

The main tool to study the lattice and crystal structure of our garnets is through XRay Diffraction (XRD). This is a subset of X-Ray analysis techniques that is frequently
used when studying materials. Here a beam is directed at the sample and the beam's
reflected, scattered, and diffracted beams are studied to build a picture of the sample
through Bragg's Law. The beam consists of X-Rays as their wavelength corresponds with
the separation between atoms in the material. Figure 47 displays how the laboratory
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frame in real space is translated to reciprocal space as the image of the diffracted beam is
projected onto the detector (Sardela, 2008).

Figure 46: A 3-dimensional model of the garnet lattice with the two iron lattice indicated in white and the
rare-earth lattice indicated in black (Suchomski et. al. 2013).
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Here two angles are scanned, the 2θ angle and the ω angle. The 2θ angle
refers to the position of the detector about the sample relative to the incident beam. The

ω angle is known as the “rocking curve” and refers to the angle of the sample relative
to the incident beam while the detector's position remains fixed. The ω angle can
yield information related to defects and material quality. The final scan is the 2 θ/ω
angle (or here labeled 2θ /θ ) where the detector is radial extended away or toward the
sample. The 2θ /ω angle yields information on phase, grain size, unit cell
determination, and lattice distortion or the sample.

Figure 47: How each reading is taken in X-Ray Diffraction (XRD) (Sardela, 2008).
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An example of these scans is shown for sample p55 in Figure 48 for the 2 θ/θ
angle and for the rocking curve ω in Figure 49. For the other gallium doped samples,
these two XRD profile types of the 2θ /θ and ω angles were just as similar to each
other as they are seen here with p55, so only the 2θ /θ graph is reported for each
sample here. Most important is the peak location in the 2θ /θ of 59.82 degrees for
p55, which directly corresponds to a lattice of Miller index (008) as expected with
garnets. The thin peaks in these two graphs indicate a very ordered crystal lattice
structure.

Figure 48: XRD profile of the scattering vector of p55.
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Figure 49: XRD profile of the Rocking Curve of p55.

Unfortunately these XRD scans were done before the domain pattern difference in
p55-no-d, p55-d, and p78 were discovered, so any inter-sample variation is unknown.
However data from the p77a32 samples that were cut from the same wafer suggests
internal variations amongst sample groups. This is demonstrated in Figure 50 for
p77a32a and Figure 51 for p77a32c. The other lettered samples have profiles resembling
Figure 50, however p77a32c shows a great deal of disorder in its crystal structure as
displayed by the larger width of its profile's full-width half-maxima (FWHM). Generally
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the assessment was that the p77a32 samples had a disordered crystal structure, though
this disorder appears largely limited to sample p77a32c. No correlation could be seen
between each sample's polarization microscopy images or its hysteresis curves with these
XRD results.

Figure 50: XRD profile of the scattering vector of p77a32a.
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Figure 51: XRD profile of the scattering vector of p77a32c.

It remains unknown whether a disordered crystal structure is associated with
gallium doping. The samples of p77a28 showed very well define XRD profiles as shown
in Figure 52 for p77a28d with a narrow XRD peak. p77a28c has an even narrower peak
indicating a very ordered crystal structure amongst the p77a28 samples. This lead to the
general assessment that p77a28 samples are ordered crystals, though p77a28b was never
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imaged with XRD. However at higher gallium doping levels the garnet crystal becomes
disordered again as seen in Figure 53 for p77-3, even showing a bi-modal XRD peak.

Figure 52: XRD profile of the scattering vector of p77a28d.
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Figure 53: XRD profile of the scattering vector of p77-3.

A visible form of defects in garnets that can be seen with the naked eye are called
“misfits”. As an example a close up of a misfit is shown using a traditional optical
microscope in Figure 54. Its four-leaf clover pattern is indicative of the garnet's (008)
Miller index. The “misfits” are defects formed by grains trapped in the crystal during
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crystal growth, which lead the surrounding lattice to compromise into the pattern shown
in Figure 54. Typically they are visible on the surface of the crystal and can appear in
groups up to 20 scattered across the surface of the crystal. The only samples that tended
to have misfits present were the p77a32 and some of the p78 samples. Through
observation by polarization microscopy, no interaction could be distinguished with the
“misfits” and the domain wall. They are not known to affect the Faraday rotation
negatively, however their presence in the beam path can lead to beam profile distortion
and increases the effective insertion loss of the film. Therefore when at all possible,
samples with misfits present in the way of the beam path were typically avoided.
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Figure 54: A microscopy image of a misfit in p77a32c, taken in reflection mode in the visible spectrum
range.

4.3

Temperature compensation point.
Another material parameter of interest is the occurrence of a temperature

compensation point in some samples. Typically a magnetic material is marked by its
Curie temperature ( T Curie ), being a high temperature at which the exchange interaction
between magnetic moments breaks down and a coherent magnetization can no longer
form. At cooler temperatures this has the opposite effect of promoting the exchange
interaction and allowing a material to achieve is full coherent magnetic moment.
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For a ferrimagnetic material, there is a brief point along its temperature curve
where it can assume an anti-ferromagnetic state. This is what is referred to as the
temperature compensation point ( T comp ) and is indicated in Figure 55. Here the
octahedral iron lattice's magnetic moment is anti-ferromagnetically coupled to the
tetrahedral iron lattice's magnetic moment, there by subtracting each others magnetic
moment macroscopically. In Figure 55 the rare-earth dodecahedral lattice (typically the
bismuth or lutetium dopant) is ferromagnetically coupled to the octahedral iron lattice.
Adding the magnetization of each lattice, how the net magnetic moment strength and its
sign is determined with variation of temperature.
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Figure 55: The expected temperature dependency of the
magnetization for the iron lattices (octahedral and
tetrahedral) and the rare-earth lattice (dodecahedral)
(Paroli, 1984). Adding the magnetizations together yields
the temperature compensation point.

While vibrating sample magnetometry (VSM) allows for studying the net
magnetic moment with temperature, it does not yield much information on the sign of the
magnetization, but does permit observation of the temperature compensation point.
Figure 56 shows VSM data with temperature for three of our samples, p55 (z = 1.0),
p77a32 (z = 1.14), and p77-3 (1.35). Here we do not see a temperature compensation
point in p55, but see a well defined one in p77-3 at 260 Kelvin. While p77a32 shows
signs of a temperature compensation point, it never quite reaches a true antiferromagnetic state.
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Figure 56: VSM of each samples magnetization versus temperature for p55, p77a32, and p77-3, taken Feb
2016.

An attempt was made to replot this temperature dependency, but using MagnetioOptic techniques of recording the sign of the Faraday rotation with applied magnetic
field. Here a cryostat, or “cold head” or “cold finger” was used to cool the sample down
from room temperature to 15 Kelvin. The setup consisted of a cryostat with an optical
feed through for the beam. Viewing the cryostat setup from below in Figure 57, the
sample was mounted to a sapphire rod. On the sapphire rod was also a polarizing pair of
Corning ® polarizer films set at θ0 = 45 degrees to each other and designed for use
with a 1550nm beam wavelength. This was necessary as the sapphire windows of the
cryostat appeared to dull the Malus curve of the beam passing through it, therefore
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lowering the sensitivity of the MO sample. Once mounted and encased in the cryostat,
the setup was used in Figure 58 (as viewed from above) and Figure 59 (as viewed from
the side) to both measure the Faraday rotation and insure the sample was in the beam
path. A pulsed magnetic field source was used to generate a 3ms wide pulse of nearly
half a Tesla field strength. The Faraday rotation (FR) saturation angle was then recorded
with temperature and normalized by its room temperature Kundt constant to report the
rotation as a function of the magnetization rotation value in the beam path.

Figure 57: The cross-section inside the cryostat jacket, as viewed from above the sapphire rod top and the
sample (in yellow).
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Using the convention from Helseth et. al. 2001, the Faraday rotation is considered
negative if it is levorotatory and octahedral dominant at room temperature; in terms of the
greater magnetization between the two iron lattices. The VSM data in Figure 56 was then
plotted to match this sign and any suspected reversal of the sign in magnetization. Figure
60 shows both this VSM and FR saturation angle data plotted together as a function of
magnetization over temperature for the p55 sample. Here we immediately see that there
is no visible compensation point even below 100 Kelvin and that the film remains
octahedral dominant.

Figure 58: The experimental setup for the cryostat outside relative to Figure 57.

139

To fit the magnetization temperature dependency in Figure 60 for p55, two
relations are used to primarily model the iron lattices and the rare-earth lattice. For the
iron lattices it is assumed its magnetization follows the relation

M iron(T <T Curie) ∝(M d 0−M a 0)(T Curie−T )1/ 3
Text 34

Which is typical of ferromagnets (Ashcroft and Mermin, 1976). Here the relation
between each separate iron lattice is neglected as they exhibit the same trend curve as
seen in Figure 55, and as no compensation point occurs the film remains octahedral
dominant at all temperatures. Therefore only M d 0−M a 0 is fitted for in the “d-a” trend,
where “d” refers to the tetrahedral lattice and “a” refers to the octahedral lattice.

Figure 59: The experimental setup as viewed from the side of Figure 58.
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For the rare-earth site, its magnetization is known to have an inverse temperature
dependency as depicted in Figure 55.

M rare−earth (T <T Curie )∝

M c0
T

This is plotted in Figure 60 as the “c” trend. The reduction in the magnetization at below
100 Kelvin temperature is largely believed to be due to the rare-earth trend line.

Figure 60: The magnetization of p55 as a function of temperature. Red symbols are VSM data and blue
symbols are cryostat data taken of the saturation angle, normalized by its tanh saturation field.
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Unlike p55, p77-3 showed a distinct compensation point where the sign of its
Faraday rotation fully reversed at 260 Kelvin as seen in Figure 61. Below this the trends
of the VSM and FR saturation angle seemingly separate, with the FR saturation angle
separating in such a way that would suggest the rare-earth magnetization no longer plays
a role in determining the net magnetization. We then set the rare-earth magnetization
function

M c ( T ) to be zero either above the Curie temperature or below the

compensation point ( T comp ). Between the Curie temperature and compensation point,
the rare-earth site follows the function

M c ( T )∝

(T Curie−T )
T

2

To model the iron sites, the octahedral site function
Text 34. The tetrahedral site function

M d (T )

M c0

M a (T ) uses the same relation in

uses the same function as Text 34 but

with the Curie temperature T Curie replaced with the compensation point T comp . The
M d (T ) function is also set to zero any where but below the compensation point. This
was necessary to model the cross over at the compensation point while accounting for the
absence of the rare-earth site below the compensation point. The absence of the rareearth trend below the compensation point in the FR saturation angle data may indicate the
rare-earth site's magnetization no longer plays a role in the optical activity of the sample,
though still continues to affect the overall magnetization of the film.. When fitting the

142

M d 0 and

M a 0 in this manner, their values were found to be 21 G/K^{1/3} and 12

G/K^{1/3} respectively.

Figure 61: The magnetization of p77-3 as a function of temperature. Blue symbols are VSM data and
orange symbols are cryostat data taken of the saturation angle, normalized by its tanh saturation field.

Unfortunately this study did not have time to perform the same study on p77a32
or p77a28. Additionally preforming a sub-Gauss Faraday rotation study at these varying
temperatures would be difficult due to how close the measurement must be made to the
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noise level and the time required to make the measurement. Additionally the vibration of
the cryostat pump itself and the drifting in position of the sample alignment in the beam
path made such delicate observations difficult.
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CHAPTER 5

5 SPECTRA

The primary purpose of this study was to determine the optimal beam wavelength
to use with the MO sensor. Generally the garnets show a diamagnetic wavelength
dependence where the optical rotation increases with shorter beam wavelengths. An
approximation of the wavelength dependency goes as

2

θ FR=θ N

λ0 λ
2

2
2 2

(λ −λ 0)

Text 35

Where λ 0 is the wavelength of the optical transition at resonance and θ N is related
to the active ion density of the electrons participating in the optical rotation. The full
diamagnetic wavelength dependency is shown in Figure 62 which is directly due to the
energy level splitting in spin states occurring only in the excited state and not the ground
state.

145

Figure 62: The diamagnetic wavelength
dependency of the Faraday rotation saturation
angle over beam wavelength (Scott and Lacklison,
1976).

In our spectra data we could not see the change in Faraday rotation sign as seen in
Figure 62 as this transition occurs well into the ultraviolet range. Here the iron atoms
begin absorbing the near infrared photons and the insertion loss or transmittance through
the crystal begins to rapidly decrease. This absorption curve is characterized by a spike
in absorption at 980nm, followed by a brief window at 780nm where the insertion loss
minimizes to 20 dB before skyrocketing as shown in Figure 63. As the attenuation goes
as e−α L with sample thickness

L , this effect is magnified in our relatively thick
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samples grown by liquid phase epitaxial growth (LPE), where as most spectral studies
use micrometer thick samples grown by pulse laser deposition (PLD).

Figure 63: The expected absorption spectra for
YIGs (Shinagawa, 2000).

The drive of our study was to determine how sensitivity varies with beam
wavelength and sample thickness to determine the best beam wavelength and optimal
thickness to use for our MO sensor. We discovered additional problems while
determining these optimal lengths. These problems relate to the minimum noise level
capable of current laser source as well as the presence of polarization incoherence that
can occur with even partially canted out-of-plane magnetizations at zero applied magnetic
field.
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In an attempt to address the first problem, we built a spectrometer entirely out of
laser diodes. Laser diodes are solid state lasers consisting of a chip with varying layers
such that when an electric current is passed through them, coherent light emerges from
the edge of the chip where the layers are exposed. In terms of power fluctuations and
polarization stability, laser diodes have the best performance compared to other laser
sources. However laser diodes typically emit low powers around 20mW. Higher
powered laser diodes are available, but these typically are stacks of individual chip laser
diodes and can exhibit a much larger noise level compared to a single chip diode, not to
mention exhibiting less polarization coherence due to the presences of multiple sources.
Assembling such a spectrometer is difficult as a continuous wavelength selection of laser
diodes is not available in industry, and typically have varying power and noise levels
between wavelengths. Fortunately germanium based photodetectors are capable of power
amplification allowing for some consistency when using the spectrometer with varying
laser diode powers, insertion loss spectra, and samples.
In this chapter we discuss our garnets' insertion loss spectra, their Faraday rotation
(FR) saturation angle spectra, and their “Kundt” spectra. Unlike typical FR spectra
studies, here we distinguish a difference between the FR saturation angle spectra and the
“Kundt” spectra. Typical FR spectra studies measure the FR saturation angle θ sat with
beam wavelength, applying near Tesla strength fields in order to align the magnetization
parallel with the beam path. They then estimate the sensitivity based on the saturating
magnetic field as
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K=

Where here

θ sat
M sat L

K refers to the Kundt constant. However after discovering Barkhausen

jumps in one of our samples, we determined that the best approach was to directly
measure the Kundt constant at the weakest possible applied magnetic field in order to
determine the sample's true sensitivity for low-strength magnetic field detection. These
measurements typically involved applying sub-Gauss magnetic field strengths and are
either referred to here as sub-Gauss spectra or “Kundt” spectra. In this manner we can
determine the true Kundt constant with applied field

K=

And get a sense of the true anisotropy field

H as

θF
HL

H a of the magnetization relevant to our

application.
Studying Kundt spectra at large fields can also have a disruptive effect on the
magnetization as shown in studies by Valiev et. al. 1983 where garnet samples were
studied in very large strength magnetic fields. While here we approximate the energy
level splitting as remaining fixed with applied field (thus emphasizing the importance of
determining the anisotropy field), at very large magnetic fields this energy level splitting
between spin states can become affected, leading to changes in the FR optical rotation
with magnetic field strength.
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In this chapter we will show that our garnets' insertion loss spectra resemble the
spectra expected for garnets. We will also show that the saturation angle for all of our
garnets are also similar and fit the expected theoretical model as well as the simple
diamagnetic model. Finally, we will show their sub-Gauss Kundt spectra exhibits a
similar trend to the diamagnetic model. However we will find even at sub-Gauss fields,
p77-3 exhibits a consistent doubling in its Kundt constant over the other samples, though
this doubling can disappear if the samples are tilted with respect to beam and field. We
will show that this doubling in p77-3 is not optically related, but solely related to its
anisotropy field, its magnetization, and domain dynamics exhibited even at weak subGauss magnetic field strengths.
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5.1

Insertion loss spectra.

Figure 64: The expected insertion loss or absorption spectra of rare-earth doped garnets (Wood and
Remeika, 1967) plotted with data from a non-AR coated p55 sample.

We used a simple procedure to measure insertion loss by inserting the sample in
and out of the beam path, with the film's normal parallel to the beam vector. For large
samples this was fairly easy, but small ones required a special aperture setup to insure the
beam would not spill over the sample. Additionally the measurement was difficult due to
the wildly different beam powers and thickness of each sample, but this was compensated
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for using an adjustable gain photodetector to make up for lower power transmitted beams.
However errors in the data tend to emerge toward the blue color end of the spectrum as
the beam becomes rapidly extinguished by the sample's absorption. Toward the infrared
end, the data is easy to gather unless it has anti-reflection (AR) coating. This AR coating
increases transmission to near 99%, with some readings appearing over 100% if the
sample's frame distorts the beam, though this can be dealt with as long as the beam's
cross section is made much smaller relative to the sample's size.

Figure 65: Comparing the insertion loss spectra over gallium doping for non-AR coated samples.
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The absorption spectra of yttrium iron garnets (YIGs) were studied early in the
development of garnets. Shown in Figure 64 is data from Wood and Remeika, 1967 of
the expected absorption profile of garnets. Here it is compared to a non-AR coated
version of p55 (nonARp55), showing a near similar trend to the expected Wood and
Remeika, 1967 data. This trend repeats across sample thickness and gallium doping level
as seen in Figure 65 and Figure 66. Even without lutetium our samples resemble the
expected absorption spectrum as shown in Figure 67.

Figure 66: Comparing the insertion loss spectra over gallium doping for samples AR coated for 1550nm
beam wavelengths.
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Figure 67: Comparing the insertion loss spectra for the non-conforming material (ncm) sample with a
commercial garnet (Matesy D).

We found that AR-coating had the largest effect on the absorption spectrum,
though this is not easily seen in Figure 68. This spectrum plot is based on the traditional
definition for the attenuation coefficient α as

P( L)=P0 e−α L
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Where the transmittance T that we measure is defined as T =P( L) /P0 . We
observed a dramatic difference in absorption from AR-coating on the transmission
spectrum when we plotted T directly as shown in Figure 69.

Figure 68: Comparing the insertion loss spectra for a non-AR coated p55 class sample with one AR coated
for a 1550nm beam wavelength.
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Figure 69: Comparing the raw transmittance ratio spectra from Figure 68 for a non-AR coated p55 class
sample with one AR coated for a 1550nm beam wavelength.

AR-coating is a technique where thin layers of varying index of refraction allow
for near lossless transmission to take place across the interface of the material (Franklin,
2005, p. 285). This is especially advantageous for our MO probe design where multiple
in-plane films are stacked together, thus preventing internal reflection from occurring
between the interface of separate layers that would lead to incoherence in the polarization
rotation. However the AR-coating must be selected for a specific beam wavelength,
otherwise the effect of the AR coating is diminished at a different beam wavelengths and
the AR coating itself can cause polarization incoherence with increases stacking length.
As derived in the OPTICS chapter, the optimal length of the sensor is dependent on both
the optical rotation and the absorption coefficient through
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L= δαθ tanθ 0
Text 36

In practice because of the logarithmic dependency of the absorption coefficient α , it
typically over shadows any advantages offered by the optical rotation δ θ . Plotting the
inverse of α , we can see the optimal length of the MO probe for any beam wavelength
as shown in Figure 70. However this plot magnifies the measurement errors that occur in
the near-infrared due to the variations in beam power during the measurement.

Figure 70: Comparing the inverse of the insertion loss spectra from Figure 68 for a non-AR coated p55
class sample with one AR coated for a 1550nm beam wavelength.
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In Figure 70 we plotted the optimal sensor length spectra of the non-AR coated
p55 (nonARp55) and an average of two AR-coated versions of p55 (p55 and p78) for a
1550nm beam wavelength. As some samples did or did not come with AR coating, two
separate plots were made where Figure 65 shows the samples that were uncoated (UU)
and Figure 66 shows the samples that were AR coated for 1550nm. While Figure 70
predicts a possible MO sensor to be 10mm long, in practice stacks up to 4mm can only be
built before other effects begin to affect sensitivity. Our data in Figure 70 indicates that
1220nm is the lowest wavelength that can be used before insertion loss begins to reduce
sensitivity. A final verdict will come when Text 36 is plotted, however this result is
difficult to see due to the logarithmic nature of the absorption coefficient and the large
amount of noise that occurs toward the near-infrared spectrum.

5.2

Saturation angle spectra.
The traditional means of studying the Faraday rotation of a garnet material was

through its saturation angle; the angle at which the Faraday effect ceases and the optical
polarization rotation remains constant no matter how much further the magnetic field
strength is increased. This corresponds with the moment that the magnetization of the
garnet is perfectly parallel with the magnetic field and beam vector. Typically such
measurements involve large fields of 0.2 to 1 Tesla, are DC or static in applied frequency,
and whose volume homogeneity is neglected due to the need for applying a strong
magnetic field.
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In our lab we could not produce Tesla order fields, but we used two field sources
that could produce near 0.5 Tesla. One was a rare-earth permanent magnet of a square
planar shape capable of nearly 0.5 Tesla fields near the surface of the magnet. This was
moved near and away from the samples to first study the MO effect, with a coarse
fluxgate to measure the field near the sample. While strong, the magnet exhibited fringe
effects due to its surface geometry that made it unreliable for applying fields of
continuous strength.
On the opposite end, generating a strong magnetic field requires a large amount of
electric current that can lead to arcing or Joule heating of the wire. This can be
compensated by increasing the wire loop count around the field application area, though
this comes at the cost of increasing resistance through the wire and increasing its
inductance effect. Instead, we used a low gauge wire loop attached to a capacitor to
generate a pulsed magnetic field of nearly 0.4 Tesla. The pulse width was typically 2ms
and was inspected by both a coarse fluxgate and a low-turn count solenoid known as a “B
dot” sensor. A “B dot” sensor measures the time derivative of the pulsed field through
inductance. While the coarse fluxgate was reliable for measuring the strength of the peak
field, its time response at the rise of the pulse could not be trusted due to the much lower
frequency bandwidth offered by fluxgates.
Using the pulsed field source to measure the saturation angle, we placed the
sample as close as possible to the field source, with the magnetic field's vector parallel
with the beam vector and sample normal. We placed the coarse fluxgate near the sample
in order to measure the field. The Faraday rotation was then studied to insure it had
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reached its saturation level, which appeared on the oscilloscope as a plateauing of the
pulse peak. We then compared this with the DC level of the beam power and the optical
rotation measured. In a few cases for thick films like p55, the optical rotation could
exceed 45 degrees and the MO probe would trace part of the Malus curve's profile. We
noted where the measurement's optical rotation exceeded 45 degrees and normalized the
power measurements according to Malus's Law.

Figure 71: The thickness normalized Faraday rotation saturation angle spectra versus gallium doping
level.
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Figure 71 shows the saturation angle spectra of three different gallium doped
samples, p55 (z = 1.0), p77a28d (z = 1.15), and p77-3 (z = 1.35). All are normalized by
the thickness

L of their samples. Here we see little variation in the saturation angle

spectrum with gallium doping. However not shown is the magnetic field required for
saturation, which for p55 was typically 300 G and for p77-3 was 30 G. While VSM
indicated p77a28d should have a saturating field like p77-3, its saturating field more
often required one approaching p55's where p77a28d would display hysteresis curves
with large coercivity.
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Figure 72: The Faraday rotation saturation angle versus beam wavelength, plotted in the manner of Text
37.
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As predicted by Text 35, the saturation angle follows an inverse square
dependency on the beam wavelength. This equation was first proposed by Crossley et. al.
1969 as an approximation to the diamagnetic model where the sample is studied far from
its resonance peak at λ 0 . Linearizing Text 35 we get

λ =( λ2−λ2 ) 1
0
θ
λ 0 √ θN
√ FR
Text 37

In order to fit the plot to a linear trend line as seen in Figure 72. Here we see in the
highest gallium doped sample p77-3 a slight depression in its saturation angle throughout
the spectrum. This depression in the saturation angle spectrum of p77-3 is expected due
to its higher gallium doping content. Using the slope and the y-intercept, Text 37 is used
to calculate the main parameters in Text 35 related to the active ion density
resonance peak λ 0 as presented in Table 10.

Table 10: The fitted parameters from Figure 72 and corresponding
parameters for Text 37.

p55
p77-3

slope

-y intercept

3.53
3.76

1.1
0.809
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theta_N / L
[deg/um]
0.258
0.329

lambda_0
[um]
0.557
0.464

N and the

The shortfall of the single-line transition model in Text 35 of the diamagnetic
dependency shown in Figure 62 is that it does not model the flipping of the optical
rotation sign near the true resonance peak corresponding with the center of the energy
level splitting. Dionne and Allen, 1993 used less approximations of the diamagnetic
model to generate the equation for the FR saturation angle as

{

2

2

2

2

2

2

θ sat π e 2(ℏ ω)2
Ni f i
(ωi +Δi ) −ω −Γi
(ωi−Δi) −ω −Γ i
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∑
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ℏ
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[(ωi−Δi )2−ω2 +Γ 2i ] 2+ 4 ω2 Γ2i
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i

}

Text 38

Here the wavelength of the beam is inputted as the energy of the photon ω in units of
electron Volts. The summation is composed of two terms representing the tetrahedral iron
lattice “d” and the octahedral iron lattice “a”. Inside the summation each lattice has three
parameters, Δi , ωi , and Γi which represent the energy level splitting, the
resonance energy of the transition, and the half-line width of the transition, respectively.
Here we reuse the same parameter values as presented in Helseth et. al. 2001 for the
energy level related parameters. The value of these energy level related parameters are
largely the subject of theoretical debate.
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Table 11: The parameters used for the plot in Figure 74
(Helseth et. al. 2001).

a
d
N_i f_i 1.17E+023 -2.66E+022
Δ_i
0.27
0.11
ω_i
3.15
2.51
Γ_i
0.47
0.38

[cm^-3]
[eV]

Each lattice has its own active ion density N and its own oscillator strength
f i , though these parameters are coupled as they are difficult to measure individually.

Generally these two parameters combine to represent the inverse cube of the lattice
constant a0 as

3
N i f i=1/a 0 . Here we use the same values as used by Helseth et. al.

2001 for their “Sample 1”, however Helseth et. al. presents these as normalized by the
bismuth doping value

x . Relying on our crude XRF fits, we use a

adjusting these parameters to our samples as presented in Table 11.
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x = 0.683 for

Figure 73: A demonstration that we can repeat the model (right) from Helseth et. al. 2001 (left) using Text
38.

With the parameters in Table 11, we are able to reproduce Helseth et. al. 2001
results as seen in Figure 73. Here Helseth et. al.'s result in the ultraviolet range is directly
compared to our own calculation, demonstrating congruence in our reproduction.
However instead of using the scaling as dictated by fundamental parameters in Gaussian
units, we had to use our own scaling factor as presented in Table 12 for the amplitude to
agree with Helseth et. al.'s result. This result differs from the scaling factor as predicted
by the fundamental parameters by (10^3)/3.
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Table 12: The bismuth doping level
and index of refraction used in
calculating Figure 74. Also
comparing the theoretical scaling
factor with the actual scaling factor
that was required to repeat the results
in Figure 73.

x
0.683
n
2.5
h e^2 / 2 n m_e c 4.01E-20
scale factor
1.20E-22

Using the parameters in Table 12 and Table 11 as reproduced here from Helseth et.
al. 2001, we find the model of Text 38 fits our data rather well for the FR saturation angle
as seen in Figure 74 for p55. However it appears our data has a lower resonance energy
ω0 at a lower active ion density

N .
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Figure 74: A plot of Text 38 from the parameters of Table 11 and Table 12 with our thickness normalized
Faraday rotation saturation angle spectra for p55.

As a comparison, we also measured the FR saturation angles of our nonconforming material sample “ncm” and of a commercial MO sensor called “Matesy Type
D”. Here we see a substantial loss in the saturation angle magnitude with lack of
lutetium doping as seen with ncm sample in Figure 75. While the Matesy D exhibits less
insertion loss compared to our samples in Figure 67, it exhibits a much weaker saturation
angle that can only be seen toward the visible end of the spectrum and with the use of
rare-earth permanent magnets.
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Figure 75: The thickness normalized Faraday rotation saturation angle spectra for p55 compared to the
non-conforming material (ncm) sample and the commercial garnet (Matesy D).

5.3

Sub-gauss Faraday rotation spectra.
The standard formula for determining sensitivity S of garnets is the FR

saturation angle divided by the magnetization saturation,

S=

θsat
M sat
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Our approach, however, was to directly measure the Faraday rotation with an applied
magnetic field. By measuring the optical rotation θ FR in the MO material, our
sensitivity would then be reported as

S=

θ FR
H

Where as S is length normalized it is then referred to here as the Kundt constant, the
magnetic field normalized Faraday rotation.
Initially p77-3 appeared the most promising sample, exhibiting a sensitivity ten
times that of p55. But later, we observed Barkhausen jumps and found that the sensitivity
can depend on the strength of the magnetic field. As discussed in the DOMAIN
DYNAMICS chapter, we found that p77-3 exhibited much less sensitivity when subGauss strength magnetic fields are applied. The presence of Barkhausen jumps also
brought into doubt the reliability of the saturation angle, as the power level of the beam
could abruptly change with each Barkhausen jump, making the FR rotation due to applied
magnetic field appear larger than it really was. Thereafter, this discovery forced us to
study p77-3 at low strength magnetic fields to prevent the Barkhausen jumps from
appearing to enhance the measurement.
The magnetic field sensitivity measurement was the main impetus of our study
and thus went through the most iterations during our research. Originally we started with
a permanent half-Tesla magnet, but because of fringe effects we moved to small diameter
Helmholtz coils. While making the field more uniform, these were limited to 12 Volt
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source and required much resistance to prevent arcing from occurring, though near 300 G
fields could be generated in this manner. Later the pulse magnetic field source was used
to produce continuous strength readings by placing the field source at various distances
from the sample in order to produce maximum fields below the saturation angle.
The most troublesome source of error was power variation in the laser, especially
while taking a measurement. One strategy to improve repeatability was to use alternating
magnetic fields at a fixed oscillating frequency. While the Transverse Magnetic Field cell
is limitless in the frequencies it can go to, Helmholtz coils were more vulnerable to
inductance attenuation, which magnifies as wire loop count increases. Thus a move was
made to low-gauge, low turn count Helmholtz coils, but it was difficult to form very
uniform field volumes due to the troublesome stiff wire bends of low-gauge single wires.
This necessitated the need for Helmholtz coils with larger spatial volumes.
From here measurement techniques improved at the oscilloscope where averaging
and acquisition interval averaging could be used to reduce the noise level and take
advantage of the oscilloscope's GHz resolution. Latter a lock-in analyzer would be used
as both the electric current source and voltage detector of the MO signal from the
photodetectors. These techniques were vital in order to reach lower strength magnetic
fields while still being able to observe the Faraday rotation confidently. Eventually such
techniques gave a platform to increases the radius of our Helmholtz coils to produce a
15cm wide uniform magnetic field, which was important as Barkhausen jumps were
found to be especially sensitive to fringe magnetic field effects.
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Figure 76: The thickness and magnetic field normalized Faraday rotation spectra for p77-3. The
“Barkhausen” data was taken with applied magnetic fields above 1 Gauss, while the sub-Gauss data was
taken below 1 Gauss where no Barkhausen jumps could be witnessed.

Figure 76 shows the vast difference in the magnetic field normalized Faraday
rotation (or Kundt constant,

K ) of p77-3 at magnetic fields above 1 G versus magnetic

fields below 1 G (at “sub-Gauss”). p77-3 also posed additional challenges when it
exhibited a well documented magnetic field dependent diffraction grating effect (Paroli,
1984) due to the presence of Bloch wall type domain walls in the film. These were later
accounted for by reducing the distance from sample to photodetector and using
photodetectors with a large active sensing area. When we used lower magnetic field
strengths the diffraction grating effect became less pronounced and could be ignored.
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Figure 77: The sub-Gauss Faraday rotation or Kundt spectra over gallium doping. Here the film normal
is parallel to the beam and field.

Figure 77 shows the sub-Gauss FR spectrum with varying gallium doping levels
of z = 1.0, 1.14, 1.15, and 1.35 for samples p55-no-d, p77a32a, p77a28c, and p77-3
respectively. Here for doping levels between z = 1.0 to 1.15 the sub-Gauss FR spectrum
largely remains the same and exhibits the same diamagnetic wavelength dependency that
the saturation angle exhibits. Applying the same equation used in Text 37, we replace
θ FR with

K and θ N with

K N to acquire the linearized fit of two of the samples

as shown in Figure 78. Using the slope and y-intercept, we can determine the values of
these parameters as shown in Table 13. The physical meaning here of K N is not well
understood as the theory is not used in this manner, but it is believed to be a combination
of the optical rotation divided by the anisotropy field. Applying this hypothesis, we
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divide the saturation angle θ sat by this measured sub-Gauss Kundt constant to get
Figure 79. Plotted over the photon energy of their spectra, we see that p77-3 has an
anisotropy field a third to a fourth less than that of the other lower gallium doped
samples, yet remains constant over its probe beam spectrum.

Figure 78: A linear plot of the sub-Gauss Faraday rotation using the model from Text 37.

Table 13: The fitted parameters for the data in Figure 78 using the model in
Text 37.

p55
p77-3

slope

y-intercept

460
277

79.1
28.2
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K_N
[rad/G*m]
27.5
128

λ_0
[um]
415
319

Figure 79: The normalized Faraday rotation saturation angle spectra divided by the sub-Gauss Faraday
rotation spectra.

While the other samples exhibit the same sensitivity spectra in Figure 77, p77-3
still displays a doubling in its sensitivity throughout its spectrum over the other samples.
From Figure 79 we can infer this is due to p77-3's anisotropy field as its saturation angle
is similar to the other samples as shown in Figure 71. However due to how Barkhausen
jumps can increase the optical rotation, this would not make the saturation angle a
reliable indicator of the true Faraday rotation of the material. Inspired by the dampening
study done in Garzarella et. al. 2015, OSA, we tilted our samples along one planar axis to
a 45 degree angle with the beam and magnetic field vector and plotted their sensitivity
spectra as shown in Figure 80. While the p77-3 sample continues to remain dominate,
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there is a distinct change in the sensitivity of the z = 1.0 and z = 1.14 samples, while z =
1.15 appears unchanged. One correlating factor here is that p77a28 tends to have very
large domains that exhibit very little domain wall motion, suggesting that domain wall
motion is responsible for p77-3's enhancement in Figure 77.

Figure 80: The sub-Gauss Faraday rotation or Kundt spectra over gallium doping. Here the film's normal
is at a 45 degree angle to the beam and magnetic field.

While the discovery of p77-3 doubling in its sensitivity is favorable over the other
samples, this comes at the cost of dealing not with an in-plane film, but one with its
magnetization canted to the plane of the film. This with the presence of domains
contributes to an effect we have called polarization incoherence, where the polarization
vector of the beam looses its coherence after passing through a MO stack of multiple
layers, with the effect multiplying with layer number (Garzarella et. al. 2015, APL).
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Figure 81: The Kundt spectra from Figure 77 times the optimal length spectra from Figure 70. Here the
use with and without AR coating for a 1550nm beam wavelength is compared.

Combining the results of Figure 70 and Figure 77, we can plot the spectrum for
Text 36 of the optimal MO probe stack length as shown in Figure 81. Here we plot only
for an in-plane film like p55 where polarization incoherence is minimal. As was warned
with Figure 70, the logarithmic function of the absorption coefficient dominates the
sensitivity function, with the AR coated sample showing greater rotation rates on the
order of 20 to 40 milli radians per Gauss (despite the AR coating only being designed for
1550nm beam wavelengths). In practice however, our best MO stacks can achieve a 100
millirad per Gauss rotation rate. This is due to a demagnetization effect that comes with
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stacking the films as reported in Garzarella et. al. 2016, 241101, where the initial planar
shape of the stack turns into a rod like geometry with increasing stack length.

Figure 82: The sub-Gauss Faraday rotation spectrum of p55-no-d compared with the non-standard
samples.
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CHAPTER 6

6 DOMAIN DYNAMICS

As the exchange interaction and demagnetization are counter-interacting forces,
the anisotropy axis is left largely to determine domain shape, size, and orientation relative
to the surface of the film. This balance of power is disrupted however when a magnetic
field is applied to the material.
Within a domain, the dominating relation on the magnetization orientation with
applied field is

M ×H =−M ×H e
Text 39

Where

H e is the effective “field” of the anisotropy or easy axis. This relation remains

linear at weak and alternating magnetic fields from a static magnetic field (DC) upto a 1
GHz alternating magnetic field. This upper frequency limit is related to the
ferromagnetic resonance of the electron spin moments that participate in the MO
interaction. However of all the field dependencies of the domains, the exchange
interaction has the highest and flattest frequency response (or bandwidth) of all the other
field dependent components.
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Figure 83: The alternating magnetic field frequency dependency of p55/p78 (IP) and p77-3 (OP)
(Garzarella et. al. 2015, OSA).

The demagnetization force will continue to maintain closed magnetic field lines
within the material, though an applied magnetic field can relax or alter these conditions
such that the domain pattern can drastically change away from the anisotropy field. This
is where the homogeneity and volume of the magnetic field become drastically important,
as the field lines within the material will be free to extend outside the material but must
remain closed within the applied field and the material.
For a simple introductory model, we assume our applied magnetic field has a large
volume and is strictly homogeneous and unidirectional. The angle of applied magnetic
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field to the surface normal of the film, or

H⋅^n=H cos ϕH , is the key measurement of

our studies. While Vibrating Sample Magnetometry (VSM) can study the orientation of
M with field

H , it cannot study this dependency instantaneously in multiple

directions. The MO effect can, but only where the beam path intersects with the local
magnetization axis

M⋅k^

. From here an additional problem occurs in making a

photodetector small enough to detect the polarization rotation between an individual pair
of anti-parallel spin photons. This problem is confounded further by the possibility of
beam distortion that may occur with applied field. In the end, a large surface area
photodetector has to be used to collect a number of photon pairs that occupy the beam's
cross section, with the polarization rotation recorded either through a Wollaston or GlanThompson prism. Assuming that the beam is well collimated and smaller than the
photodetector cross section, we pretend to combine the analyzer prisms with the
photodetector to be a detector that can determine both the local beam power and
polarization orientation.
For an in-plane film where

^ n^ , we largely saw no difference across the
M ⊥ k∥

surface of them film as no polarization rotation takes place in zero applied magnetic field.
However for an out-of-plane film with two major domain orientations, a polarization
rotation of θ +F will occur after a “positive” labeled domain and a θ−F will occur after
the opposite “negative” domain. Ideally a multi-element photodetector could map these
individual rotations (as is done in polarization microscopy), but in reality a photodetector
is a single element that detects the total photo-current across the detector. As an example
for an analyzer set at θ0 = 45 degrees, one domain region of one orientation may lead
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to an increase intensity and the opposite region in a decrease in intensity. However the
photodetector can only report the sum total intensity across the cross section of the beam,
leading to the overall measurement

wb wb

∫∫ θ F ( x , y) dx dy=θmeasured
F
0 0

Text 40

Here

x and

y are the local coordinates along the photodetector and w b is the

width of the beam, where here we imagine a square beam profile to make the model
simpler as shown in Error: Reference source not found.
If a magnetic field is applied such that

H∥^n , inside the domains the torque

rotation in Text 39 will take place, leading to an MO effect as determined by

θ F=K L M⋅k^

However, as we have to integrate over the cross section of the beam to determine the net
rotation θmeasured
, the cross sectional area of the positive and negative domains must
F
also be determined. In such an applied magnetic field, the exchange interaction is being
favored over the demagnetization force, resulting in an increase in the area of positive
domains with

M

+

that are more closely aligned with
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H than

M

−

. This is an

important consequence of domain wall motion that can affect the overall sensitivity of the
apparent MO effect.
From here an important question needs to be asked. Does domain wall motion
occur independently of magnetization rotation with applied magnetic field? We first
address this problem theoretically in terms of a single domain, in-plane film and a multidomain, canted out-of-plane film. These two examples are selected as they model our
^ n^ .
p55-no-d and p77-3 samples very well. For both cases we assume here that k∥

Figure 84: The 2-dimensional coordinate system relative to the film plane used here (Garzarella et. al.
2015, OSA).

For a mono-domain, in-plane film, we can solve Text 39 for a single easy axis to
find

tan ϕM =

H sin ϕH + H e sin ϕe
H cos ϕH + H e cos ϕe
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Where each angle refers to the angle of the magnetization

M , the applied field

H ,

and the easy axis direction e relative to the normal of the film. Taking the derivative
of the Faraday rotation and approaching

H →0 with ϕH =0 . we find that

2

d θ F sin ϕe
1
=
K L M sat dH
He
Text 41

Text 41 represents ideally what measuring the sub-Gauss Faraday rotation response
would be. This is also the solution in the multi-domain case where only magnetization
rotation is occurring and no domain wall motion is taking place. For the in-plane case
ϕe = π ,
2

d θ ipF 1
1
=
K L M sat dH H e

For the canted case, ϕe = π , then
4

d θ canted
1
1
F
=
K L M sat dH
2 He
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Therefore ideally if both films shared the same Kundt constant and anisotropy field
strength, the canted film would appear to have half the sensitivity of the in-plane film.
From our data however, we see that the canted film actually has double the sensitivity
even at sub-Gauss fields.
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Figure 85: Polarization microscopy of p77-3 in various saturating magnetic fields. Left
column at one analyzer orientation for a 780nm beam wavelength and the right column at
another orientation across the extinction point of the polarizers. Middle right picture is
sample after a saturating field is removed.

From polarization microscopy, it was understood the canted film p77-3 is a multidomain film, with Bloch walls that appear to move linearly with applied field strength.
With this knowledge we attempt to construct a model for its sensitivity, assuming no
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magnetization rotation is taking place within the domain with applied magnetic field.
Here we assume a square beam profile of width w b . For simplicity, we orient the
domain walls to run parallel to the edge of the beam profile so we only have to integrate
over one dimension, as seen in Figure 86. Then from Text 40

wb

θmeasured
=
F

1
θ( x ) dx
wb ∫
0

As the sample is multi-domain with an out-of-plane component, the neighboring domains
must be anti-parallel to each other. The film then breaks down into two surface areas
with magnetizations

M + and

M − . Both vectors have the same scale, but

ϕ−e =ϕe+ +π .
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Figure 86: A diagram of how the simple linear domain wall motion model in Text 42 is executed.

To further simplify the model, we consider the case of a sample much larger than
the beam profile, with a domain width equal to the beam width. We then position the
beam so it hits the center of this domain wall and divides evenly across both domains so
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that w d ( H=0)=w b / 2 , where w d refers to the width of the negative domain in the
beam path. The integral then takes on the form

wd

θmeasured
=
F

wb

1
1
θ + dx+ ∫ θ − dx
∫
wb 0
wb w
d

So long as the domain wall is far from other domain walls or the edge of the film, its
position should vary linearly with field. We then construct a function

w d (H )=

(

)

1
H
1+
w
2
H sat b

Text 42

Where

H sat is the field when the domain wall has moved out of the beam profile,

leaving only the mono-domain magnetization rotation case to consider. If we know how
the position of this wall varies with field, we can determine

d wd
w
= b
dH 2 H sat

Our integral is then reduced to the form
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θmeasured
=θ − +
F

(

)

1
H
1+
(θ +−θ −)
2
H sat

In the case where only domain wall motion is occurring and not magnetization rotation,
±

θ

is independent of field. Then we find

measured

d θF
1
K L M sat dH

=

cos ϕe
H sat

Text 43

What is noteworthy in comparing Text 41 to Text 43 is that two different parameters,
H e or

H sat , can represent the sub-Gauss Faraday rotation in pure cases where either

only magnetization rotation or domain wall motion is occurring. We are then left with
struggling how p77-3 displays a sub-Gauss sensitivity double that to its in-plane
counterparts. Is this doubling due to p77-3's canted nature? Is it due to a much lower
anisotropy field brought on by higher gallium doping? Is there a cooperative interaction
between domain wall motion and magnetization rotation that enhances the sub-Gauss
sensitivity of p77-3?
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Figure 87: The polarization microscopy setup used for plotting domain wall width with applied magnetic
field for Figure 88, Figure 94, and Figure 95.

Observing domain wall motion and magnetization rotation simultaneously in a
polarization microscopy setup was difficult due to the low power of the lasers available,
requiring exposures on the order of 30 seconds to take an image. This meant that any
study of domain width size with applied field had to be done in near static magnetic field
conditions. Fortunately one sample, p77a32a, has the same serpentine domain structure
as p77-3 yet is still more in-plane, allowing for a greater torque to be exerted on the
magnetization vector. Figure 88 are images of this sample exposed to different fields
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while in the setup shown in Figure 87. Here magnetization rotation can be observed
occurring inside the domains as the magnetic field is reduced away from saturation, till
around 15 Gauss when the serpentine domains appear and begin spreading across the
sample through domain wall motion. Below this onset of serpentine wall motion it is
difficult to tell if magnetization rotation is simultaneously occurring inside the domain.

Figure 88: Polarization microscopy of p77a32a in various magnetic fields from the setup in Figure 87.
The “t” subscript indicates the order in which the field was lowered.
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Another way to observe domain wall motion versus magnetization rotation in real
time is through a beam profiler. The polarization microscope requires optics near the
surface of the film, where as the beam profiler allows imaging of a collimated beam far
from the sample. This helps prevent the beam profiler from being affected by large
magnetic fields. An example of the beam profiler result is shown in Figure 89 for p77-3.
The images to the left are done with the raw beam after transmitting through the sample,
while the images on the right are of the transmitted beam through the sample and after a
polarizing analyzer oriented at θ0 = 45 degrees. The top images show the beam profile
of p77-3 with a 780nm beam wavelength in zero magnetic field, while the lower images
show the sample being saturated in opposite magnetic field orientations with a permanent
half-Tesla magnet.
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Figure 89: The beam profile of p77-3 at the photodetector in the diagram of Figure 152 with a 780nm
beam wavelength probe beam. The diagram to the right of each picture is the position of the magnet with
the sample. The right column is with the polarizer pair in Figure 152 while the right column is the same
but with the analyzer polarizer removed.

The first thing to note in the top row of Figure 89 is the presence of two first order
central maxima straddling the central beam profile transmitted through the sample. These
first order maxima are due to a diffraction grating effect created by the small, parallel
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domain walls of p77-3 as seen in Figure 85. Here the direction of the domain wall is
revealed to be perpendicular to a line connecting the two first order maxima. This
diffraction grating effect is both dependent on the beam wavelength and the strength of
the applied field, necessitating the need for a large, wide area photodetector to be place
near the sample for proper reading of the MO effect. In a saturating field, the diffraction
grating effect disappears as the domains disappears, resulting in a simple beam profile.
When the analyzing polarizer is in place, the optical rotation of the material can be clearly
seen in the darkening of the beam profiler with one field orientation versus the
brightening in the other.

Figure 90: The experimental setup used for Figure 91 through Figure 93.

We setup an occulter as shown in Figure 90 to study these diffraction grating
maximas, where the central beam profile was blocked and the beam profiler was used to
study the scattered beam. We also placed the polarizing analyzer in the way of this
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scattered beam to monitor the Faraday rotation of the beam as well. When a saturating
magnetic field is applied to either sample p77-3 or p77a32d, there scattering profiles
disappear. However without a magnet present or with the permanent magnet just 14cm
from the sample, the scattering profiles of p77-3 and p77a32d can be seen to change
drastically as seen in Figure 91 and Figure 92 respectively. Figure 91 is of p77-3's
scattered beam applied under various magnetic field distances and orientations. Here a
partial intensity change can be seen in the oppositely oriented longitudinal fields. But
more obvious is the change in scattering pattern with different magnetic fields. This is
likely an indication that at even weak magnetic fields, domain wall motion can take place,
affecting the sensitivity of the film.
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Figure 91: The scattering beam profile of p77-3 in various magnetic field orientations as shown in the
diagram to the immediate right.

While p77-3 has fairly well ordered diffraction grating maxima as seen in Figure
89, p77a32d shows a much more chaotic scattering pattern that makes it hard to
distinguish a diffraction grating effect. This should come as no surprise considering the
disordered like domain patterns p77a32 samples tend to exhibit as seen in Figure 88.
However like p77-3, p77a32d's scattering pattern also shows a magnetic field dependency
in Figure 92, suggesting even domain wall motion takes place in p77a32 even at nonsaturating fields.
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Figure 92: The scattering beam profile of p77a32d in various magnetic field orientations as shown in the
diagram to the immediate right.

In contrast with p77-3 and p77a32d, p77a28d also shows a scattering pattern, but
the pattern is in no way magnetic field dependent like that seen in the other samples, as
seen in Figure 93. Instead, a Faraday rotation can be perceived in the brightening or
darkening of the scattering patterns elements with oppositely oriented longitudinal
magnetic fields. This is an indication that unlike p77-3 or p77a32d, no domain wall
motion takes place in p77a28d even at weak fields. We will find latter that this evidence
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agrees well with hysteresis data of p77a28 samples which have the largest coercivity
among the samples.

Figure 93: The scattering beam profile of p77a28d in various magnetic
field orientations as shown in the diagram to the immediate right.
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Figure 94: Polarization microscopy of p77-3 in the setup shown in Figure 87 with a 780nm beam
wavelength. The arrow the left or right indicates the order the images were taken in as the sample
approached magnetic saturation, with the left 6 pictures being taken with an opposite field sign with
respect to the right 6 pictures.

From observations of what we can see of the canted sample p77-3 in the
polarization microscopy pictures of Figure 94, we can chart the width of the domains
with applied field strength and sign. Again, as the picture is taken over an exposure of 30
seconds, we cannot observe the real time movement of the domain walls, so we only took
measurements in an extreme static case when the walls had sufficiently relaxed about
their new positions. Such a chart can be seen in Figure 95 where a linear dependency can
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be seen in domain width with field as inferred in the model that developed Text 43. From
the slope of Figure 95, we can determine the

H sat value using the domain width at zero

field, as done in Table 14.

Figure 95: Plot of applied magnetic field over domain width of p77-3 from the data in Figure 94.

Cultivating Magneto-Optic (MO) data for a 780nm beam wavelength from before
and the easy axis orientation from our dampening data, we constructed what the subGauss Faraday rotation of p77-3 should be if only magnetization rotation was
responsible. Here we further assume p77-3 has the same anisotropy field

H e as p55,

all be it normalized for its thickness. From this we can find that the magnetization
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rotation term (MR) for p77-3 is 2/3rd to 1/3rd of the other sample's sub-Gauss Faraday
rotation, far less than what is seen in the data. This is largely due to if p77-3 should have
the same anisotropy field as p55, the torque force on it by an out-of-plane magnetic field
is much less due to p77-3 being canted at ϕe =π /4 .

Table 14: A compilation of experimentally measured parameters for the coefficients of the
composite model's magnetization rotation term (Text 41) and domain wall motion term (Text 43).
p55-d

p77a32e

p77a28c

Nov 6th 2014 Dec 8th 2014 Nov 6th 2014
domain width domain width
avg domain
width
measured
domain wall
motion
H_sat
Out-of-plane
saturation
magnetization
θ_sat at
780nm beam
thickness
easy axis
sub-Gauss
FR at 780nm
beam
H_e
MR term
DMW term
α_W
composite
sub-Gauss
FR

domain wall
relative
position

p77-3
June 23rd
2014

p77-3
Dec 8th 2014

domain width domain width

[um]

2.5

50

200

60

60

[um/G]

1.53

11.03

8.86

3.74

3.68

[G]

1.64

4.53

11.29

16.03

16.32

[G]

385

58.5

26

35.4

35.4

[deg]

190.35

129.3

46.08

45

45

[um]
[deg]

400
89.6

300
86.1

180
75.9

171
49.8

171
32.9

[rad/G*m]

14.8

12.6

14

44

43

[G]
[rad/G*m]
[rad/G*m]

561.16
14.8

594.25
12.6

300.21
14

239.90
11.17
184.92
0.2

239.90
5.65
236.35
0.2

45.92

51.79

[rad/G*m]
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If we assume that p77-3's sub-Gauss Faraday rotation is a linear combination of
magnetization rotation (MR) and domain wall motion (DWM), we use two unitless
coefficients to represent the contribution of each term to the sub-Gauss Faraday rotation.

(

)

measured
θsat
sin 2 ϕe
cos ϕe θ sat
1 d θF
d
MR
DWM
F
F
=
( α θ +α W θ F ) = α D H +α W H
L dH
L dH D F
L
e
sat

Through the use of such coefficients, we see that even if domain wall motion makes up
1/5th of the sub-Gauss Faraday rotation, it can substantially increase the sub-Gauss
Faraday rotation on par to what is seen in the data.
However, domain wall motion comes with its own caveats. For the canted sample
of p77-3, the domain walls are likely Bloch walls, where one easy axis goes through a
180 degree rotation when going across the domain wall. As mentioned before, measuring
the width of this domain wall is difficult with polarization microscopy. However it plays
an important role that is not addressed by the phenomenological model we developed.
When a magnetic field is applied, it alters the balance of power between the exchange
interaction and the demagnetization force, causing the domains to reconfigure
themselves. In our model we assume that our domain walls move linearly and in a
direction perpendicular to their wall surface. The motion of the domain wall is much like
a caterpillar's legs; the location of the individual magnetic moments remains still, but
their magnetization vectors pivot as the domain wall passes over them. Unlike
magnetization rotation that responds quickly at each magnetic moment, domain wall
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motion is a macroscopic process by which magnetic moments reorient to align with the
applied magnetic field. This means that such motion is likely slower than magnetization
rotation. While domain wall motion can exhibit a higher sub-Gauss Faraday rotation, this
comes at a loss in its time response, as will be shown latter with frequency response data.

Figure 96: Diagram of a Bloch wall.

There is also an additional assumption we make with continuous Bloch wall
motion. While the anisotropy field

H e itself may change its vector orientation, its

strength is assumed to remain homogeneous throughout the material. However if there
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are areas where the local anisotropy field is much stronger than the surrounding
anisotropy field, it can lead to domain wall “pinning” as the rotation of the Bloch wall is
stopped upon arriving at the magnetic moments with a higher anisotropy field. The
domain wall remains locked at this location, and can possibly stall the entire wall motion
if it is not to break up the domain or violate the local exchange interaction further. The
domain wall then requires a certain excess field to overcome this strong local anisotropy
field, causing the domain wall to make it past and possibly accelerate as it catches up to
where the domain wall should be at that applied magnetic field strength. This individual
pinning phenomena is known as a Barkhausen jump. In sequence or with materials with
sufficiently large and in-homogeneous anisotropy fields, over coming such “bumps” can
result in a permanent change in the domain structure of the film, as it would require a
sufficient field strength but opposite in direction to move the wall past the “bump”. This
then is the phenomena that constructs what is known as magnetic hysteresis.
Before going further, it is worth to note an additional phenomena that may be
involved at these pinning sites. Two possibilities are that the domain wall thickness itself
might change, or the surface area of the domain wall will bend about the high anisotropy
region with applied magnetic field. Both of these effects are known as domain wall
“bowing” (Valenzuela, 1994) and is a hypothesized effect for the doubling of p77-3's subGauss Faraday rotation response. This hypothesis operates under the assumption that any
domain wall motion, even if linear, will be displayed as a Barkhausen jump, but that
domain wall bowing can allow a domain wall to enhance sensitivity without actually
having to move from its position. Detecting such domain wall bowing is additionally
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difficult even in polarization microscopy, as it is difficult to probe the domain wall
thickness where this event is likely occurring about. Even at high magnification,
diffraction makes it difficult to perceive the thickness of the domain wall, let alone
changes in its shape from other than its position in the film.
We will study these Barkhausen jumps in detail, but it is best to keep the
following questions in mind. Even below the onset of these Barkhausen jumps, p77-3
displays a sub-Gauss sensitivity double that to its in-plane counterparts. Is this doubling
due to p77-3's canted nature? Is it due to a much lower anisotropy field brought on by
higher gallium doping? Is linear domain wall motion occurring even below where
Barkhausen jumps occur? Is there a cooperative interaction between domain wall motion
and magnetization rotation that enhances the sub-Gauss sensitivity of p77-3?

6.1

Magnetic hysteresis and coercivity.
An important physical phenomena that must be reviewed is the concept of

magnetic hysteresis and coercivity. Ideally the magnetization vector will respond
immediately and linearly with applied magnetic field, and in an alternating magnetic field
cycle will always follow the same slope whether the field is increasing or decreasing. At
a very high field, called the saturation field, the magnetization vector will converge to the
applied magnetic field vector, and the net magnetization will remain constant despite
further increases in field.
In the case of a material exhibiting hysteresis, we start at its saturation field. As
we decrease the field we find that the magnetization vector lags behind the applied field.
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In the case of a saturating field, the demagnetization force has been completely defeated
and the entire material consists of a single magnetic domain with a coherent
magnetization vector. As the applied field reduces, the dominance of the exchange
interaction begins to breakdown and concedes to the demagnetization force, primarily
first through all anisotropy axes that are closely aligned with the new applied field vector.
These points become the primary formation area of the initial domains walls.
As the applied field approaches zero, the material still maintains a net magnetic
moment, though weaker than it was at saturation and largely determined by the domain
pattern seeded by the anisotropy axes during the decreasing field cycle. These initial
domains maintain the zero applied field magnetization and cannot be overcome until the
applied field is reversed.
As the applied field is reversed and increased in strength, the initial domains loose
their dominance as the anti-parallel domains formed from the demagnetization force
begin to grow at the initial domains' expense. This continues until the net magnetization
of the material is effectively zero. As the field increases further and the initial domains
shrink, the anti-parallel or negative domains begin to experience a growth spurt as they
approach the anisotropy axes that are most closely aligned with the previous field
direction. These “negative” anisotropy axes then primarily determine the domain pattern
as the “positive” domains shrink about the “positive” anisotropy axes. This continues
until the applied field overcomes even the “positive” anisotropy field at these axes,
resulting in the material becoming magnetically saturated in the opposite direction.
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Figure 97: A plot of the expected data for a traditional hysteresis curve.

This same process repeats as the field is again reduced and reversed as shown in
Figure 97. The strength of these anisotropy fields and the degree of difference between
these anisotropy axes relative to the applied field axis is primarily what causes the
“memory” of the hysteresis loop. The separation of the loop along the applied field axis
where the magnetization is zero is known as the “coercivity” of the hysteresis loop as
indicated in Figure 97. Among typical magnetic materials, high permeability alloys like
MuMetal ® are known for having a very low coercivity, allowing for their magnetic
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moments to respond nearly immediately to any change in applied magnetic field. In the
construction of typical permanent magnets, a very high coercivity is preferred and usually
maintained by applying high fields and temperatures to the material in its saturated state.
The area within the hysteresis loop represents the amount of energy lost during the
cycling of the magnetic field, which can lead to a decreased frequency response at high
frequencies where hysteresis cycles use much more energy.
Typically a hysteresis curve is reported in Gauss over Oersted, where the Oersted
represents the applied field
magnetization

H and the Gauss represents the measurement of the net

M of the sample. In our MO hysteresis curves, we observe the MO

effect in radians due to an applied field

H in Gauss. Additionally rather than

observing a continuous coercivity between the hysteresis loop in Figure 97, we instead
observe to separate processes occur in our MO hysteresis curves: linear magnetization
rotation and non-linear Barkhausn jumps.
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6.2

Barkhausen jumps.

Figure 98: The experimental setup used by Heinrich Barkhausen.

Barkhausen jumps are named after a clicking sound called Barkhausen noise that
was detected in the experimental setup shown in Figure 98. Here a demagnetized
ferromagnet is wrapped in electrical wire in a circuit with an amplifier and a sound
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speaker. As a permanent magnet is brought near the wire-wrapped sample, distinct
clicking sounds can be heard from the speaker. These represent abrupt changes in the
domain size in the sample as it is slowly magnetized. Instead of there being linear wall
motion like in our model, domains can spontaneously merge and close domain walls as
the permanent magnet magnetizes the sample. With each of these domain closures, an
abrupt change in the magnetization would occur in the material, inducing an electric
current in the wrapped wire. Unlike continuous smooth magnetization rotation,
Barkhausen jumps can happen spontaneously when a domain wall breaks free of a
pinning site, or when a domain begins to disappear in favor of the permanent magnet's
field orientation.
In essence a Barkhausen jump is pinned domain wall motion due to a local
disturbance in the overall anisotropy field

H e . Here the magnetic moments inside the

domain wall respond to magnetic field linearly until they reach a point in the crystal
lattice where the local anisotropy field is higher than the average uniform anisotropy field
of the crystal. While the domain wall motion is halted at such locations, experimentally
magnetization rotation can still be occurring inside each domain. This occurs until a
certain threshold field is reached where the domain wall breaks free of the pinning site
and catches up to where its linear field dependent relation says it should be. This motion
is roughly similar to a discharging capacitor and will appear linear over short time scales,
though the exponential fall off is not observed experimentally as the domain wall
typically hits another pinning site where the process repeats.
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p77a28d, Mar 20th 2014, 1 kHz

0.0638
0.0636

P/P_0

0.0634
0.0632
0.0630
0.0628
0.0626
0.0624
0.0622
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

H [G]
H [G] vs P/P_0 [2.9 ACV] t0
H [G] vs P/P_0 [3.4 ACV] t1
H [G] vs P/P_0 [3.1 ACV] t2
H [G] vs P/P_0 [3 ACV] t3
H [G] vs P/P_0 [2.9 ACV] t4

Figure 99: The large coercivity in the hysteresis curve of p77a28d as seen using Magneto -Optic (MO)
technique in a 1kHz bi-directional oscillating magnetic field, taken at various alternating magnetic field
strengths.

Our result in Figure 99 is an example of a very distinct Barkhausen jump
compared to the very linear magnetization rotation motion with a lower but well defined
slope along the top and bottom of the hysteresis cycle. This type of Barkhausen jump
would occur in the p77a28 samples, known for their z = 1.15 gallium doping and ordered
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crystal structure. Here the non-linearity of Barkhausen jumps can be seen to be field
strength activated; a jump does not occur until a certain magnetic field strength and
direction is reached. This is likely an indication of a large domain wall being trapped at a
pinning site, and when the field threshold is reached to overcome the local strong
anisotropy axis, the domain wall accelerates to its linear position, abruptly changing the
magnetization of the sample with it. While the position of the Barkhausen jumps appear
regular indicating the location of homogeneous anisotropy field, the point at which they
occur is not always well defined and can change if the magnetic field's strength is
adjusted. Figure 100 further expands on classifying the distinction of magnetization
rotation from Barkhausen jumps in these hysteresis curves..
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Figure 100: A plot of the hysteresis curve typically seen in our MO results..

While Figure 99 is an example of a fairly well defined Barkhausen jump with
large coercivity, other MO samples can exhibit hysteresis curves with much smaller
coercivities, as seen in Figure 101 for a sample of p77a32 (z = 1.14, disordered crystal
structure). Here the coercivity is small yet the Barkhausen jumps themselves are so
numerous that the response appears linear, when in reality they are multiple Barkhausen
jumps with individually small jump heights. While their overall slope does appear
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steeper than the general magnetization rotation, this slope is also field strength activated
and does not persist for very weak alternating magnetic fields.

Figure 101: The MO hysteresis curve of p77a32a in various oscillating mono-directional magnetic field
strengths.
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We observed very small coercivities with p77-3 (z = 1.35, disordered crystal).
Figure 102 shows that they were small enough to fall below the noise levels of the beam
and photodetector. We observed individual Barkhausen jumps below the noise level
using GHz's acquisition interval averaging on an alternating 1 kHz magnetic field signal.
Using this acquisition interval averaging is good for resolving hysteresis curves for
signals below 1 kHz. Above 1kHz averaging has to be used (typically over 512 cycles of
the oscilloscope at a time), though this reduces the distinctiveness of individual
Barkhausen jumps. The Barkhausen jumps themselves have a rise time around 100us and
1ms, though the frequency response data would suggest it is 10ns based on the
dampening onset.
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Figure 102: The Faraday rotation or MO reading of p77-3 in a 1kHz oscillating bi-directional magnetic
field. “Sample mode” is raw data and “Hi-Res” mode uses Tektronic's ® acquisition interval averaging
method to take advantage of the oscilloscope’s 1GHz resolution.
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Figure 103: The Faraday rotation of p77-3 in a 1kHz oscillating mono-directional magnetic field at
various maximum field amplitudes. 1550nm beam wavelength used.

The result in Figure 102 is of p77-3, and like most figures here the alternating
magnetic field is bi-directional. A “bi-directional” magnetic field is a term used here to
mean one that oscillates through a positive-negative cycle of being north pole oriented,
then south pole oriented. This is in contrast to Figure 103 which shows the MO
hysteresis curve of p77-3 in a mono-directional oscillating magnetic field. Here the
magnetic field alternates between a zero applied field state and a single magnetic pole
orientation. This demonstrates one of the problems in using Barkhausen jumps for low
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field detection as they are activated primarily by the strength of the magnetic field. Here
in Figure 103 the individual Barkhausen jumps can be clearly distinguished, with the MO
response returning to a linear magnetization rotation behavior below 400mG.

Figure 104: The results of Figure 102 with acquisition interval averaging taken at various maximum field
amplitudes.

Returning to a bi-directional magnetic field source, we can study in detail how
these Barkhausen jumps build up into what appears as a linear slope, but is in reality a
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hysteresis curve with a very small coercivity. Here in Figure 104 the aggregate
Barkhausen jump slope is 27.9 rad/G*m (1500mG line) and the sub-Gauss slope is 5.74
rad/G*m. Concentrating on the onset of the Barkhausen jumps in Figure 105, we see a
classical example of what's called a “wasp's waist” in the hysteresis curve of the largest
oscillating field strength trend line (green). Using this Figure 105 as a case study, we
compare the slopes of the Barkhausen jump and magnetization rotations quantitatively in
Table 15. While both effects have about the same optical rotation, the Barkhausen jump
can have 100 times the field sensitivity of the magnetization rotation slope, though on
inspection this slope improvement tends to be 10 times on average. This is a tough
metric to apply to a Barkhausen jumps as their slopes are really events and not a region
that can be repeated linearly as demonstrated in Figure 103.
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Figure 105: A close up of the lower amplitude magnetic fields from Figure 104.

Despite Barkhausen jumps, at sufficiently weak alternating magnetic fields p77-3
still shows a sub-Gauss rotation doubling as seen in Figure 106. Most of the fields
measured above were alternating in kHz frequencies and do not give us an idea of the
actual speed of the domain walls' motion. Since the canting in p77-3 suggests that there
may be a cooperative interaction between the magnetization rotation and domain wall
motion, we need to know more about the easy axis direction in the film. In the next
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section, we look at not only the time dependency of this domain wall motion, but its
vector dependency on magnetic field. Resolving both of these issues simultaneously
reveals not only the speed of these domain walls, but their geometry that our model over
simplifies.

Figure 106: The thickness normalized Faraday rotation for p55 and p77-3 in a 1kHz oscillating bidirectional magnetic field.
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6.3

Frequency response to oscillating magnetic fields.
First we determine the frequency response of the MO effect to alternating

magnetic fields at various frequencies. We see that most of our samples exhibit a flat
frequency response below 1 MHz as shown in Figure 107. This remains consistent over
most samples as seen in Figure 108 and Figure 109, though in sample p77a32a we notice
a recurrence of p77-3's sub-Gauss FR doubling, despite how well p77a32a's
magnetization is in-plane.

Figure 107: The sub-Gauss Faraday rotation over the frequency of an oscillating magnetic field
(“frequency response”), with different gallium doped samples.
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Figure 108: The frequency response of the p77a32 class samples.

Figure 109: The frequency response of the p77a28 class samples.
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However around 10 to 100MHz, some samples, in certain orientations, exhibit a
dampening in their frequency response. This has been demonstrated in Figure 83 for an
out-of-plane magnetic field and beam orientation. However for a nearly in-plane
orientation of the magnetic field, the dampening appearing between p55 (IP) and p77-3
(OP) can be reversed as shown in Figure 110. Figure 111 further elaborates on this
difference, comparing this dampening response in both the time and frequency domains
for different orientations of the magnetic field. Here we see p77-3 exhibits a dampening
response for frequencies above 32 MHz, while for p55 this dampening is seen below 32
MHz, as long as the magnetic field is oriented in-plane of p55. The appearance of
dampening is an obvious sign of domain wall motion taking place over magnetization
rotation. The sample's position where maximum dampening takes place is also a sign of
the easy axis's orientation, though again we assume the easy-axis remains coherent in its
orientation throughout the film.

224

Figure 110: A beam and magnetic field biased version of Figure 83. Here p55 (IP) and p77-3 (OP) were
tilted at a 45 degree angle to the beam and a 90 degree angle to the magnetic field (Garzarella et. al. 2015,
OSA).
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Figure 111: The Figure 83 and Figure 110 compared to the time domain using a short pulsed magnetic
field from a Transverse Electro-Magnetic (TEM) cell (Garzarella et. al. 2015, OSA).

Extending this study of dampening, we view the pulse response of the MO effect
over the frequency response so we can observe this 10 to 100 MHz region more closely.
We also extend a 2-dimensional model depicted in Figure 84 (Garzarella et. al. 2015,
OSA) into 3-dimensions while describing the vector dependency of this sensitivity with
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the easy axis, magnetic field, and beam directions simultaneously. First, we will conduct
a qualitative analysis in order to summarize most of the quantitative data by viewing
specific types of pulse profiles for each sample in various orientations. From here we
apply a dampening model to both determine the speed of the domains walls and the
viscosity domain walls experience due to pinning sites. From here we then construct a
table of the fitted parameters for both the easy axis, the sensitivity of each axis, and the
domain wall speed and domain viscosity.
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6.4

3-dimensional dampening studies.

Figure 112: Another version of Figure 22 of the short pulsed dampening data of p55, with inserts showing
the sample's polarization microscopy image relative to the applied beam (red arrow) and magnetic field
(purple arrow).

Using a Transverse Electromagnetic (TEM) cell, we generate a pulse profile like
that seen under the “dH [mG]” trend in Figure 112. For our first sample, we use a “p55no-d” sample as it is the closest sample to an ideal mono-domain, in-plane sample, as
seen in the polarization microscopy insert of the sample in Figure 112. The sample was
placed in the TEM cell setup in a variety of beam and magnetic field orientations. An
example of how these various beam and field orientations affected the MO pulse in p55no-d is seen in Figure 113. From these various beam and field orientations, three profiles
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were picked out in Figure 112 as examples of pure magnetization rotation motion (“a”
and “c” trends) and pure dampened domain wall motion (“b” trend). Inserted on top of
each trend is the specific beam and magnetic field orientations the sample was exposed
with respect to the polarization microscopy insert, with the red arrow indicating the beam
vector and the purple arrow indicating the magnetic field vector. While transverse
magnetic field orientations were possible in this setup, it was difficult to sample the beam
edge-wise, so only 45 degree orientations with respect to the sample plane were settled
for.
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Figure 113: An example of the short pulsed magnetic field data (red) taken for p55 in various beam and
magnetic field orientations and the global fits (blue) done on each pulse shape.

In the polarization microscopy insert of Figure 112, two large domains can be
made out in the center of the film in p55-no-d. As the beam was consistently aligned to
the center of the sample it was always primarily sampling these two domains. Also based
on the polarization microscopy picture, it appeared from the Neel wall orientations that
these two magnetic domains primarily had their magnetizations oriented along the
horizontal of the film, albeit with a slightly out-of-plane component or else they would
not be distinguished in the polarization microscopy setup. Thus along the horizontal of
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the film was the direction of the easy axis, and as seen in the trend “b” (the red line) of
Figure 112 where dampening was distinguished from magnetization rotation.
Additionally the middle top and bottom graph of Figure 113 answers the question that
domain wall motion and magnetization rotation can take place simultaneously, though
only when the beam and field are sampling both components, and due to domain wall
motion having a slower time response over magnetization rotation.
While trend “b” in Figure 112 (the red line) shows pure domain wall motion along
a field applied horizontal and in-plane of the film, the two other perpendicular
orientations show pure magnetization rotation. This is a sign that along pure
magnetization rotation axes are the directions of the hard axes. Thus as what would be
suspected in an ideal, mono-domain in-plane film, there is one easy axis and two hard
axes, all of which are perpendicular to each other. The fact that these axes are
perpendicular to each other is central in modeling this 3-dimensional dampening that can
occur in these films.
Theoretically there were three components to the model developed for this
dampening; the FR formalism, the coordinate system, and the dampening equation of
motion itself. We shall review all of these in the next section.
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6.4.1

Mathematical formulation of 3-dimensional dampening studies.

6.4.1.1 Tait-Bryan coordinate system.
Starting from the magnetization relation, it is assumed that at weak fields the
magnetization vector responds linearly and continuously with the applied magnetic field
H . Using the relation for magnetic susceptibility χ m , we define

M =χ m H

Which we then relate to our optical rotation sensitivity through the Kundt constant

K

as the Faraday rotation (FR) responsivity α H .

α H =K χ m

From here we develop the magnetic susceptibility as a tensor defined as

(

χD1 0
0
χ m= 0 χ D 2 0
0
0 χW

)

Where here χ D 1 and χ D 2 are used to signify the magnetization rotation's sensitivities
along the two transverse hard axes, while χ W is used to define the domain wall motion
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sensitivity along the easy axis. The χ D 2 will be latter referred to as χ T during the
analysis.
The χ m tensor that is used as the combination of sensitivities is heavily
dependent on the beam and magnetic field orientation. Hence we can use bra-ket notation
to signify the general Faraday rotation

θF
=K ⟨ k^| χm| H ⟩
L

Ideally, χ D 1=χ D 2 =χ D , which would correspond to the sub-Gauss optical rotation
α
K= χ DD . Without domain wall motion, the susceptibility tensor would then appear as

(

χD 0 0
χ m= 0 χ D 0
0
0 0

Ideally when

)

. However multiple micro Barkhausen jumps
M∥k^ , θ F=θ sat
F

can deceptively make θ sat
higher than it should be as seen in Figure 104. If the number
F
of Barkhausen jumps and each of their heights could be counted, this could be subtracted
from the measured saturation angle to determine the true saturation angle when

M∥k^ .

In the case of multiple micro Barkhausen jumps as with p77-3, the individual
jump heights are small and the coercivity between each is also small as seen in Figure
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104. This could be contrasted with the p77a28 samples where the Barkhausn jumps can
be quite large and the coercivity between them quite large as seen in Figure 99.
Additionally it is assumed that the two hard axes and the single easy axis are all
orthogonal and coherent; there is no variation in the easy axis throughout the surface of
the film. If this assumption cannot be made, then a more complicated model would be
required where local beam sampling and total beam intensity have to be studied. The
vectors of

H and k^ are given here with the assumption of two hard axes and one

easy axis that are all perpendicular to each other, with both vectors defined in the
following manner.

( )

H h 1 h^1
H = H h^
h2 2
H e e^

However in the experimental frame it is easier to determine how the field and the beam
are oriented relative to the film's surface normal. Therefore we must be able to transform
our coordinate system from the film's frame to the easy axis's frame.

()( )
h^1
p^
q^ → h^2
n^
e^

A simple means to accomplish this is through Tait-Bryan angle rotations defined as
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()

h^1
^p
=R
R
R
^
^
pρ
nψ
qϕ q
h2
n
^
e^
e

e

e

()

Where each rotation matrix is defined as

(
(
(

Where at zero angles,
the original

)
)
)

1 0
0
R x1= 0 c 1 −s 1
0 s1 c1

, x= p , c 1=cos ρe

c2 0 s2
R y 2= 0 1 0
−s 2 0 c 2

, y=q , c 2=cos ϕe

c 3 −s 3 0
R z 3= s3 c3 0
0
0 1

, z=n , c 3=cos ψe

z corresponds to the beam propagation axis and

x refers to

p axis referred to in Garzarella et. al. 2015, OSA.

Of principle interest to us is ϕe ; the angle of the easy axis relative to the
normal of the film.

ρe and

ψe are less well defined if we cannot assume that there

are single, well defined hard and easy axes that are perpendicular to each other. For
initial estimates of angles ρe and

ψe , the orientation of the domain walls in the
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polarization microscopy images were used as well as initial general knowledge of ϕe
from polarization microscopy.

Figure 114: A 3-dimensional diagram outlying the various easy axis angles relative to the film's coordinate
system.

With the coordinate system of the lab frame accounted for, we attempt to
determine each responsivity αi in
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^ ( α H H) L
d θ FR= k⋅
^ (α D h+
^ αW e^ +αT a^ )H L
=k⋅

6.4.1.2 The simple damped harmonic oscillator (SDHO).
Working from Garzarella et al 2015, OSA, we attempt to model the time domain
dampening seen in Figure 112 of trend “b” (the red line) using the equation for a simple
damped harmonic oscillator (SDHO).

mdw ẍ +γ ẋ+λ x=ν H
Text 44

Here this equation is used to model domain wall motion relative to applied field, in
contrast with the crude assumptions of Text 42 that do not account for the time
dependency of such motion. Here the equation is driven by a time dependent magnetic
field

H . Redefining the classical analogies of mass and the spring constant,

γ
=2 b
mdw

λ =(2 π f )2+ b2
0
mdw
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Here the second term λ represents the actual speed of the domain wall with applied
magnetic field. The first term

γ represents the viscosity the domain wall motion

encounters with each pinning site. In the time domain, the solution for Text 44 is

x (t)= A e−b t cos (2 π f 0 t)
Text 45

Where

A is related to the time independent responsivity αi . In the frequency

domain, this equation is transformed as

x (f )=α i (f )=

αi

√(

2 2

f bi

( ) ) ( πf )

1−

f
f 0i

+

2

2
0i

In studying the frequency dependency of the SDHO, we see that bi and f 0i
control key aspects of the dampening profile seen in the “IP” curve of Figure 110.

bi

controls the amplitude of the resonance peak seen near 20MHz, though at lower
frequencies this amplitude can become significantly reduced.

f 0i controls the location

of the resonance peak along the frequency axis and possibly best represents the point at
which the domain wall speed works cooperatively with the driving magnetic field, before
pinning effects begin to retard the domain wall's speed.
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6.4.2

Numerical fitting of SDHO relation to dampening studies.
Using the parameters from Garzarella et. al. 2015, OSA as a logical starting point,

we perform a global fit of our dampening profiles as seen in Figure 113 using the
Levenberg–Marquardt algorithm (Newville et. al. 2014) while accounting for differing
magnetic field and beam orientations through the Tait-Bryan angles. The results of these
fits are shown in the tables below, with Table 16 giving the parameters in bi and f 0i
coefficients and Table 17 giving them in terms of their SDHO coefficients.

Table 16: The global fits for the dampening data in terms of the parameters in Text 45 and the easy-axes
defined in Figure 114. Green indicates hard-axis fits and blue indicates easy-axis or dampening fits.
Yellow and orange indicate fits with high error to the data.

p55-no-d
final
% error
parameters of fit

[deg]

[rad/G*m]

[MHz]

p77a32e
final
parameters

p77a28c

% error
final
of fit
parameters

p77-3

% error
of fit

final
parameter
s

% error
of fit

φ_e

88.7

0.163

-77.5

0.621

100

0.717

46.8

0.506

ρ_e

-10

3.62

44.3

1.61

54.4

2.78

16.1

1.58

ψ_e

92

0.299

-4.36

28.9

99.2

0.767

98.6

1.47

α_W

0.419

9.16

0.281

33.8

-0.00616

135

0.935

9.14

α_D

2.75

23.6

0.772

9.83

2.88
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0.965

14.50

α_T

1.93

9.32

0.772

14.4

3.92

83.3

0.965

9.80

b_W

46.6

1.29

44.8

6.76

10.1

863

104

1.05

b_D

997

30.4

500

5.22

390

490

496

15

b_T

286

7.10

495

10.3

1900

31.8

317

6.37

f0_W

16.4

0.343

2.97

28.0

66.1

1505

28.7

0.323

f0_D

334

12.5

140

1.49

788

97.6

125

4.02

f0_T

294

1.59

85

3.32

148

48.6

133

1.83

reduced
chi^2

1.32

1.08

1.74

4.47

Starting with the fits for p55-no-d, we see its in-plane magnetization is confirmed
with ϕe . The fits were done with the initial assumption of p55's sub-Gauss sensitivity
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being 2.75 rad/G*m, though it was not assumed that both hard axes would have the same
value. However we see that the responsivity along the “T” axis is close to the value along
the hard axis “D”, confirming the hypothesis of two distinct hard axes and one easy axis.
Looking at its dampening characteristics, we see a trend between the hard axes (in green)
and the easy axis (in blue) where the bW and f 0 w coefficients are a magnitude less
than their corresponding “D” and “T” coefficients. The fit of large values along the hard
axes of p55 demonstrate how little dampening they exhibit and how they represent true
magnetization rotation.

Table 17: The global fits for the dampening data in terms of the parameters in Text 44 and the easy-axes
defined in Figure 114. Green indicates hard-axis fits and blue indicates easy-axis or dampening fits.
Yellow indicates fits with high error to the data.
p55-no-d

p77a32e

p77a28c

p77-3

final
final
% error
final
% error
final
% error
% error
parameter
parameters of fit parameters of fit
parameters of fit
of fit
s
[rad/G*m]

[MHz]

[GHz^2]

α_W

0.419

9.16

0.281

33.8

-0.00616

135

0.935

9.14

α_D

2.75

23.6

0.772

9.83

2.88

221

0.965

14.50

α_T

1.93

9.32

0.772

14.4

3.92

83.3

0.965

9.80

γ_W / m_dw

93.2

1.29

89.6

6.76

20.2

863

207

1.05

γ_D / m_dw

1994

30.4

1000

5.22

780

490

992

15

γ_T / m_dw

572

7.10

990

10.3

3800

31.8

634

6.37

λ_W / m_dw

0.0128

0.447

0.00236

11.6

0.173

479

0.0432

0.528

λ_D / m_dw

5.40

11.7

1.02

2.57

24.7

31.5

0.863

8.60

λ_T / m_dw

3.49

0.596

0.530

9.54

4.47

51.5

0.799

1.68

reduced chi^2

1.32

1.08

1.74

4.47

Applying our knowledge of the p55 as being the ideal sample, we study the fits of
the other samples with dampening. We see a trend (indicated in blue) of domain wall
motion with b w and f 0i parameters being much less than their “D” and “T”
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counterparts. However the trend for magnetization rotation becomes more obscured with
p77a32e (z = 1.14, disordered) and p77-3. This may be a sign of an incoherent easy axis
in these two samples, which is likely since these are the two samples with disordered
crystal structures.

Figure 115: The short pulsed data taken of p77a32e in the Transverse Electro-Magnetic (TEM) cell, with
inserts showing the sample's polarization microscopy image relative to the applied beam (red arrow) and
magnetic field (purple arrow).

Studying the dampening profiles of p77a32e further in Figure 115, we see
examples of pure magnetization rotation in trend “a” and pure domain wall motion in
trend “c”, though the domain wall trend does not show a great degree of dampening
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compared to trend “b” in Figure 112 for p55. However in either horizontal orientation of
the magnetic field in trend “b” of Figure 115, there is a much greater degree of
dampening than any other sample seen, so much so it is easier to model it with the
decaying exponential relation component of Text 45 rather than with an oscillating sine
component. While p77a32e is a disordered crystal with a complex domain structure
consisting of a mix of serpentine and larger ordered Neel wall-like domains, what is
noticed is that the smaller serpentine domains in the larger order domains tend to orient
their domain walls vertically down the sample. This may be the source of this extreme
dampening where the smaller, well defined serpentine domains play a larger role in the
domain wall motion in this orientation, however they experience a great degree of
pinning sites and viscosity due to the larger order domains.
Another noteworthy feature of Figure 115 for p77a32e is trend “d”. We saw
neither magnetization rotation replicating the pulse nor dampened domain wall motion.
This phenomena is known as “locking” where no MO effect can take place, despite the
presence of a magnetic field. This may be a result of field strength dependent pinning,
where domain wall motion can only occur if the magnetic field exceeds a certain strength.
Or this “locking” may be another sign of the easy axis direction, but where not even
domain wall motion can take place, though the fitted ρe angle in Table 16 counters this
claim. Otherwise this “locking” may be a sign of a very poorly defined easy axis
considering the three types of dampening profiles this one sample of p77a32 can
generate.
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Figure 116: The short pulsed data taken of p77a28c in the Transverse Electro-Magnetic (TEM) cell, with
inserts showing the sample's polarization microscopy image relative to the applied beam (red arrow) and
magnetic field (purple arrow).

A sample that best demonstrates “locking” of domain wall motion is p77a28c (z =
1.15, ordered) as seen in Figure 116. Here no matter what the transverse magnetic field
orientation was, no dampening could be seen with these field strengths, which should
come as no surprise considering their high coercivity as seen in Figure 99. Because of
this great degree of locking in p77a28c, it has some of the highest fitting errors of all the
samples seen in Table 16 and Table 17, leaving the model to only fit magnetization
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rotation. This locking is seen in the fit for αW ≈0 while other responsivities have
much higher values closer to p55's α D .

Figure 117: Another version of Figure 23 of the short pulsed dampening data of p77-3, with inserts
showing the sample's polarization microscopy image relative to the applied beam (red arrow) and
magnetic field (purple arrow).

Applying our model to p77-3, we can extend what was learned in Figure 111 for a
2-dimensional model (with p77-3 marked as “OP”) into 3-dimensions as shown in Figure
117. Here we cannot only identify the hard axis and the easy axis, but a second direction
where domain wall motion can occur. This with the fit in Table 16 demonstrates that p773 is indeed a canted sample with an easy axis along the diagonal of the crystal face and
canted out-of-plane. The data indicates that this pure magnetization rotation and pure
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dampening can occur along either vertical or horizontal magnetic field orientations,
depending on the angle of the magnetic field with the film plane. However one
orientation (“b”) appears to show a higher dampening amplitude than the other (“d”)
whose amplitude is more closer to the pure magnetization rotation height. This may be
an indication of the easy axis orientation in the plane of the film, as seen in the insert in
Figure 117 the sample has domain walls that are running more horizontal than vertical to
the edge of the film. However trend “b” is proof of p77-3's sensitivity doubling in its
sub-Guass FR.
In determining the extent of magnetization rotation versus domain wall motion in
p77-3, we see the distinction is not as well defined in Figure 118 than it is in Figure 113
for p55. Here a composite of magnetization rotation and domain wall motion is not as
clearly seen as it was with p55, though this may be difficult to achieve considering how
much smaller p77-3's domains are and the odd direction of its easy-axis. However Table
16 and Table 17 do show parameters suggesting a distinct easy axis from its two hard
axes, suggesting the problem is more geometrical in resolving the magnetization rotation
and domain wall motion components separately.
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Figure 118: An example of the short pulsed magnetic field data (red) taken for p77-3 in various beam and
magnetic field orientations and the global fits (blue) done on each pulse shape.

Our research demonstrated well defined dampening in one orientation with on
exception: p77-3, which appears to have an incoherent easy-axis. The composite pulse
waveforms of some samples suggest that both domain wall motion and magnetization
rotation can take place simultaneously, depending on magnetic field orientation. Further
we can also demonstrate the doubling of the sub-Gauss Faraday rotation in p77-3 can be
either due to domain wall motion alone or a combination of it with magnetization
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rotation. We can also see the considerable reduction in speed in the domain wall motion
compared to an attempted fitting of dampening to the magnetization rotation data.
While the enhancement in sensitivity is describable in Figure 104 for p77-3, it is
of little use in sensor applications as the effect cannot be made to extend to weaker
magnetic fields. However in the future it may be possible to lower the coercivity between
Barkhausen jumps to amplify their sensitivity at much lower fields. As seen in the
polarization microscopy inset of Figure 117, p77-3 can have very ordered parallel domain
walls. Assuming domain wall motion transverse to these domain wall is responsible for
Barkhausen jumps, it may be desirable to engineer closely spaced impurities that run
parallel to the domain walls. Their local

H e should be slightly larger than the average

H e , but not much larger or this stalls the wall motion and increases the field threshold
at which the domain wall can break free of the pinning site. In order to magnify the
effect, it is vital these impurities be properly organized to be perfectly parallel with the
domain wall, without any discontinuities along the domain wall path.
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CHAPTER 7

7 STACKING

Adjusting the dimensions of a magneto-optic sensor has been experimented with
before (Deeter et. al. 1991, Rochford et. al. 2000), though these were with bulk crystals
where the magnetic anisotropy was largely unknown. The idea of stacking films has also
been considered (Kahl 2004, Nur-E-Alam 2012), though only with the use of garnets
grown by pulsed laser deposition. We found no prior research involving the stacking of
garnet films grown using the liquid phase epitaxial (LPE) method with known in-plane
magnetization geometry. We found previous research that sought to exploit the longer
beam path length along the film edge by coupling the beam to the edge of LPE garnets,
but noted that they required a very small beam diameter and made questionable
assumptions about the magnetic anisotropy along the beam path.

Figure 119: An illustration of a stacked sensor in a manually constructed U-bench from Macor ® material
(Garzarella et. al. 2016, 241101). Indicated is the separation from each layer “d”.
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Our research exploited both the larger area of the garnet films' plane and their inplane magnetization anisotropy which was both perpendicular to the beam path and
applied magnetic field direction. An example of a “robust” MO sensor using such a
design is shown in Figure 119. This both maximizes sensitivity while minimizing
polarization incoherence. Here we put into application the idea of extending the optical
length of a Magento-Optic (MO) crystal while maintaining control of the magnetic
anisotropy. The construction of such sensors here are defined as a “stack” as it consists of
garnet films stacked on top of each other along the beam path.
In this chapter we will look at data showing the construction of such stacks and
how overall sensitivity is changed through the MO probe. Our work proceeded on the
basis of prior research indicating that a linear relation is expected as θ F=K L M and
the Faraday rotation scales linearly with beam propagation length, or crystal layer count
n where all films are assumed to have the same thickness. This lead to the goal of
creating the longest stack and obtaining the highest rotation rate, where here around 100
milli-radians per Gauss (mrad/G) was achieved.
The role of insertion loss in determining sensitivity is further emphasized here as
it was in the SPECTRA chapter, here showing direct evidence of how transmission varies
with crystal layer count or beam path cycling through the stack. Here we find an
exponential increase in the absorption of beam power with beam path length as e−κ L
where −κ is the attenuation constant, or as T n where T is the transmittance of a
single layer.
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Combining the two relations above, the gain factor

g(n) is believed to

resemble n T n , which couples a linear function with an exponentially decreasing
attenuation function. However experimental evidence shows a larger than expected
sensitivity, due to the geometry of the crystal transitioning from a flat plane to a long rod
parallel with the applied magnetic field. Other stack constructions were tested with
spacing the samples or intermixing the gallium doped garnets, but in all tests it was found
that the p55 stack in contact with each other (no air gap between layers) using all AntiReflection (AR) coated layers exhibits the highest sensitivity amongst the stacks.
Comparing our data to a theoretical demagnetization function for a material
transitioning from a plane to a rod, we find the demagnetization factor is not as low as
expected, implying imperfect coupling between layers due to domain pattern mismatch.
An attempt was then made to disassociate the geometrical demagnetization factor from
the boundary demagnetization factor by doing a separation study with two rod like MO
stacks of p78.
A direct observation is then made of this domain coupling between layers through
polarization microscopy. Here not only can the domain pattern widely differ depending
on how the layers are stacked, but can change the domain pattern of the other film after
being removed from the stack. Through this study the spatial effect of polarization
incoherence will be seen with stacked films and the importance of using strictly in-plane
magnetization films for our face-coupled-to-beam stack will be understood. Finally the
attrition of polarization incoherence is shown by not observing the rotation rate, but by
measuring the noise level of the MO sensor. Here we find that after approximately 8
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layers, the noise level begins scaling with the rotation rate, so any gain in rotation rate is
offset by a higher noise level.

7.1

Insertion loss.
As a Faraday rotation measurement requires both knowledge of the beam power

level and the change in the beam power level, it is critical that the rate of transmission
loss through each garnet layer be as low as possible. Generally this is referred to as
transmission, though as scattering cannot be decoupled from other beam power loss
factors, it is referred to as transmittance. In fiber optic utilities this is referred to as
insertion loss and is measured in decibels or dB. This is the principle advantage that
Atomic Vapor Cell (AVC) magnetometers have over our solid state optical
magnetometers, as the beam can be cycled through the sensor area indefinitely (Sheng et
al 2013).
Traditionally the attenuation coefficient κ is defined as

−κ L

P( L)=P0 e
Text 46

P0 after propagating a path length of

L . The

transmittance through a single layer of garnet is then T =P1 /P 0 , where

P1 is the

L is then defined as

L=nL1 ,

Relative to the initial beam power

power transmittance through a single layer of film.
where

L1 is the thickness of a single layer and n is the number of crystals stacked
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along the beam path length. Generally the Faraday rotation scales as

L , but the power

loss scales as T n or e−κ L . Garzarella et. al. 2016, 241101 combines these into an
expected “gain” factor

g where

g(n)=n T n−1
Text 47

Figure 120: The transmittance ratio over the length of a stack, plotted for a linear fit of the absorption
constant in Text 46. Fits are done on the non-AR coated p55 (p78) and an AR coated p55 (p55-no-d)
sample for a 1550nm beam wavelength. Also included is a fit of a stack of p77-3 samples that are AR
coated for a 1550nm beam wavelength as well.
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Figure 120 demonstrates the exponential dependency of the transmittance with
stacking length

L as shown here with the natural logarithm of the transmittance ratio.

Here stacks of uncoated (non-AR coated) p78 and AR coated p77-3 show a great deal of
insertion loss with stacking length compared to the AR coated p55 and p78 films. While
AR coating does disturb the polarization of the beam, especially at beam wavelengths
outside its designed range, its transmittance qualities outweigh the costs. Even if stacks
are constructed where only the outer layers are AR coated while the core of the stack is
uncoated, the interface between each layer and internal reflections with that interface are
detrimental to the polarization coherence of the beam. This has lead to the conclusion
that an entirely AR coated stack is more beneficial as the transmittance loss is minimized.

Figure 121:
The setup used
for beam
cycling through
a stack of
11x11mm^2
size thick films.
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Attempting to replicate the technique used in AVC magnetometers, a mirror
system was setup where a maximum of 20 beam passes could be compacted into a
~11mm length as shown in Figure 121. A 7 layer stack was built consisting of AR coated
p78 samples with 11x11mm^2 dimensions and an approximate 500um thickness. This
was then passed through the mirror system shown in Figure 121 and the transmittance
recorded. Figure 122 plots this data along side the same AR 1550nm p78 stack data
previously plotted in Figure 120, but plotted here as the “2x2mm^2” stack. Here despite
the beam cycling technique, the same power loss from transmittance occurs whether the
beam is cycled through the stack or is passed through it once.

Figure 122: The transmittance ratio over the length of a stack, plotted for a linear fit of the absorption
constant in Text 46. Compared are the stacks using 2x2mm^2 thick films and 11x11mm^2 thick films, the
latter using the beam cycling setup shown in Figure 121. A samples are of AR coated p78 for 1550nm
wavelengths.
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7.2

Stacking sensitivity.

Different separation

Evenly spaced

Touching

7

5

3

Figure 123: Notation for describing the stacking separation plots in Figure 124, Figure 125,
and Figure 127.

A variety of stacking patterns were attempted to see which one possess the highest
sensitivity. Figure 123 demonstrates these techniques where varying separations versus a
fixed separation distance were used with varying number of stacked films. Despite all
these techniques, the immediate obvious result was in the “touching” design, also known
here as in “contact” or a no-air-gap p55 stack as shown in Figure 124. Here the in-contact
p55 had the highest rotation rate with stacking number. This study was further repeated
with stacks consisting of p77-3 films as shown in Figure 125. Then an attempt was made
to make stacks intermixing p55 and p77-3 layers, like that shown in Figure 126. Even
with this intermixing of samples, an in-contact stack of p55 was superior to all of them as
shown in Figure 127.
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Figure 124: Comparison of different types of
separations in a stack of p55.

Figure 125: Comparison of different types of
separations in a stack of p77-3 with best stack of
p55.
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Figure 126: An example of a stack design that was attempted in mixing p55 and p77-3 together, Dec
2014.

Figure 127: Comparison of different types of hybrid
stack separations of mixed p55 and p77-3 stacks with
the best stack of p55.

A more quantitative study was then done in comparing a spaced or “gapped” stack
with one where all samples were in-contact with each other as shown in Figure 128. Here
the gain factor expected in Text 47 matches the “gapped” stack, but not the contacted
stack which shows a greater increase in the Faraday rotation with stacking number. The
phenomena occurring here is related to the difference in demagnetization between a plane
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and a rod as shown in Figure 129 with an applied magnetic field
of the rod. Due to the boundary conditions imposed by

B0 along the direction

∇×H =0 the magnetization is

related to the applied field by

dM sol =

χm H
1+ χ m ηsol

Where here ηsol is the geometry-dependent demagnetization factor. For a needle or
long thin rod, ηsol ∼0 and for a plane, lamina, or disk, ηsol =1 . As the magnetic
susceptibility is high for low coercivity magnetic materials, this equation is approximated
H
as dM sol ≈ η

sol

(Deeter et. al. 1991).

In Figure 128 the “gapped” stack resembles the case of a plane as each individual
film has the demagnetization factor of a plane and does not interact with its neighbor
magnetically. However when put into direct contact, all the films begin to act as a single
magnetic body, enhancing the response of the magnetization to an applied magnetic field.
A direct observation is seen in Figure 130 where the rotation rate is plotted over the
estimated beam path length for an in-contact 2x2mm^2 dimension stack compared to a
11x11mm^2 dimension stack from the reflection study done with the setup in Figure
121.
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Figure 128: MO data of stacking p78 with gapped versus contacted separations (Garzarella et. al. 2016,
241101).

Figure 129: A diagram of how stacking can change the overall dimension of
the MO material from a film to a rod geometry.
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Figure 130: Comparing the Faraday rotation between the 2x2mm^2 single transmission stack and
11x11mm^2 beam cycling stack (Figure 121). Using p78 samples AR coated for 1550nm beam wavelength.

A numerically accurate model for the demagnetization factor ηsol as the
magnetic material transitions from a plane to a rod was determined by Aharoni 1998 and
is given by
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Text 48

Where

p=

c
a

and c is half the thickness and a is half the width along the edge of

the film. This model is plotted in Figure 131 with the effective demagnetization factor
ηA determined by dividing the “gapped” modulation data with the “contacted”
modulation data shown in Figure 128. In Figure 131 we see that our data does not follow
Text 48 well, so in Garzarella et. al. 2016, 241101 we separate the expected
demagnetization ηsol from that of an individual film η1 by a coupling factor

γ

that varies from zero to 1 and is given in

1
1
1
ηA =(1−γ) η1 + γ ηsol

This coupling factor itself is
demagnetization
Figure 132 we fit

γ=γ d γb , which divides the geometrical effects of

γd from the boundary effects caused by domain coupling

γb . In

γd by studying the modulation due to Faraday rotation over the

separation distance between two stacks of n = 14 or approximately 7.3mm in length.
To this data we fit a similar trend line as a composite of the Faraday rotation modulation
mgap as expected in the “gapped” case and mcont as expected in the “contacted” case.
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mfit =(1−γd )mgap + γd mcont

The spatial coupling factor follows the exponential relation γd =e−d / 2 d

0

where d is

the separation distance between the stacks. From this and the fit from Figure 131 we can
determine

γb for our stack.

From this we learn that while demagnetization effects can enhance the sensitivity
in building our MO sensor from a plane to a rod, these effects are imperfect due to the
stack being a composite of films. It is believed that the interface between these films
determines the degree to which the stack can behave as a single magnetic body, and the
primary actor in determining what amount of coupling takes place is how the magnetic
domain patterns between layers interact with each other.
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Figure 131: How the demagnetization factor changes with stacking from the data in Figure 128
(Garzarella et. al. 2016, 241101).
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Figure 132: How the demagnetization factor can change with film spacing (Garzarella et. al. 2016,
241101).

7.3

Polarization incoherence.
To study the boundary component γb of the coupling factor further, we return to

the polarization microscopy setup. Here data is presented from stacks of p77-3 in a
780nm probe beam wavelength in Figure 133, Figure 134, and Figure 135, and for a stack
of p55 in a 1220nm probe beam wavelength in Figure 137, Figure 138, and Figure 139.
Here are presented results of how magnetic domain patterns between films can either
cooperate with the layer above it, or can cause polarization incoherence.
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Polarization incoherence is where the polarization vector of the beam begins to
loose its definition as it passes through multiple layers of garnet films, either locally or
throughout the cross section of the beam. Ideally with in-plane garnets perfectly oriented
with the surface normal parallel to the beam, there would be no polarization rotation of
the beam after passing through the multiple layers of the garnet samples. However if the
film possess a canted magnetization vector, or an out-of-plane component in its magnetic
anisotropy that is not uniform throughout the surface of the film or has not been pattern
matched to layers below it, can lead to randomization of the beam's polarization as it
propagates through each MO layer. Here layers with parallel out-of-plane magnetization
components will double the rotation, though layers that are anti-parallel to each other will
cause a counter rotation of the polarization vector, with the final rotation determined by
the thickness difference between the films. This polarization incoherence in stacked MO
sensors was studied in Garzarella et. al. 2015, APL.

Figure 133: Polarization microscopy images of stacking 2 layers of p77-3 in contact with each
other. Using a 780nm beam wavelength.
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With polarization microscopy we find that all of our garnets exhibit an out-ofplane component to its magnetization, in some cases dramatic like p77-3, and in some
cases just a degree off from the absolute plane as seen in p55. Through stacking these
out-of-plane components can be magnified, though if stacked in a particular way can lead
to pattern matching between layers. An example of this is seen in the far right of Figure
133 where two layers of p77-3 were stacked on to each other. Here the serpentine pattern
present in a single layer of p77-3 experiences a doubling in size of its domain that can be
reformed when recombining the two layer, as Figure 133 shows in a chronological
progression from left to right. It is this behavior between the two films that is responsible
for how close

γb can be equated to 1, thus achieving the full benefits for the

demagnetization factor of a thin rod. This is believed to be achieved through “pattern
matching”, that is stacking the garnets in a way so that their domain patterns are in
alignment with each other, thus allowing the films at their interface to behave as a single
magnetic body.
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Figure 134: Polarization microscopy images of stacking 3 layers of p77-3 in contact with
each other., from left to right. Using a 780nm beam wavelength.

However this effect of “pattern matching” is not always consistent. In Figure 134
a three layer stack of p77-3 is built, chronological progressing from left to right. Here we
notice a hint of a problem in the middle picture as the domain pattern has half-circles cut
into the smooth rounded surface of the serpentine domains that are expected in the
original two layer stack. After removing this third layer, we found the domain pattern had
changed dramatically from the larger domain size seen in the far left image to one of a
woven, checker board pattern as seen on the far right of Figure 134. Every attempt was
then made to restore the coupled domain pattern seen in Figure 133 by reorienting the
two layers in different fashions as seen in Figure 135, yet these all failed to reform the
domain pattern.
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Figure 135: The remaining two layer stack of p77-3 from Figure 135 with different orientations
of the top layer.

As p77-3 has a considerable out-of-plane component, it is far more vulnerable to
polarization incoherence than p55. This is demonstrated in Figure 136 where the rotation
rate of a fairly in-plane film (p55 or labeled here as “IP array”) is compared to a stack of
p77-3 (labeled here as “OP array”). p77-3 can be made to appear in-plane if a strong
saturating (~30 G) transverse magnetic field is applied to the stack as seen in the data
labeled “OP array + H_dc”. We found no research and conducted no experiments to
determine how the removal of a strong transverse magnetic field can affect the domain
pattern throughout the stack, whether it can restore it to the pattern matched form in the
far left of Figure 134 or if it transfers it into the incoherent form in the far right of Figure
134. As this study was strictly interested in low-strength magnetic field applications,
regardless of vector direction, this study was abandoned.
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Figure 136: A comparison of polarization incoherence occurring in the MO effect of the p77-3 stack (OP)
compared to the p55 stack (IP) (Garzarella et. al. 2015, APL).

The images shown in Figure 133, Figure 134, and Figure 135 are exaggerated
examples of pattern matching and polarization incoherence between two or three layers
for a film with a strong out-of-plane component to its magnetic anisotropy. As we are
interested in stacking in-plane films, we now conduct the same study with p55. Here we
divorce our observations into looking at samples with a branching domain pattern like
p78 (Figure 137) with those with a Neel wall like domain pattern like that seen with p55no-d (Figure 138 and Figure 139). Between these two cases, it is far more difficult to
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achieve pattern matching between layers for films like p55-d and p78 as the domain
widths are so small and chaotically distributed through the plane of the film. This is why
a stacking orientation study was only done with p55-no-d between Figure 138 and Figure
139.
The figures within Figure 137, Figure 138, and Figure 139 are organized
chronologically from the top down. To the right on the first row is the image of the top of
the film to be stacked on. Then to the far left and middle are images of the top and
bottom of the film that will be placed on top, with the bottom image being the side that
will face and come in-contact with the top side of the bottom layer. The middle row to
the right then shows the polarization microscopy image of the entire stack, as viewed
from the top of “Sample A” as indicated in the adjacent diagrams of the stack. Here red
represents “Sample A” and blue represents “Sample B”. The lettering on the surface of
the sample indicates the face of the sample, with “A” being the top, and “B” being the
bottom. The bottom row then shows images of the samples in the manner of the top row
after the stack was disassembled in order to observe any changes in domain pattern due to
the stacking.
For p78 with branching domains, we see an enhancement of an out-of-plane
component with stacking as shown in Figure 137. To some degree this is expected as any
stacking will begin to enhance the out-of-plane component of the magnetization and will
make it more obvious, even if the magnetization vector is barely one degree off from the
plane. Thus we can expect the polarization incoherence from the out-of-plane component
to begin magnifying with stacking length. After disassembling we see a slight change in
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the domain pattern of “Sample A” that appears to have affected the bottom of “Sample A”
more than it did the top of “Sample A”.

Figure 137: Polarization microscopy images of stacking 2 layers of p78 in contact with each other. Using
a 1220nm beam wavelength.

We conducted two studies of p55-no-d's Neel wall pattern: one where the
orientation of the central domain wall was arranged to match between both layers (Figure
138), and another where the domain walls between each layer were oriented
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perpendicular to each other (Figure 139). In Figure 138 for orienting the domain walls
parallel, we see the domain pattern of the bottom film dominates over the domain pattern
of the top film. We do not see much polarization incoherence in this stack, though a
reversal appears to be taking place with the middle right domain when comparing the top
and bottom rows on the far right column to the middle row. We also see a subtle change
in the middle right domain of “Sample A” when comparing its image in the top and
bottom rows to the far left. This indicates that some layers may have a dominant affect
over other layers in determining the general out-of-plane component domain pattern.
Overall though the small amount of polarization incoherence would indicate this is a
good film for stacking.
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Figure 138: Polarization microscopy images of stacking 2 layers of p55-no-d in contact with each other.
Using a 1220nm beam wavelength.

Figure 139 shows the domain pattern of the bottom layer called “Sample B”
appears to dominate over that of “Sample A”, with the vertical orientation of the domain
wall of “Sample B” appearing through “Sample A”. After disassembly little had changed
in the domain pattern of either sample.
Our research did not determine whether it is better to use p78 or p55-d films
versus p55-no-d films for stacking. Even the process by which to create such films is not
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easily controlled, as no matter the thickness of the film these in-plane samples can vary in
whether they form very large, Neel wall like domains like p55-no-d versus very small,
chaotically oriented branching domains like in p55-d and p78. The only evidence of any
really difference is shown in Figure 140. Here three stacks were built to have the same
thickness or beam path length, of p77-3 (left), p55-no-d (middle), and p55-d (right). We
put the stacks in a 30cm diameter Helmholtz coil where the magnetic field was alternated
from north-south to south-north at a rate of 10Hz, with a peak-to-peak field difference of
approximately 110mG. The bottom row of Figure 140 shows oscilloscope screen
captures of each stack. Within each oscilloscope capture, the blue waveform represents
the MO response of the stack imaged above, the green waveform is the reading from a
high end fluxgate (where the scale is 1V/G), and the yellow waveform represents the
voltage reading applied across the Helmholtz coil as T-ed off by BNC cables from the
electric current source. The images in the top row are of the stacks themselves imaged
with regular microscopy edgewise. We spotted the thickness difference here between the
p55-no-d and p55-d films amongst the p55 class. Despite supplying this knowledge to
the crystal grower for more p55-no-d samples, we could not replicate the Neel wall like
structure of the p55-no-d samples even when using thicker films. It is with that this study
was limited to using p78 films for constructing long stacks.
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Figure 139: Polarization microscopy images of stacking 2 layers of p55-no-d in contact with each other.
Using a 1220nm beam wavelength. This time the major domain wall of the top layer is oriented
perpendicular to the bottom layer.
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Figure 140: A stack of p77-3, p55-no-d, and p55-d with its detected Faraday rotation in blue.

7.4

Noise level
While every attempt was made to increase the rotation rate (reported in mrad/G),

it turned out the noise level of the detector itself was what mattered in regard to minimum
detectable magnetic field sensitivity. This was often neglected as it was largely believed
to be dependent on the type of laser or photodetector used. It was difficult to quantify as
the true Faraday rotation can only be calculated after the change in the DC level (dV) is
normalized by the beam power ( V DC or

P0 ), which could vary between laser , stack

length, or the photodetector gain or amplification setting used.
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Figure 141: The rotation rate over the stacking length of a p78 stack AR coated for 1220nm beam
wavelength. Using a 1220nm probe beam wavelength.

To reconcile these factors and study the MO stack as a source of noise itself, we
constructed a long MO stack using p78 AR coated for a 1220nm beam, the results of
which are shown in Figure 141. Here the data labeled “Dec 18th 2015” is plotted with
three theoretical models. The first labeled “KL” is the expected linear increase in the
rotation rate with stacking length, based on the Kundt constant at 1220nm being 4.2
rad/G*m. The second model includes the exponential factor shown in Text 46 to account
for the impact of insertion loss on sensitivity. Neither of these models capture the
enhancement offered by the demagnetization of a thin rod geometry, which the last model
attempts to fit for with “K_enhanced” and “alpha_enhanced”. Most notable is the width
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of the error in the reading with each data point in the “Dec 18th 2015” data set. Initially
the error reading is almost imperceptible, but as stacking length increases the error in the
reading becomes more and more appreciable.

Figure 142: The Minimum Detectable Field or noise floor of the p78-1220nm sensor at various stack
lengths.

Simultaneously we did a study of the Minimum Detectable magnetic Field
(MDF). This represents the effective noise level of the stack and is measured by
comparing the scale of a MO reading to a known magnetic field, then to its noise level in
the absence of the applied field. In this case a lock-in analyzer was used with a 100ms
time constant. Here we see in Figure 142 a distinct drop in the MDF up to a 7 layer stack
length (5mm), beyond which the noise level begins scaling with the increase in the
rotation rate so that the MDF maintains the same value regardless of the increase in stack
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length. We encountered the same problems with very long stacks using a Wollaston
prism as the analyzer even while using a balanced photodetector.

Figure 143: A plot of how the gain factor from Text 47 can change with different demagnetization factors
(Garzarella et. al. 2016, 241101).

While insertion loss is believed to play a major role in the rise of the noise level
with stack length, the amplification of polarization incoherence is also believed to be at
work here in disrupting the stability of the polarization rotation reading. This MDF limit
is further seen in Figure 143 where Garzarella et. al. 2016, 241101 models the boundary
coupling constant

γb , which at lower values shifts the maximum sensitivity to a

smaller stack size. It is with this that a stack length of approximately 8 films each with a
500um thickness were selected as the typical stack length. This smaller stack length also
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proved helpful however with the use of flux concentrates whose effect is amplified with
smaller separation distances.
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CHAPTER 8

8 SENSORS

8.1

Deriving the flux quanta.
The units for magnetic field originate from Ampere's law (here in International

Standard or Systeme International (SI) units)

∮ B⋅d l=μ 0 I enc
Text 49

Where the line or loop integral follows the magnetic field line of
electric current

B generated by the

I enc enclosed by the loop integral of a circumference l .

μ 0 is the

permeability of free space and has a value of

μ 0=4 π×10−7 N / A 2

This would mean the SI unit for magnetic field, Tesla, is in fundamental units of

T=

J
kg
=
2
m A sC

Text 50
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Gaussian or centimeter-gram-second (cgs) units are a partial version of natural
units where the permittivity of free space ϵ 0 is transformed into the unitless value of
1
. The elegance of Gaussian units are that it puts the units of magnetic and electric
4π
field on the same footing. Similarly, the permeability of free space is converted from SI

to Gaussian by

μ0 1
→
. SI and Gaussian units remain consistent so long as
4π c

2

c ϵ0 μ 0=1

The fundamental limit of measurement uncertainty is the Heisenberg uncertainty
principle defined as

σ x σ p≥

ℏ
2

Text 51

Where 2 π ℏ=h and σi stands for the standard deviations in the measurement of the
position

x and momentum

p of an object, respectively. This relation similarly

extends to a field consisting of an energy content U during a period of time t .
For a dynamically changing magnetic field, Faraday's law is derived from
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∇×E=

−∂ B
∂t

Using the curl theorem to yield

∮ E⋅d l=

−d Φ
dt

Where Φ is the flux defined as Φ=∫ B⋅d a . The flux is an easier quantity to work
with when dealing with changing magnetic fields. Using fundamental constants and the
SI units of magnetic field from Text 50, we can define the minimal detectable flux as

Φ MDF =

h
2
=2.07 aT∗m
2e

Where the factor of two accounts for the half spin of the electron.

8.2

Energy content of magnetic field.
The energy used by an electric field to move a charge a distance d l is

dU =q E⋅d l
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Vice versa, −dU is the amount of energy put into the electric field

E by moving the

charge q by −d l . The rate at which this charge moves then dictates the rate energy
is expelled by the field or vice versa. Generalizing this to an electric current density
yields the rate energy is inserted into an electric field
density

E by an electric electric current

j through the relation

( dUdt )

into EM

=−∫ j⋅E d τ

Text 52

Treating j as a free electric current, we derive Text 52 in entirely terms of
electromagnetic field as

( dUdt ) +( dUdt )

−∫ j⋅E d τ=

drain

source

Text 53

Where in Gaussian units,

( dUdt )

=
drain

c
∮ d a⋅( E×H) d τ
4 π surface

is the rate at which energy leaves the volume through its surface defined by d a .
Inside this integral is the Poynting vector
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j

S=

c
E×H
4π

One of the peripheral goals of this study was to develop an entire Poynting vector
sensor when combined with an Electro-Optic (EO) crystal used to sense electric fields as
shown in Figure 144. Transverse to the EO crystal would be the MO stack.

Figure 144: An illustration of the proposed Poynting vector sensor.
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The primary means for determining a signal is typically through the minimum
detectable power the sensor can measure. The unit of choice for the minimum detectable
power is dBm defined relative to the detected power

[

dBm= 10×log 10

P normalized by 1 mW as

P
( 1 mW
)]

A typical Global Positioning Satellite (GPS) transmits at 100 dBm. A typical receiver
used to detected GPS satellites can detected -100 dBm. Generally our sensors were found
to have a -50dBm sensitivity.
The average power per unit area transported by the electromagnetic wave is the
intensity, calculated from the time average of the Poynting vector over the period of its
cycle T , written as

T

⟨ S ⟩=

1
∫ S dt
T 0

For a monochromatic plane wave, it is then typically approximated that c 2 B2=E 2 (SI)
or in Gaussian as

4 π 1 2 E2
B =μ 0 ϵo E =
E=
c 4π
c
2

2

Text 54
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Or more formally

i k×E=

iω
B
c

Where the real component of k is

2

( kωc ) =μ ϵ
0

For detecting the power emanated by a magnetic dipole, the Poynting vector can
be used either through direct detection of the electromagnetic vectors or through
measuring the intensity like done with a pyrodetector. However the magnitude of power
detected is restricted to the surface area the detector can encompass about the source,
thereby the smaller cross section of the detector the weaker the detected power will be.
Relying on measuring the intensity from a magnetic dipole additionally requires the
approximation that the measurement is done in the “radiation zone” or far enough from
the source that the distance to the source is much larger that the wavelength of the wave
being generated. In the lab frame the size of the fields are typically 30cm to 3cm in cubic
volume, where as the wavelengths we are generating continuously range from 3*10^9 cm
(10 Hz) to 30cm (1 GHz).
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If we measure the power where the waveform is being generated, we can get a
much better power reading. However the volume where the waveform is being generated
is defined as the volume where the field has the highest magnitude, with the total power
in the volume being determined by summing the field over that entire volume where the
maximum field remains homogeneous. Returning to defining the terms in Text 53, the
energy the motion of the charges put into the fields is

( dUdt )

=
source

1
∫ ∂ ( E⋅D+ B⋅H) d τ
8 π volume ∂t

Text 55

Here then the detected power can be determined from either the electric or magnetic field
without making the approximation that the wave is a monochromatic plane wave like
done in Text 54.

8.3

Inverse square root Hz.
The sensitivity of a detector is rated by it Noise Equivalent Power (NEP),

typically in units of W / √ Hz (Mackowiak et. al. 2017). Here the power is what is
measured over the square root of half a second of data acquisition time. The units for the
figure come from the uncertainty principle of Text 51, where the uncertainty is in the
energy and time span of the field. Using the simplified version for energy of a field in
Text 55, in units of SI, we convert the energy to units of magnetic field by
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U=

1
B2 d τ
∫
2μ 0

Assuming the field is distributed homogeneously over a volume V , say of a 10cm
cube. Converting this quantity to its proper standard deviation relation and neglecting the
uncertainty in the volume, we get

BV
V
σU = μ σ B≈ μ σ2B
0
0

Here we plan on using a magnetic field strength B so low that it approaches the value
of its uncertainty. After performing the same operation for σt , we get our analogous
relation for Text 51

V 2 σf ℏ
μ0 σ B 2 ≥ 2
f
μ ℏ
√σf
σB
≥ 0 =0.257 aT / √ Hz
f
2V

Text 56

√

Where we calculate the minimum NEP that can be achieved for a 10cm cubic volume.
Here in Text 56 we see the quantum mechanical limit for how low of a detectable field
can be read. Also present in this equation is the famed 1/ f noise or “pink” noise.
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Here f is the frequency of the signal to be detected, and σ f is the uncertainty in that
frequency, seen in the lab's spectrum analyzer as the Full-Width Half-Maxima (FWHM)
of the signal peak.

σ f is typically referred to as the band-width, or inversely in time-

domain space it is the length of time over which the measurement takes place. In the case
of a lock-in analyzer 1/σ f

is the time constant. Typically σ f is set to 1 Hz when

identifying the NEP of devices with various maximum frequencies or frequency
responses. However the requirement on σ f is that it be equal to or less than the
applied signal frequency f . So here in Text 56 we could minimize σ B by
maximizing σ f , but this will also require an increase in f . Quantum mechanically
this is the origin of 1/f noise and demonstrates an important limit in signal analysis;
noise space is sparsely populated at high frequencies, but becomes quite considerable
near the DC level as seen in Figure 145. Here in Figure 145 is a 100 Hz span spectrum
analyzer reading centered at 50 Hz. Here we see the spike in the DC level of the
photodetector at 0 Hz, and the presences of the utility frequency due to AC current from
power sockets at 60 Hz.
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Figure 145: The noise level from 0 to 100 Hz of a typical MO signal from a Tektronic ® spectrum analyzer.

Reaching the minimum noise level is also plagued by two other natural processes,
entropy and chaos. Both of these are manifest in Johnson-Nyquist noise, which is
electrical noise generated by the thermal agitation of charge carriers, as commonly seen
when a resistor is present in a circuit. Our detector is especially vulnerable to this form of
noise as it still requires the operation of a laser diode and photodetector which are both
powered by an electric current. Figure 146 shows a rough plot of some of the best
Minimum Detectable Fields (MDF) in the lab, that is where the Signal to Noise Ratio
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(SNR) is 1:1 or the noise level of the sensor. We observed that MDF drops off with
measuring higher frequencies, but dramatically increases toward 0Hz readings. Using
Text 56 we can also plot the corresponding NEP frequency response of our detector by
setting σ f = 1 Hz.

Figure 146: The general trend of NEP and MDF of our MO sensors with
different detected oscillating magnetic field frequencies.

8.4

Magnetic field sources of noise.
While the laser and photodetector are far more vulnerable to electronic noise, we

still note here the sources for magnetic field noise. The first most obvious source of noise
is Earth's magnetic field, which is typically 300mG in strength though remains fairly in
time constant (0 Hz oscillation or DC). However as evident by placing a compass near
ferromagnetic materials, Earth's field can be overwhelmed by local ferromagnets,
especially if they have been magnetized. This underlies the importance of keeping
permanent magnets and ferromagnetic materials as far from our sensor setups as possible.
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As for shielding Earth's magnetic field, the best way is to wrap the setup in a
cylinder of high permeability material, with the axis of the cylinder perpendicular to
Earth's magnetic field direction. To gain further attenuation, multiple layers of high
permeability are recommended. In this study 5 layers of high permeability material was
used with the intention of attenuating Earth's magnetic field by approximatley 48 dB.
However the geometry, size, and weight of such shielding deigns can be difficult to work
with. Some degree of shielding can be achieved with sheets or foils, but the best
shielding is achieved during the baking of the high permeability material to a specified
shape. Once dents are allowed to form in that shape, the material looses its magnetic
shielding properties. However shielding is only necessary for detecting very low
strength, DC fields. Even a fluxgate is typically expected to be first shielded to “zero”
the probe before it can perform a reliable measurement at near DC frequencies.
The 1/f noise provides an easy outlet for dramatically reducing the noise level
by merely moving to detecting high frequency oscillating magnetic fields. The studies
presented here typically used a 10 Hz alternating field and provided the magnetic field
sources were properly characterized, largely negated the used of having to shield against
near DC magnetic fields.
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Figure 147: A comparison of the 60Hz utility frequency detected by the fluxgate (green) and the MO stack
(blue), under various shielding conditions.

We found a second source of magnetic noise to be 60 Hz frequency AC
distribution current of the local electric utility. Figure 147 displays an example this
utility frequency as detected in the fluxgate (green) and an MO stack (blue). Such noise
remains largely localized about any wires carrying AC current, with it becoming most
dramatic near simple power transformer devices, showing a unique waveform depending
on the transformer's architecture.
Initially the fluxgate was used in parallel with the MO sensor as a means of
confirming the magnetic field strength of the setup. Earlier setups had a small geometry
and typically required the fluxgate to be right next to the MO sensor in order to insure
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their field strength readings were equivalent. However by doing so we found in Figure
148 that the fluxgate itself can be a source of noise, here generating a pulsating field of
approximately 50mG at 15 kHz.

Figure 148: The MO stack (blue) detecting the pulsed magnetic field from the fluxgate (green).

A fluxgate sensor consists of two wire loops, with one being driven by an
alternating electric current. The second wire loop is used as a pick-up, or what is
rudimentary known as the “B-dot” sensor that picks up the change in magnetic field
through inductance brought on by the driven loop. The fluxgate works by detecting the
phase between the driven loop circuit and the pick-up loop circuit, which changes if a
magnetic field of a particular strength and direction is present along the axis of the two
loops. Most fluxgates enhance this effect by including within the core of these wire loops
a high permeability, low coercivity magnetic material by which to enhance the detected
magnetic field. While quite beneficial, this can impact very low strength, low frequency
readings as the coercivity of the high permeability material begins to reveal itself.
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8.5

Flux concentrators.
Deeter 1996 first experimented with using such high permeability materials to

enhance the performance of MO sensors. Generally the architecture he found most
beneficial was a conical shape as shown in Figure 149. Here a conical flux concentrator
is inserted from left to right into a homogeneous magnetic field. Generally the purpose of
a high permeability material in shielding or concentrating applications is to pull magnetic
flux lines into the material boundary. For the conical shapes in these studies, this could
be detrimental if the sensor is placed in the larger end of the concentrator, as the
concentrator then acts as a shield against the field we are trying to detect. However at the
small end of the concentrator the flux lines are concentrated into a smaller volume before
spreading out to their original density. It is here that it is best to mount the MO stack,
with the small opening of the concentrator, or aperture. The size of this aperture has to
strike a fine balance in being small enough to concentrate the field lines toward the beam
path, but large enough that it does not disrupt or interfere with the beam profile.
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Figure 149: An illustration of how a fluxconcentrator affects the magnetic field
lines. The MO stack would be place at the
small end of the cone.

Using a large scale conical flux concentrator, this theory was confirmed by
moving it through a large diameter Helmholtz coil (approximately 25cm diameter) and
over either a fluxgate or a single layer MO sample oriented in the center. The results in
Figure 150 show a near times 1.5 increase in the measured field when the small end of the
flux concentrator was over either detector. In practice our flux concentrators are typically
designed with a flexible, easy to cut high permeability material. This is so they can
obtain an aperture size of 1mm diameter, then spreading out to a 1.2cm diameter over
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5cm. They are then made in pairs and mounted on either end of the stack, with the
apertures nearly touching the stack.

Figure 150: Using a large model flux concentrator, we compare how the magnetic field reading of each
sensor without or with (“H_con”) the flux concentrator varies as the flux concentrator moves over and
coaxial to the sensor in a Helmholtz coil.

298

demagnetization
MO K

Sensitivity

Flux concentrator
separation
Beam power
depletion
Array length

Figure 151: The general trends seen in the transmission loss, MO
effect, and other factors with stack length. Not shown is
polarization incoherence which can be steeper depending on how
out-of-plane the films of the stack are.

The ability of flux concentrators to increase the magnetic flux line density at the
MO stack depends on how close together the pair of flux concentrates can be aligned.
Figure 151 qualitatively demonstrates how concentrator separation and the other
quantities we have explored vary with MO stack length. We attempted to reproduce this
graph directly with various MO stack lengths with flux concentrators mounted in contact
with the ends of the MO stack. However there is one additional modification that is made
to our setup to enhance sensitivity.

8.6

Optimal MDF Wollaston setup.
Figure 152 represents a typical MO setup used to measure the degree of Faraday

rotation due to an applied magnetic field across the sample between the polarizers.
Typically the lowest fields can be detected using this setup in combination with high
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frequency sources and high frequency detector equipment. Additional sensitivity can be
gained if a photodetector is amplified or “driven” close to its saturation level of typically
5 Volts. This is especially useful at high frequencies as long as the noise level of the
photodetector does not increase much with amplification. However operating equipment
close to the saturation value can damage the photodetector or various pieces analog
electrical equipment connected to it. Additionally the presence of a DC level in the
reading as shown in Figure 145 makes it considerably difficult to detect very low
frequency fields.

Figure 152: The traditional method this study used to determine the degree of Faraday
rotation in our samples. The sample here is between the polarizers.

We experimented with a number of setups to improve sensitivity and found the
best were systems where two beams were compared using a rectifier. An early version
consisted of a probe path and a control path, with the control path's voltage inverted and
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added to the probe path's voltage using a rectifier. However a latter setup using a
Wollaston prism as shown in Figure 153 presented much better beam power stability.
While Glan-Thompson prisms can achieve greater extinction ratios, one polarization
component is dumped while the other is transmitted unhindered. Wollaston prisms
however maintain the information of both polarization components, and best work when
the photodetectors are within the same circuit and are balanced. In our setup a half-wave
plate was used before the polarizer so the polarization is evenly split upon encountering
the Wollaston prism, so this acted as the balancing mechanism for the photodetectors.

Figure 153: The Wollaston setup used to take the data in Figure 154 and Figure 155, with the MO sensor
placed between the polarizer and Wollaston prism.

The specific magnetic field generation setup used here was from a Transverse
Electromagnetic (TEM) cell with a 7cm wide copper plate. The lock-in analyzer's
references was used as the electric current source with a low noise 490 kOhm resistor in
series with it. This allowed achievement of a ~48pT detection of a 1kHz signal as shown
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in Figure 154. Here a 30s time constant is used with the magnetic field applied from
300s to 600s. The MO stack used was of 8 layers of p55-d (3.2mm long in total) using a
pair the flux concentrators designed here with a 1mm aperture. The entire stack was AR
coated for and used with a 1550nm wavelength probe beam. This represents one of the
best sensor measurements we could do in the lab.

Figure 154: The detection of a 50pT magnetic field oscillating at 1kHz using a lock-in amplifier set to a
30s time constant. The signal is applied between 300 and 600 seconds. Using optimal MO sensor for this
detection.
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We experimented with various sample types, stack architecture, and frequency
detection. We found that at 10 Hz and 100 Hz, the 48pT field could not be sufficiently
detected, but at 1 kHz, 10 kHz, and 100 kHz it could. Working at 1 kHz with a p55-d
stack, a variety of stack lengths were tested with flux concentrator separations as shown
in Figure 155. Here the average noise reading from 0 s to 200 s and 800 s to 1000 s was
plotted with stack length of the p55-d samples, with the standard deviation plotted as
error bars. As only 9 layers of p55-d sample were available, p78 samples were used (AR
coated for 1550nm, 546um in thickness) as bookends on either side of the stack. With
each new stack length the flux concentrator pair was realigned so their 1mm apertures
nearly touched the ends of the stack.
Here in Figure 155 we see the optimal stack length and flux concentrator
separation to be 3.2mm. Attempts were made to apply this with a stack of p78 samples
AR coated for 1220nm with a probe beam wavelength of 1220nm, but this did not
perform well as the p55-d stack did at 1550nm probe beam wavelength.
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Figure 155: The noise level from before and after the applied signal in Figure 154, but with various stack
lengths and in-turn flux concentrator separations.
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CHAPTER 9

9 CONCLUSION

Our study applied the idea of acquiring higher magnetic field sensitivity from MO
materials by extending the beam path length through them. It revealed what is often
neglected in MO studies with garnets: the film's magnetic anisotropy axis. Our research
demonstrated how important an understanding of this structure will play in improving the
sensitivity of a stacked MO probe. Unlike most MO studies that use thin films of
approiximately 1um thickness, we chose to use approximately 400um thick MO films to
better experiment with the final, robust, more deployable form the MO sensor would
likely take. Our use of thick demonstrated how magnetic anisotropy and domain
properties can degrade or enhance the sensitivity of the Faraday rotation in bismuth
doped rare-earth iron-garnets to an applied magnetic field.
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