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ABSTRACT
The work of this thesis consisted of magnetic characterization on two different materials:
soft magnetic Fe/PLA filaments 3-D printed using magnetic field assisted additive
manufacturing (MFAAM) and Fe-doped Ga>Oz thin films grown via pulsed laser
deposition (PLD) of various iron concentrations. The Fe/PLA filaments were printed on
top of permanent magnets to supply different external magnetic field strengths to the
filaments during the printing process, a modification referred to as magnetic field assisted
additive manufacturing (MFAAM). These various filaments were then measured using a
MicroSense biaxial VSM to observe magnetic field dependence as well as field angle
dependence on the magnetic properties and determine any potential anisotropy. The
filaments were also characterized by digital microscopy and x-ray diffraction (XRD) to
further confirm the results from the VSM. These results confirmed enhanced magnetic
properties through increased susceptibility and induced anisotropy of the filaments

printed with MFAAM.

The magnetic properties of Fe-doped Ga.Oz thin films of various iron concentrations
(2%, 5%, 15%, 40%, and 75%) and crystal structures (monoclinic for concentrations less
than 10% and spinel cubic for samples greater than 10%) were examined. These films
were measured using both the MicroSense VSM and the QuantumDesign PPMS VSM to
observe their magnetic moments’ dependency on magnetic field strength, temperature,

and iron concentration. The samples’ hysteresis curves were inspected and magnetic

XV



properties such as saturation magnetization, coercivity, and remanence were estimated
and compared. The magnetization with respect to temperature was also investigated for
the 5% and 75% Fe-doped samples. The magnetization vs. temperature curves displayed
different magnetic behavior for the 5% and 75% samples, suggesting a potential change

in magnetic ordering as the iron concentration increased.
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1: INTRODUCTION

1.1 Motivation

Magnetic materials have been incredibly prevalent in modern-day scientific research,
specifically materials science research, and the list of uses and applications is growing
substantially. With the ability to read and store information, generate power, and even
convert energy from one form to another, magnetic materials have proven to play crucial
roles in various aspects of everyday life. Recently, there has been a surge of interest in
printable electronics using soft magnetic materials that are suitable for printing motors,
power transformers, and actuators, all of which are made possible by additive
manufacturing [1-3]. Additive manufacturing, or AM, has been around for decades and
allows for a precise and personalized approach to printing an impressive variety of
objects, including those with unique or complex geometries. This printing method has
proven to be cost and waste efficient, as it does not require ample material or time to
create the desired prototype; the use of computer-aided-design (CAD) makes it possible
to only use the amount of material necessary to print the desired object rather than cutting

from bulk material [4].

Additive manufacturing has been modified in recent research by exposing the printed
composites to an external magnetic field during the printing process to explore the
possibility of enhancing magnetic properties of such materials. Such work has been done
with hard magnetic 3D printed materials, displaying an induced magnetic anisotropy as
well as increasing the material’s energy product and remanence, thus yielding stronger
permanent magnets [5]. The inclusion of an external magnetic field during printing has

been coined magnetic field assisted additive manufacturing, or MFAAM. While various



research has been conducted on hard magnetic composites printed using MFAAM,
research on soft magnetic printed composites is scarce. Successful studies on soft
magnetic composites using this printing method could change the game for a myriad of
focuses such as 3D printable magnetic transformers suitable for energy transport and

even novel generators for wind and solar power.

Another realm of materials research that is forever growing is that surrounding ultra-wide
bandgap semiconductor thin films such as gallium oxide (Ga20s3), specifically Ga,03
based alloys. Ga>0Os is an indirect ultrawide band gap semiconductor that is promising for
applications such as power electronics, UV detectors, and potentially magnetic sensor
applications. With a bandgap of almost 5eV (4.9eV), much larger than traditional wide
bandgap semiconductors, this material becomes an impressive candidate for optical
applications as well such as solar cell devices and UV photodetectors [6,7], and since the
demand for efficient renewable energy is heavily increasing, wide bandgap
semiconductors like Ga203 make advancements in research surrounding optical devices
possible. Studies have shown that Ga»>Os is incredibly versatile, having the ability to act
as both an insulator or a conductor depending on the doping conditions, and successful
alterations have been done by doping Ga2Os with charge carriers such as Si, Sn, Ge and
even Nb to increase the carrier concentration (and therefore the conductivity) and
enhance the electrical and optical properties of the material [6,8,9]. These qualities make
Ga>03 a viable choice for optical and environmental applications needing devices capable

of withstanding high voltages and temperatures without sacrificing quality, time, or cost.

While the large bandgap of Ga>Os already sets it ahead of its competitors, another area of

interest for this particular material could be the realization of ferromagnetic behavior



above room temperature when doped with transition metals such as Ni, Fe, and Co.
Ferromagnetic semiconductors have the best of both worlds. Wide bandgap
semiconductors present the benefits of functioning through large supplies of
voltage/power, operating well above room temperature, and faster switching speeds.
Ferromagnetic elements allow these semiconductors to become equipped with magnetic
characteristics relating to high susceptibility, high permeability, and little hysteresis loss.
With all these qualities working together, ferromagnetic semiconductors open the doors
for future research surrounding a myriad of spintronic devices, ranging from non-volatile
memory and logic devices to advances in artificial intelligence [10,11]. This combination
has been studied on other magnetically doped semiconductors such as GaN and ZnO,
both of which have shown ferromagnetic effects when operating at or above room
temperature, but these results were difficult to reproduce with confidence [11,12,13].
This thesis intends to continue the research done by M.D. Dalim Mia [14] by further
exploring the magnetic properties of Fe-doped Ga>Oz and conclude if this material could
be effectively implemented as a ferromagnetic semiconductor in areas such as nonvolatile

memory and magneto-optic devices.

1.2 3-D Printed Filaments

1.2.1 Background and Applications

3-D printing, more recently referred to as additive manufacturing (AM), has been around
longer than most might assume, but has gained a lot of traction in recent years due to the
price drop in equipment and materials, ease of operation and the myriad of applications

it’s been incorporated in to. AM is a multistep process that imports customized computer

aided design (CAD) blueprints from a 3-D modeling software and prints the desired



design layer by layer at controlled parameters such as print height, speed, and
temperature with ease. 3-D printing began in the 1980’s in Japan with efforts first made
by Hideo Kodama to find a more rapid prototyping system for manufacturing uses [15].
The assortment of printing technologies that have been developed since the first
prototyping system has grown immensely, some of which include Stereolithography
(SLA), Selective Laser Sintering (SLS) and Fused Deposition Modeling (FDM) [15], the
latter being the method optimized in this thesis. While the advancements of the 1980’s
put 3-D printing on the map, the difficulty of operation and high equipment costs deterred
many away from taking advantage of the possibilities these systems held. However, the
next ten years would prove to be even more profound with increased public availability
of CAD software and reduced equipment/material costs. By 2010, 3-D printing had made
its way into the medical field with the first prosthetic leg and functional miniature
kidneys being printed [15,16] and in 2011 researchers took it a step further by printing an

entire aircraft which cost under $7,000 in total [16].

Nowadays, with the improvements that have been made in 3-D printer models and
printing materials (ranging from plastic to metal to even chocolate) [15,17], this futuristic
process can be found in an array of fields such as construction, education, culinary and
artwork [18]. More recently, materials scientists have taken advantage of this incredibly
versatile process as well for functional applications to help aide in renewable energy,
energy production and energy conversion. Special focus has been taken surrounding the
research and development of additive manufacturing with magnetic materials, allowing
for printable transformer cores, permanent magnets, and sensor applications to name a

few [1,2,19,20]. Scientists have successfully relaxed the restrictions on printing complex



shapes and reducing manufacturing costs by using 3-D printing to create polymer-bonded
composites involving hard magnetic NdFeB and SrFe1201s filler particles to allow for

electric and magnetic applications such as novel actuators and sensor devices [2, 21,22].

Furthermore, a few studies have been done on 3-D printed transformers using soft
magnetic polymer composites, but the results show there is still work to be done in
accomplishing a fully functional AM commercial transformer core. Bollig et al. 3-D
printed and characterized different transformer core geometries and fill patterns using a
magnetic thermoplastic polymer and concluded that while larger fill fractions improve
the printed transformer performance, the printed transformer cores did not saturate as
easily as a standard transformer core, suggesting higher concentrations of Fe particles in
the PLA matrix as a solution [19]. Similar work was done by Tiismus et al. by using
ferromagnetic materials to print a full E-type transformer core and they compared their
findings to a traditional commercial transformer core. They reported a much lighter and
thinner core for the 3-D printed prototype and achieved a high fill factor of about 89%,
but the printed transformer fell short in comparison to the commercial core with a
reduction in efficiency and low magnetic polarization which they attributed to lack of

control in the printed material grain structure orientation [3].

1.2.2 Magnetic Field Assisted Additive Manufacturing

Additive manufacturing has proven to be an asset in printing prototypes for structural
purposes like buildings and prosthetics. However, research and development surrounding
functional magnetic materials via AM is still fairly new and issues regarding their

competitiveness with commercial products is still widespread. However, to increase the



performance of AM products, an even more recent phenomenon is being explored which
involves applying an external magnetic field during the initial stages of the printing
process, referred to as magnetic field assisted additive manufacturing (MFAAM). Studies
so far have shown that this field assisted method enhances the quality of printed magnetic
prototypes in terms of easy magnetization and improved degree of alignment of the
magnetic particles being used. Such improvements make MFAAM a contender for a
printing method that yields efficient, functional products at reduced costs, labor, and

waste.

Researchers at Ames Laboratory and Oak Ridge National Laboratory studied the
integration of MFAAM (referred to as in-situ alignment in their work) by equipping an
external magnetic field source to the extrusion nozzle of the 3-D printer and were able to
increase the mobility of these particles by melting the polymer matrix and allow for easy
rotation of the magnetic particles as the molten polymer flowed through the nozzle [24].
This process was exploited during printing composite anisotropic powders bonded in
Nylon12 and recycled Sm-Co powders bonded in PLA and an increased degree of
alignment of 65% and 83%, respectively, for both composites was realized [24]. Work
done by de Oliveira Barros et al. also successfully demonstrated the benefit of MFAAM
with hard magnetic materials by printing a mixture of SrFe12019 particles in an uncured
elastomer on top of a permanent magnet (NdFeB), removing the necessary step of
magnetization of the composite after printing [25]. Instead, the magnetization was
realized by applying the external magnetic field during the curing process and resulted in
particle chaining and alignment to allow for a clear easy axis of magnetization and an

increase in remanent magnetization of 100% to ultimately lead to the development of



small field controllable mobile robots [25]. The work done by Sarkar’s and de Oliveira
Barros’ teams eliminate the need for post-printing magnetic alignment, thus reducing the
cost and time necessary to magnetize these types of composites without sacrificing the

quality of the magnetic properties they encompass.

1.2.3 Soft Magnetic Composites and MFAAM

A significant amount of research has been done on hard magnetic materials printed using
MFAAM to confirm the outstanding effects this method has on not only the magnetic
properties of the yielded products, but also the cost and time surrounding the production.
However, these effects are scantily studied in the realm of soft magnetic materials. Kim
et al. successfully incorporated MFAAM into printing 3-D structures using a viscoelastic
ink to obtain programmed ferromagnetic domains and therefore allow for realization of
reconfigurable soft electronic devices and soft material robots capable of crawling,
rolling, and catching objects [26]. Furthermore, research involving the combination of
assisted field AM and polymeric nanocomposites revealed an increase in magnetic
anisotropy and allowed for the successful fabrication of complex microactuators capable
of 2-D and 3-D motion [27]. Proven to pre-align the magnetic particles during printing
and allow for easy magnetization, MFAAM could serve to be the missing puzzle piece in
a myriad of soft magnetic devices, specifically the production of 3-D printed transformer
cores, as mentioned above, to allow for easier saturated magnetization and better
magnetic anisotropy within the printed filaments. This thesis intends to further investigate
this possibility and determine if the benefits MFAAM has shown in the production of
hard magnetic material prototypes can be transferred over to soft magnetic devices as

well.



1.3 Ga203 Thin Films

1.3.1 Background and Applications

Gallium oxide (Ga203) has been studied for decades to investigate its potentiality in
various areas of technology development. The rise in experimentation began with the
realization of gallium oxide’s ultra-wide bandgap and semiconductor properties, allowing
researchers to explore the possibilities of optical and electrical applications in devices
such as conductive windows for ultraviolet (UV) light [28-30]. With a bandgap of 4.9 eV,
this oxide has the most commonly used semiconductors (such as SiC, GaN, and ZnO with
respective bandgaps of 3.26 eV, 3.39 eV, 3.37 eV) beat by a mile [31-34]. In 1965, the
United States Air Force sponsored a study surrounding the optical characteristics of
Ga203 and found that the absorption edge observed at room temperature (RT) was shifted
toward shorter wavelengths with an increase in photon energy when temperature was
reduced to 77 K, allowing for the realization of photoconductivity [28]. With these
optical properties being discovered and further confirmed, the interest in what else this
material could do skyrocketed and lead to the dive into the potential for electrical

applications.

Initially, Ga,O3 was used as an insulator for GaAs wafers due to its small intrinsic charge
carriers, and with a refractive index of n=1.84 to 1.88 at wavelengths of 980 nm, it has
also been utilized as an anti-reflective coating on GaAs as well [35,36]. These qualities
allowed gallium oxide to be implemented in areas such as photodiodes and solar cells.
However, researchers also discovered that this material’s electrical properties could be
modified through a process known as doping in order to increase the conductivity of the

material and expand its usage. Doping involves the introduction of impurities (whether



they be donors or acceptors) into an intrinsic semiconductor and by varying the number
of carriers in this material, allows for modification in the material’s intrinsic properties
[37]. These modifications can present themselves as structural, electrical, or optical
changes. While p-type doping for Ga»Oz is scarce, numerous reports have been done
showing the effectiveness and controllability of n-type doping on Ga>Oz such as those
done with elements including Si, Sn, and Ge. These efforts displayed increased carrier
concentrations ranging from 10*° cm to 10%° cm™ accompanied by elevated electron
mobilities of up to 120 cm?/Vs [38-40]. Wong et al. also demonstrated a breakdown
voltage of over 750 V in a field-plated Ga,Os MOSFET [41]. On top of this, gallium
oxide has a theoretical critical electric field strength of 8MV/cm which is three times
larger than that of SiC and GaN [6,30,40]. Such advancements make GaO3z instrumental
in the construction of high-power electronic devices such as Schottky diodes and field

effect transistors (FETS) in utilizing large bias voltages.

1.3.2 Polymorphs of Ga203

One of the biggest realizations in the practicality of gallium oxide was the recognition of
the handful of structures this material can take on. Polymorphism occurs when a solid
material possesses the ability to take on different crystal structures but contain the same
chemical makeup. Gaz0Os has a reported five polymorphs: a-, -, y-, 8-, and -Ga203 [30]
and of these five, the most heavily studied are the - and a-phases, with most research
revolving around B-Ga>Oz. The following table gives the reported parameters for the five

polymorphs being discussed:



Table 1. List of polymorphs for Ga,Os and their respective structural properties

Lattice
Polymorph Crystal Structure | Space Group Par'ameters References
(A,deg)
0-Ga,03 Rhombohedral R3m a=4.98254 14,30,35
c=13.4334
a=12.234
B-Ga0s Monoclinic c2/m b=3.044 14,30,35
¢=5.804
p=104°
v-Ga20s Spinel Cubic Fd3m a=8.238/ 14,30
Base Centered ~
0-Ga,03 _ la3 a=10.04 14,30
Cubic
_ a=5.1204
€-Gay0s Orthorhombic Pna2 b=8.7924 30,35
c=9.4104

While research surrounding certain phases are scarce, each phase holds unique
characteristics that validate the research behind them; for example, a-Ga20Os is reported to
have the largest bandgap of all the polymorphs at Eq=5.16 eV [35]. However, the cons
outweigh the pros for most of these phases as they have been found to be metastable and
convert to the most stable polymorph -Gaz0s after annealing, preventing these structures
from being manufactured in high bulk [30,42,43]. This thesis will be characterizing thin
films involving the - and y-phases, so these structures will be explained in greater detail

than the other polymorphs listed above.

B-Ga203 is the only stable polymorph of gallium oxide that has been studied in depth and
proven to be useful in an array of applications including metal-semiconductor field-effect
transistors (MESFETs), Schottky diodes, and solar blind UV detectors [40,44]. B-Ga203
is monoclinic and consists of two coordination sites for the Ga ions: tetrahedral and

octahedral [14]. These crystals have a reported average electron mobility of 130 cm?/Vs
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and reaches a maximum of at 500 cm?/Vs at 100 K, allowing for fast switching speeds
and making it an advantageous choice for high electron mobility transistors (HEMTS)
[45]. Not only does this polymorph display top of the line electrical properties, but due to
its thermal stability, B-Ga20s single crystals and epitaxial films can be produced in high
bulk using processes such as chemical vapor deposition (CVD) and the Czochralski

method [14,45].

While the majority of research on gallium oxide involves 3-Ga20s3, there is another phase
that has been of recent interest: y-Ga>0Oz. This polymorph takes on a defective cubic
spinel crystal structure and is also equipped with tetrahedral and octahedral lattice sites
[14,30]. With a large bandgap of 4.7eV, this phase has been used in optoelectronic
applications including, but not limited to, solar cell improvement as well as
electroluminescent devices [14,46]. However, the spinel structure that this phase has
opens the door for potential magnetic applications as well, namely diluted magnetic
semiconductors (DMS) and ferromagnetic semiconductors (FMS). Such advancements
into the magnetic properties of y-Ga2O3 could prove to be promising for furthering the

development of spintronic devices such as data storage and energy harvesting.

1.3.3 Ferromagnetic Semiconductors Using Ga20s3

While the experimentation and construction of Ga,Oz-based devices are abundant in
electric and optical fields, the magnetic properties of this material have not been as
explicitly explored. With little research to go off of, the potential behind exploiting these
magnetic properties seems far-fetched. However, with growing interest in the defective

spinel polymorph, the use of gallium oxide for ferromagnetic applications is becoming
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feasible. As mentioned previously, ferromagnetic semiconductors combine important
properties such as wide bandgaps and high Curie temperatures (T¢) to produce devices
capable of withstanding high electric fields and operating temperatures in order to take
advantage of not only charge carriers, but the spin that accompanies these charges [10].
Prior research on y-Ga>Oz films have shown ferromagnetic characteristics, such as that of
Mn-doped y-Ga20s films which displayed room temperature ferromagnetism [47]. Even
more recently, Huang et al. showed that by doping y-Ga>Oz with Fe particles, a high
saturated magnetic moment was obtained at room temperature, proving to be a promising
candidate in high performance DMSs [48]. This thesis intends on delving further into the
magnetic properties of Fe-doped B-Ga203 and y-Ga»Oz structures in hopes to confirm
their stability and efficiency at various Fe concentrations and extreme temperatures to

ultimately prove their functionality in novel magneto-optic device applications.
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2: METHODS OF CHARACTERIZATION
2.1 MicroSense Vibrating Sample Magnetometer (VSM) and Torque Magnetometer

(TM)

The first piece of equipment that will be discussed is the MicroSense EZ-9 Biaxial
Vibrating Sample Magnetometer (VSM) and the Torque Magnetometer (TM) option. The
VSM option was used in this research to observe the magnetic properties of the Fe/PLA
3-D printed filaments such as the saturation magnetization, hysteresis, and the magnetic
anisotropy. It was also used to observe the changes in the magnetic behavior of the Fe-
doped Ga20s thin films with respect to high temperatures. The MicroSense TM option
was to be implemented to examine the magnetic anisotropy of the Ga;Os thin films at RT
with supplementing torque measurements performed using the biaxial VSM at varying

temperatures.

2.1.1. Theory of VSM Operation

A vibrating sample magnetometer (VSM) is used to measure the magnetic properties of
soft magnetic and hard magnetic materials at high and low magnetic fields, as well as a
wide range of temperatures. This technique can uncover a lot about a sample’s magnetic
behavior, including magnetic anisotropy, susceptibility, remanence, and coercivity of the
material. VSMs measure a sample’s magnetic moment by vibrating the entire sample in a
uniform applied magnetic field, therefore magnetizing the sample, and generating a time
dependent magnetic “stray” field. The sample’s time dependent stray field induces a
voltage in the detection coils surrounding the sample, which can be described using

Faraday’s Law of Induction, given below [49]:
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g=-N% 2.1
Where “€” is the induced voltage (or emf), “N” is the number of turns in the coils, “¢” is
the magnetic flux, and “t” is time. So, the amount of voltage induced in the pickup coils
is proportional to the changing coupled magnetic flux through the coils over time and
therefore proportional to the magnetic moment of the sample. However, even though the
applied magnetic field itself is not changing, the sample’s magnetic flux through the
detection coils is changing and is therefore time dependent. Keeping this in mind, the
magnetic flux can be described in terms of the surface area in which the flux passes
through and the magnetic flux density [49]:

= BAcos @ 2.2
¢

where “B” is the magnetic flux density, “A” is the surface area perpendicular to the
magnetic field, and “8” is the angle between the direction of the sample’s magnetic stray
field and the normal of the detection coils’ surface area. The sample is mounted in the
VSM so that it’s normal is parallel with direction of the magnetic field, so the cosine term

disappears. Substituting this definition of magnetic flux into Faraday’s law yields [49]:

_ _ndBa dB
e=-N——= —NA_ 2.3

The change in flux density changes with respect to time as well as the z-direction, so

implementing the chain rule, equation 2.3 can be rewritten as:

dB dz
e =—NA Ea 2.4

Note that the sample’s stray field is similar to the field caused by a magnetic dipole point

and therefore varies with 1/r, where “r” is the distance from the dipole point. Therefore,
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for the case of a VSM, the change in the sample’s position with respect to the detection
coils placed around the sample creates a changing magnetic flux over time that in turn

generates an induced voltage in those pickup coils.

2.1.2 Schematics of MicroSense VSM Head Option

The components of the MicroSense EZ-9 VSM pertaining to this thesis are comprised of
the VSM motor/vibrator head, electromagnet, stationary pick-up coils, the chiller and a
control rack consisting of the lock-in amplifiers, gaussmeter, and the magnet power
supply. For the temperature dependent measurements, the oven and temperature
controller will be used in addition to the components listed above. Also included is the
torque magnetometer head. The images below highlight the parts that will be utilized in

this thesis:
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Figure 2.1. a) Setup of the MicroSense EasyVSM at Texas State University. Also shown is the torque
magnetometer. b) Configuration of biaxial coil set used to measure the components of the magnetic dipole

vector parallel and perpendicular to the applied field; the red dot represents the sample.
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The MicroSense VSM allows for a magnetic field range of -2.4 Tesla to 2.4 Tesla, a full
360° field angle range, and a temperature range of 77K to 1,000K [50]. The samples
being measured can be mounted on a variety of rod holders, such as pyrex or quartz rods,
both of which have perpendicular and transverse holder options. Adhesives such as
museum wax, superglue or ceramic cement can be used to attach the samples to the rod
holder of choice depending on the desired temperature. For the 3-D printed filament
samples, the 8mm perpendicular quartz rod holder was utilized and for the Ga>O3 thin
films, the 5mm transverse rod holder was used. Once the samples are mounted to the
desired rod holder, the sample/holder mechanism is attached to a motor/vibrator stem
(seen above in figure 2.1) that is connected to the VSM head. This motor stem vibrates
the sample in the z-direction at a fixed frequency and amplitude while an electromagnet
applies a uniform magnetic field through two pole pieces, directly magnetizing the
vibrating sample. This sample sits secured in a “chamber” consisting of eight vector
coils, four measuring the magnetic moment parallel to the external magnetic field
(deemed the x-direction or My signal) and four measuring the moment perpendicular to
the external field (deemed the y-direction or My signal). The sample begins to experience
a changing magnetic flux, inducing a voltage that is picked up by these surrounding
vector coils. The coils are connected to lock-in amplifiers, which act as narrow bandpass
amplifiers and allow for a high signal-to-noise ratio by enhancing the sensitivity. The
amplifiers use this signal to obtain a magnetic moment value that is read by the user
through a data analysis software. This process can be employed for a range of magnetic
field values in either a step mode measurement option or sweep mode measurement

option, both of which are explained in detail below. For this thesis, samples were
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subjected to sweep mode hysteresis scans for a magnetic field range of -2.2 Tesla (-

22,000 Oe) to 2.2 Tesla (22,000 Oe).

The 3-D printed filaments were measured not only as a function of magnetic field
strength, but also as a function of magnetic field angle to observe any magnetic
anisotropy present due to the shape and size of each sample. The VSM allows for
hysteresis measurements as a function of different parameters, such as varying the angle
at which the magnetic field hits the sample. This option takes an indirect approach in
measuring the anisotropy by monitoring the change in the amount of signal that is
induced when rotating the sample’s easy axis away/toward the direction of the field lines
of the electromagnet. To explore the dependence on field angle, the 3-D printed samples
were rotated about the z-axis from 0 to 90° in 15° increments, running a full magnetic
field sweep hysteresis scan at each angle. This method was carried out for all three 3-D
printed filaments, both in “horizontal” and “vertical” orientations (seen in Chapter 3)

while using the 8mm perpendicular quartz rod holder.

Extreme temperatures, hot or cold, can heavily alter a magnetic material’s properties,
especially at turning point temperatures such as Curie and Néel temperatures where the
type of magnetic ordering changes completely. The Ga>Oz thin films were measured as a
function of temperature to observe any possible magnetic alterations, so the temperature
control option of the MicroSense VSM was implemented during the thin film hysteresis
measurements. The overall method for temperature dependent hysteresis scans remains
the same as a normal hysteresis measurement, but the parameters vary slightly, as now
the samples are being exposed to different temperatures during measurement. The

samples were to be measured using a sweeping magnetic field from -2.2 Tesla to 2.2
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Tesla for temperatures ranging from 298 K to 848 K in 100 K and 50 K increments. The
Ga03 samples were mounted on a quartz 5mm transverse rod holder using a ceramic
adhesive; since the samples were exposed to high temperatures, the museum wax could
not be used as the adhesive for these measurements. The samples were mounted in the
VSM head and secured in the chamber as described above, only now with the oven
chamber raised and enclosing the sample. To increase the temperature within the oven
above room temperature, a supply of Argon gas was employed. This gas is continuously
fed through a line leading into the oven chamber and the amount and type of gas supplied

depends on the desired temperature.
2.1.3 Theory of TM Operation and Magnetic Anisotropy

When a material is subjected to an external applied magnetic field, that material
experiences a force known as torque, that tries to pull the material’s magnetization
towards the applied field direction. A torque magnetometer (TM) directly measures the
macroscopic torque exerted on a sample by an applied field. The torque per unit volume
of the sample that the applied magnetic field exerts on the magnetization is described by

the following equation [51]:

Th = oMy x H 2.5

Where “Ms” is the saturation magnetization of the sample and “H” is the applied
magnetic field. Due to the cross product of the saturation magnetization and applied
magnetic field, the only components that will be contributing to the torque will be those
where M is perpendicular to the applied magnetic field. Therefore, the torque exerted on

the magnetization can be rewritten as:
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Ty = ,qunyiE — UoM Hyj = uoM, H 2.6

Assuming the magnetization in the z-direction M,=0 and the magnetization in the y-
direction My=M_, equation 2.6 can be simplified to T, = u,M, H. However, the applied
field must work against the anisotropic force of the sample’s crystal structure that tries to
pull the magnetization toward the sample’s preferred direction of magnetization, deemed
the easy axis. Therefore, a force is also exerted on the saturation magnetization by the
crystal. To start, consider a uniaxial crystal like those of hexagonal structures where the
easy axis is parallel to the c-axis. The crystal anisotropy energy is then defined as [52]:

E =K, + K, sin? 0 + K, sin* 6 2.7

Where “Ko,” “K1,” and “K>” are known as the magnetic anisotropy constants and “8” is

the angle between the easy axis (c-axis) and the saturation magnetization. Neglecting the
first and third terms (K, is constant and independent of the angle and assume K><Kj and
is therefore negligible), the torque acting on the magnetization by the crystal can then be

written as the following derivative:

T = —Z—z = —K, sin 260 2.8

The TM detects the anisotropic torque through an installed sensing circuit (which will be
discussed in further detail in section 2.1.4) which supplies a current through a
compensation coil and tries to balance out this torque. Therefore, the value that the torque
magnetometer measures is the amount of torque needed from the applied magnetic field
to balance the anisotropic force being exerted on the magnetization by the sample’s own
crystal structure, i.e. [52]:

Tmeasured = HoM1H = K;sin26 2.9
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This measured torque can be utilized to determine a sample’s anisotropy constants.
Denoted by “K1, Ka, etc.,” these constants describe the strength of the anisotropy in a
crystal and can reveal a material’s preferred direction and magnitude of magnetization.
The TM measures the torque at different field angles “6” and fits this torque vs. field
angle plot to a Fourier series from which the MicroSense software yields anisotropy

constants describing the magnitude and direction of the anisotropic force.

The anisotropy constants can also be determined using the MicroSense VSM head by
exploiting the perpendicular component of the magnetization via vector coils. Recalling
equation 2.9:

Tmeasured = MoM H = K;sin260

Where “M.” is the perpendicular component of the magnetization that can be obtained
indirectly from the biaxial VSM pickup coils situated in the y-direction, assuming that
M_=0. When these forces are balanced, the system is said to be in equilibrium and
therefore the total energy of the system is at a minimum, so the following holds true [51]:

foM,H = Ky sin26 = 0 2.10

When “M.” is at its maximum value, sin(260) = 1, and equation 2.9 can then be solved for
“K1,” yielding an expression for the first order anisotropy constant in terms of the
maximum perpendicular magnetization and the applied magnetic field [51]:

K1 = poMimaxH 211

However, the samples measured in this thesis have a cubic crystal structure, therefore

having biaxial crystal anisotropy rather than uniaxial since there are two easy axis
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directions in the plane of measurement. Considering this, the anisotropic energy

expressed in equation 2.7 can be modified for a cubic crystal [52]:

E = K, +-2sin? 20 2.12

Taking the derivative of this with respect to angle “6” yields the following expression for
the torque exerted on the magnetization of a cubic crystal with <100> easy axis directions
[52]:

Ty = —sin40 2.13

2.1.4 Schematics of MicroSense Torque Magnetometer

While the MicroSense VSM head allows for an indirect method of measuring torque
using the perpendicular component of the magnetization picked up by the vector coils,
MicroSense also offers the option to employ a torque magnetometer. The TM uses a
direct method in measuring the torque felt on a sample to determine the anisotropic
direction in magnetic materials. The following diagram displays the inner workings of the

MicroSense torque magnetometer head:
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Figure 2.2. Diagram of the MicroSense torque magnetometer including sensors, coils, and magnets [50].

Compensation Coil

The MicroSense TM is equipped with automatic recording of torque curves using active
sensing. Within the torque head is a near frictionless air bearing in which the sample
hangs from. Also attached to this rod are the compensation coils situated between a
permanent magnet and a mirror which reflects a specific amount of light picked up by the
photodiodes. The sample is centered between an electromagnetic which supplies the
external magnetic field. Once this field is applied, the sample is free to rotate, and as
mentioned in section 2.1.3, the field works against the intrinsic force that tries to pull the
sample back to its easy axis. As the sample rotates, the light source, mirror, and
photodiodes within the torque head provide a feedback signal based off the amount of
light that is reflected off the mirror and sensed by the photodiodes. Depending on the
amount of light detected, a specific amount of current is then run through the coils within
the torque head to supply a balancing torque. The amount of current running through the
coils is directly proportional to the torque being exerted on the sample. This process is

repeated for angles -180° to 180° to create a torque vs. field angle plot using the
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MicroSense software in which the anisotropy constants and easy and hard directions can

be derived from.

There are pros and cons of both methods; using the VSM option allows the torque to be
measured as a function of temperature as well, which is not possible with the torque head
due to the sensitivity of the measurement process. The torque head makes use of an ultra-
low friction air bearing to suspend the samples, and the gas flow from the cryostat
necessary for temperature-dependent measurements disturbs this process by introducing
noise into the data being collected, so the biaxial VSM method is more reliable when

temperature-dependent torque measurements are desired.

However, the biaxial VSM method completely relies on the signal being picked up by the
vector coils which causes issues regarding calibration of the sample, as well as the quality
of data taken. Since no magnetic field can be applied in the perpendicular direction, the
calibration in this direction is always an indirect approach and affects the sensitivity of
the signal in the pick-up coils, especially for asymmetric samples as measurements in this
case are now angular-dependent [53]. As the sample approaches saturation, the signal
becomes less reliable because at this point, the sample’s magnetic moment is almost
completely lined up with the magnetic field and the perpendicular signal from the coils in
the y-direction becomes very small, making the torque difficult to measure at high fields.
Therefore, the quality of the signal is dependent on the calibration of the coils and the
collected data can only be as credible as calibration allows, making the TM the ideal

choice for accurate torque measurements.
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2.1.5 VSM Analysis Software

After the data is collected, MicroSense employs the data analysis software to enhance and
correct the measured data using a myriad of data manipulation files. The voltage
measured by the sensor coils can be attributed to more than just the signal coming from
the sample, so the data analysis software allows for correction and elimination of these
outside sources to isolate the signal coming from the sample and allow for higher
accuracy in the measured data. The manipulation files that will be used on the samples
for this thesis are the image effect correction, remove sweep field lag correction, and in
addition to these, the background subtraction file was employed for the gallium oxide

measurements. These manipulation files are explained in detail below.

Image Effect Correction

The first correction used on the VSM data compensates for the extra signal that is
acquired due to what is called the “image effect.” When a sample becomes magnetized,
the sensor coils pick up the magnetic flux coming from the magnetic charges on the
sample. However, the magnetic stray field from the charges on the sample affects the
magnetization of the electromagnet pole pieces (made of soft magnetic iron) and induces
image magnetic dipole charges on these pole pieces. Therefore, the coils also pick up the
flux from the image charges and results in a higher sensitivity for low magnetic field
values. This is known as the “image effect.” This effect occurs when a sample is placed
near a material that has a higher permeability than air, and as the sample is magnetized, it
induces equal and opposite “image” charges on the surface of the highly permeable

material as described above. The flux from the image charges is picked up by the sensor
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coils and adds to the total signal being read. At higher field values, specifically above 1.5
Tesla, the pole pieces saturate and the flux contribution from the image charges
disappears, distorting the saturation level of the sample being measured. This

phenomenon can be seen in figure 2.3.

Correction

\ _ Corrected

Measured, normalized,
uncorrected

Magnetic moment [emu]

1T Field [Tesla]

Figure 2.3. Magnetization vs. field plot from MicroSense manual depicting the image effect correction
employed at fields above 1.5 Tesla [54].

To compensate for this drop in signal, the image effect correction measures a calibration
sample with a known saturation magnetization as a function of the applied field above 1.5
Tesla. The signal is then normalized, and its inverse is applied to correct for the sample’s

actual saturation level for fields above 1.5 Tesla [54]:

1
Mcorrectea = MH) 2.14

[M(1.5Tesla)]

Sweep Field Lag Correction

When the VSM takes measurements, there are two modes applicable for data collection:
step field mode and sweep field mode. Step field mode allows for a “stop and go”

approach when taking data points, as it allows the system to pause at each specified
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magnetic field value for some time interval to allow the electronics of the system to catch
up with the changed magnetic signal, collect the measurement, and then move on to the
next point by changing the field value. Sweep field mode takes a more gradual approach
when running measurements by continuously running through the set of desired points
and collecting data without allowing time between magnetic field changes and actual data
collection. Sweep field mode is incredibly time efficient, as this mode allows hysteresis
curves to be measured within minutes, whereas step mode measurements can take much
longer. However, due to the electronic time constant of the lock-in amplifier, the signal
being read in by the amplifier falls behind the actual signal being detected by the pickup
coils during sweep field mode as the system is not allotted enough time to catch up to the
true signal. Remove sweep field lag corrects for this fallback by using the sweep rate that
was used during measurement and the time constant of the amplifier to shift the measured
curve back over the calculated curve. Since sweep field mode was used in measuring the
samples in this thesis, the “remove sweep field lag” correction was implemented on all

data to accommodate for this lag in signal.

Background Subtraction

For thin film samples being measured via VSM, the signal that the coils pick up is a
combination of different magnetic signals coming from the sample and the sample’s
substrate. While the signal of some sample substrates need not be subtracted, those
having significant diamagnetic and paramagnetic signals should be. The sample holders
are made of either pyrex or quartz materials, both of which have a diamagnetic

background signal and therefore also contribute to the signal being detected. Diamagnetic
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signals are characterized by a straight line through the origin having a negative slope, as

can be seen in the following image:
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Figure 2.4. VSM hysteresis curves before background subtraction (red) and after background subtraction
(black) [54].

To correct for this, the system simply subtracts a straight line as a function of the field
from the measured values. Keeping in mind that for some cases the straight line might

have a small offset, the expression for the corrected values can be seen below [54]:

Mcorrected x,y (H) = Mmeasured x,y (H) - Offset - Slope(H) 2.15

The gallium oxide thin films were grown on a sapphire (Al.Oz3) substrate which has a
diamagnetic signal, so the background subtraction of the substrate and sample holder was

employed on these hysteresis curves.
2.2 DynaCool Physical Property Measurement System (PPMS)

The next piece of equipment is the DynaCool Physical Property Measurement System
(PPMS). The PPMS has a myriad of functions that can measure a sample’s magnetic and

electric properties by varying parameters such as temperature and applied magnetic field.
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In this research, the magnetic properties of the Ga.Os3 thin films were explored using the

VSM insert of the PPMS with respect to temperature and magnetic field.
2.2.1 Theory of PPMS Operation

The DynaCool PPMS VSM insert uses a similar concept as the MicroSense VSM to
acquire such measurements by Faraday’s law of induction, but instead of using an
electromagnet to magnetize the sample, this system uses a superconducting solenoid
magnet with a current supply running through it to produce a vertical uniform magnetic
field within the chamber. Ampere’s Law can be implemented to describe the magnetic
field being produced by the solenoid and Faraday’s Law can be used again to describe the
induced voltage obtained from vibrating the sample within this magnetic field. Starting
with the integral form of Ampere’s Law describing a magnetic field around a closed path
or loop [55]:

$Hodl = p,l 2.16

Where “H” is the magnetic field, “dl” is the infinitesimal line segment of which the
integral is being evaluated, “I” is the current and “u,” the permeability of free space. For
the situation of a solenoid, the closed loop can be evaluated the same way, but only now
considering “N” number of turns within the loop. Therefore, by multiplying the total
current by the number of turns per unit length, the following equation arises to describe
the magnetic field strength inside a solenoid [55]:

HL=pu,IN >  H=p,nl 2.17
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Where again “I” is the current flowing through the coils, “u,” is the permeability of free

space, and “nZ%” is the number of turns within the solenoid per unit length, referred to as

the “turn density.” So, the magnitude of the magnetic field being used in this system
relies on the amount of supplied current running through a set number “N” of turns
within the solenoid, as there are no pole caps being used in this case. The PPMS acquires
the magnetic moment in the same manner as the MicroSense system by vibrating the
sample inside the chamber within the uniform magnetic field. So, the system is
measuring the flux change brought on by the change in the sample’s position, inducing a

signal in the surrounding pickup coils.
2.2.2 Schematics of PPMS

The components of the PPMS that was utilized in this research all stem from the VSM
insert of the PPMS. This setup involves the installation of the VSM coilset, the sample
needing to be measured mounted on the desired sample rod and rod holder, the VSM

sample tube and the linear motor, which can all be seen below:
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Figure 2.5. Moving from top left to right bottom: Various parts required to set up the VSM option on the
QuantumDesign PPMS. Shown is the a) VSM coilset puck, b) the VSM sample tube in which the sample/rod
will be placed in to center it within the chamber, c) the linear transport motor responsible for moving the
sample to specified positions (load, run, shutdown), and d) the sample mounting station used to mount
samples on the various rod holders; shown are the brass half tubes and quartz paddle [56].

This device implements a superconducting magnet and has a magnetic field range of —-9T
to 9T and a temperature range of 1.9K to 400K [57]. The setup of the VSM option begins
with venting and sealing the entire chamber by running it through a helium venting cycle
while the system is at room temperature and zero magnetic field. From here, the chamber
is opened, the baffles are removed, and the VSM coilset (figure 2.5a) is installed into the
bottom of the chamber using a puck-insertion tool. Once the coilset has been inserted, the
VSM sample tube (figure 2.5b) is placed in the chamber in replacement of the chamber
baffles. The linear motor (figure 2.5c) is then installed on top of the sample tube and

clamped into place. Once all the equipment has been installed, the motor module and
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VSM module cables are connected to allow activation of the VSM option through the
MultiVu program. When the VSM option is activated and “Install/Remove sample” is
selected, the system will open the chamber so a new sample may then be inserted through
the top of the linear motor. The sample rod in which the sample/sample holder has been
screwed on to will come to rest in the chamber and held in place by a magnetic clamp at
the end of the rod that attaches to the top of the linear motor. Examples of variously
mounted samples as well as the sample mounting station can be seen in figure 2.5d

above.

The samples may not exceed a four-millimeter diameter to prevent rubbing and
potentially damaging the coilset [56, 57]. The thin film samples measured in this thesis
were mounted on a 4mm quartz paddle using rubber cement for the adhesive. The sample
was manually centered using the sample mounting station seen in figure 2.5d, and then
magnetically centered once inserted into the chamber. Magnetic centering requires the
determination of a “sample offset,” in which the MultiVu system will attempt to find the
center of the sample magnetically to determine how far away the center of the sample is
from the bottom of the sample holder. Once the sample offset is determined, the chamber

is closed and sealed, and the measurement building can begin.

2.2.3 MultiVu and Writing Sequences

From here begins the sequence building of the desired measurements to take place. Once
the sample has been inserted into the PPMS, a data file with a description of the sample
will be created using the MultiVu software program. For simple measurements, such as a

single data point or continuous measuring at a specified parameter, the system allows
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operation through a “VSM” measurement window, which makes it possible to change
parameters such as magnetic field and temperature as the system is running the

measurement.

However, in order to run a sample through various measurements and create multiple
data files in one run, MultiVu has a sequence builder option that will be implemented in
this research. The sequence builder mimics a simple coding language that tells the system
to perform certain commands or types of measurements in a specific order to allow for
multiple measurements to occur consecutively without having to manually run each
individual measurement. The option to build a sequence and run multiple measurements
on the same sample was applied in this thesis to measure multiple hysteresis curves of the
same sample at different temperatures. The commands that were used to build the desired
sequences are as follows:

Set Temperature

Set Field

Wait

New Data File

Moment vs. Field
Moment vs. Temperature
Standby

Where the “moment vs. field” and “moment vs. temperature” commands allow for
customization of the desired parameters for each measurement such at scan rate, value
range, etc. Once the desired measurements have been taken and all data has been
collected, the sample is unloaded and the process of installing the VSM option is carried

out again but in reverse order to ensure proper shut down of the PPMS.
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2.3 X-Ray Diffractometer (XRD)

The Rigaku SmartLab x-ray diffractometer (XRD) was used in this thesis to investigate
the texture of the Fe/PLA 3-D printed filaments. X-ray diffractometry is a useful
technique that can identify crystalline phases and orientation, determine sample
thickness, and explore a sample’s structural properties. The XRD is used to measure a
wide variety of samples, from powders to thin films to polycrystalline materials such as
the MFAAM filaments. The XRD employs various scan techniques, but for this thesis the
0/26 scan option was used to compare the relative intensity peaks of the samples 3-D

printed in zero field and 5 kOe transverse field.

2.3.1 Theory of XRD Operation

X-ray diffraction measurement methods are based off constructive wave interferences of
X-rays interacting with planes of atoms in crystalline materials. Given an x-ray beam
incident on a crystalline solid, the x-rays scattered on consecutive planes of atoms each
with a wavelength of “A” are said to be “in phase” if their phase difference equals a
multiple of “nA,” yielding constructive interference that is detected during measurement.
An XRD operates by supplying incident waves that strike the surface of a material at

some angle “8.” A depiction of this is seen in the figure below:
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Figure 2.6. Schematic from Leng’s “Materials Characterization” displaying Bragg’s Law of Diffraction
[58].

The wave scattered off the top atomic plane at angle 6 interferes with the wave scattered
off the second atomic plane a distance “d” away from the first plane, as can be seen in
figure 2.6. The waves scattered from both planes are only in phase with each other if the
path length difference 2SQ is equal to an integral multiple of the wavelength. As
mentioned before, these waves must have a phase difference of “nA” to be in phase with
each other, so the extra distance that this second wave travels before striking a crystal in
another plane can be described as the sum of lengths SQ and QT which equates to the
phase difference nA. Therefore, the condition that must be satisfied for constructive
interference can be described by:

ni = 250 2.18

Using triangle “PSQ” from figure 2.6, length PQ = d is the hypotenuse and since length
SQ is opposite of angle “0,” the value of length SQ can be described as:

SQ =dsinf 2.19
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Substituting equation 2.19 into equation 2.18 yields the distance this second wavelength

travels when in phase with the first angle, known as Bragg’s Law of Diffraction [58]:

nl = 2dsin@

Bragg’s law depicts the necessary conditions for constructive interference to occur for a
given material and is the basis of XRD measurements. This expression is exploited
through XRD by measuring a sample at various values of “8” to determine at which
angles constructive interference occurs, thus outputting correlating intensity peaks at
these angles. Bragg’s law can be used to determine information on a given material such

as atomic spacing between crystal planes and materials’ compositions.

2.3.2 Schematics of XRD

The Rigaku SmartLab XRD was used to run 8/26 measurements to explore the texture of
samples 3-D printed with and without an applied magnetic field. The XRD goniometer is
made up of five basic components: an x-ray tube, slits in which the x-ray beams pass
through (two sets of slits: incident slits and receiving slits), a sample stage, a
monochromator, and a detector. The various parts of the goniometer are displayed in the

image below:
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Figure 2.7. Setup of the goniometer inside the Rigaku SmartLab XRD at Texas State University.

Inside the goniometer, the x-ray beam and detector are attached to arms that allow
rotation about the sample at angles 6 and 26, respectively. Also included in figure 2.7 are
soller slits located on both the incident and receiving ends of the setup. These slits help
the resolution of the scans by preventing out-of-plane divergence of the incident and

diffracted x-rays.

The measurements were carried out using an x-ray tube voltage and amperage of 40 kV
and 44 mA, respectively. The system undergoes two processes of alignment before
measurement: optics alignment and sample alignment. The system first performs an
optics alignment by aligning the internal components on the incident side, moving down
the x-ray beam path. Then a sample alignment is conducted in which the system attempts
to align the sample parallel to the beam path through multiple iterations to ensure correct
rotations through omega. Once the initial setup is complete, the type of measurement is

chosen, which in this case was a 6/26 scan, that keeps the angle of the x-ray tube and the
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detector the same throughout the scan. These measurements used parallel beam (PB)

geometry to reduce signal error and lower the noise in the scans.

2.4 Hirox Digital Microscope

The Hirox digital microscope was used to further investigate the MFAAM filaments
through cross sectional 3-D imaging. Digital microscopy is simply light microscopy
except in lieu of an eyepiece, the system uses a camera that digitally acquires the image
and displays it on a monitor. Digital microscopy extends beyond image capture, as it
holds capabilities for dimension measurements, roughness measurements and 3-D
modeling. Hirox microscopes also take advantage of complementary metal oxide
semiconductor (CMOS) sensors to allow for high light sensitivity, low image noise and

high-resolution images [59].

2.4.1 Theory and Schematics of Hirox Digital Microscope

Digital microscopy employs the standard theory of light microscopy except for the image
being magnified on a monitor rather than being magnified through an eyepiece. Besides
the eyepiece, the digital microscope is equipped with the basic components of an
illumination system, objective lenses, the sample stage and photomicrographic system.
For this thesis, the MXB-2500REZ lens was used which supplies a light source with
coaxial illumination as well as dark field illumination [59]. Coaxial illumination is a
reflected light source technique in which the illuminating rays are reflected by a
semitransparent reflector to illuminate the sample through an objective lens [58]. Dark
field imaging on the other hand is used to obtain images with higher contrast by

illuminating the object being observed with oblique light rays, allowing for only scattered
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light to enter the lens [58]. The setup of the Hirox microscope at Texas State University

as well as the specific high range lens that was used can be seen below:

Figure 2.8. a) Specific high range MXB-2500REZ zoom lens used from Hirox-USA [60] and b) the Hirox
digital microscope setup at Texas State University.

The Hirox microscope was used to take 3-D images, where the system uses “focus
stacking post-processing” to extend the depth of field. The system allows for
determination of the highest and lowest “z-position” of the object being observed. Once
these values are determined, the system allows for the number of “captures” to be taken
within this specified z-range. The system is then executed and begins capturing the
number of images while moving through the range in the z-direction to compile a 3-D

image.
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3: FE-PLA 3D PRINTED FILAMENTS

In this chapter, the research surrounding the Fe-PLA 3-D printed filaments and the effects
of magnetic field assisted additive manufacturing, or MFAAM, will be covered. Three
different filaments composed of polylactic acid (PLA) and iron (Fe) particles were 3-D
printed via fused filament fabrication, two of which were printed using MFAAM. These
filaments were then measured using the MicroSense EZ Biaxial VSM to explore the
influence that MFAAM had on the filaments” magnetic properties. Various hysteresis
measurements were taken as a function of magnetic field strength and magnetic field
angle to investigate potential effects on the samples’ susceptibility and magnetic
anisotropy. The role that the demagnetizing field played in the samples’ hysteresis slope
will also be covered in this chapter. To support the results found using the VSM,
alternative characterization methods were employed such as x-ray diffraction and digital

microscopy.

3.1 Printing Process & Sample Preparation

3.1.1 Material Properties

The material that was used to print the samples for this research was a magnetic Fe-PLA
thermoplastic filament supplied by Proto-pasta. Magnetic Fe-PLA is a combination of
finely ground iron powder and NatureWorks polylactic acid (PLA) [61]. The iron
particles were observed via optical microscopy to be approximately 40 um in diameter,
and previous research of this material revealed a density of approximately 2 g/cm?, a

tensile strength of 49.11 MPa, a tensile modulus of 4.723 GPa, a specific strength of
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24.55 MPa cm®/g, a specific modulus of 2.361 GPA cm®/g, and a volume resistivity of

2.7e*? Ohm-cm [62].

3.1.2 3-D Printer Setup & Parameters

The samples in this research were printed using a water-cooled RoVa3D 3-D printer from
ORD Solutions. This printer was equipped with a print nozzle of 0.5 mm in diameter to
print single strand filaments for magnetic characterization and larger samples with 100%
infill fraction for XRD characterization. The samples were printed with an extrusion
multiplier of 0.95, a retraction distance of 5 mm, and a retraction speed of 4800 mm/min.
The printing temperature was 200° Celsius and a constant print bed temperature of 45°
Celsius was used during deposition. To improve the adhesion of the samples to the
permanent magnets and the print bed, ethylene vinyl acetate (EVA) was applied to the

print surface prior to printing. A picture of the printer setup can be seen below:

Figure 3.1 a) Front view and b) side view images of RoVa3D 3-D printer at Texas State Uniersity.

S
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Fused filament fabrication (FFF), also known under the trademarked term fused
deposition modeling (FDM), was the 3-D printing process that was used to print these
filaments. FFF uses a continuous filament of thermoplastic material and melts it using a
heated nozzle. Once melted, the material is then extruded through the nozzle onto a print
bed in a constant direction. This printing method takes a two-dimensional approach,
raising the height once one layer has completed printing to add the next layer until the

desired 3-D product is finished.

The method of FFF to print these filaments was modified by introducing an applied
magnetic field to the print bed during printing in order to theoretically induce preferred
orientation of the magnetic particles and enhance the susceptibility of the material. This
process is referred to as magnetic field assisted additive manufacturing, or MFAAM.
MFAAM has been studied on hard magnetic materials and has shown appreciable effects
on the magnetic properties of such 3-D printed composites [5, 21, 22]. The objective of
this research was to determine whether these same effects can be applied to soft magnetic
materials. This magnetic field was supplied by 25x25x25 mm? cube Neodymium
(NdFeB) magnets of grade N52 with BHmax=50-53 MGOe which were placed on the
printing platform. The setup of the printed filament and permanent magnets can be seen

below:
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Figure 3.2 MFAAM sample printed on NdFeB permanent magnets on top of 3-D printer’s platform.

These magnets were used to supply various magnetic field strengths during printing by
orienting the magnetic Fe particles within the extrudate. It is important to note that while
the magnetic field does attract the filaments to the magnet via magnetic force, there was
no clogging of the nozzle that was observed. These filaments were printed using a
constant extrusion direction to print single strand filaments, all consisting of 100%
magnetic composites without voids with little observed variation of the magnetic

properties among multiple samples.
3.2 Experimental Procedure

Samples of three different field strengths were printed using the method described above:
a control sample that was printed in zero field, a sample that was printed with the applied
field parallel to the cylindrical axis of magnitude 8kOe, and a sample printed with the
applied field perpendicular to the cylindrical axis of magnitude 5kOe. So, the sample
printed in a field of 8kOe had the print field oriented parallel to the length of the filament
and the sample printed in the 5kOe field had the print field oriented perpendicular to the
length of the filament. Schematics of the printing process for different field directions

including the print bed normal, denoted “n;” are displayed below:

42



Hevans = Hlung =8 kOe
5 kOe 1 a

e

T T

Figure 3.3 Schematics of MFAAM printing method for transverse (Hirans) and longitudinal (Hiong) print-
fields. Also indicated is the direction of the print normal “nz.”

The print field values were estimated using Hall probe measurements that were taken
above the permanent magnets. Hall probe measurements take advantage of the Hall effect
by placing a thin film of metal in the magnetic field and measuring the transverse voltage
that arises due to the separation of charges via the magnetic force [63]. These
measurements revealed a fluctuation of magnetic field values along the samples’
cylindrical axes; a range of 5300-5500 Oe was observed for the transverse print field
sample and a range of 7000-8200 Oe for the longitudinal print field sample. These values
obtained from Hall probe measurements are rough estimates since the size of the probe
creates difficulty when measuring such small samples. The print field angle varied
approximately from 0° in the center to 15° near the ends of the longitudinal sample. A
permanent marker was used on each sample to indicate the surfaces that were

perpendicular to the print-bed normal n..

After printing, the samples were cut, and the dimensions were measured with a caliper.
Their mass was also measured using an A-160 scale from Fischer Scientific, and these

parameters are all listed below:

43



Table 2. Dimensions and mass of all three samples being measured via VSM.

Zero-Field 5 kOe Transverse 8 kOe Longitudinal

Width (mm = 0.74 1.28 1.18
0.05)

Length (mm £ 4.80 6.65 6.80
0.05)

Height (mm + 0.46 0.78 0.67
0.05)

Mass (mg £ 0.2) 3.50 121 8.50

The samples’ magnetic moments were all measured using the MicroSense EZ-9 biaxial
VVSM at room temperature. Each sample was mounted on an 8mm quartz perpendicular
sample holder using museum wax for the adhesive which was applied at room
temperature. The 8mm perpendicular rod holder was used to observe the field angle
dependence for each sample. The magnetic moment of each sample was measured with
respect to the applied magnetic field and the field angle. Field angle measurements were
taken using two different mounting configurations for each sample: one configuration
had the samples mounted with the longitudinal axis parallel to the applied field and the
other with the longitudinal axis perpendicular to the applied field. In both configurations,
it is important to note that the print bed normal nz was parallel to the normal vector of the
sample holder, pointing out of the page. The geometries for these configurations mounted

in the VSM at a field angle of zero degrees are shown in the figure below:
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Figure 3.4. Schematic of the biaxial VSM and the placement of the sample when a) oriented horizontally
and b) oriented vertically, respectively.

Each samples’ hysteresis curves were measured (mounted vertically and horizontally)
using sweep field mode, sweeping an applied magnetic field from -22,000 Oe to 22,000
Oe with a sweep rate of 250 Oe/s. The field angle was also varied for each measurement
from 0° to 90° in 15°increments. From here, the hysteresis curves of each sample were
inspected to observe any changes that MFAAM had on the filament’s magnetic

properties.

3.3 Graphical Results & Discussion

The first set of curves that were inspected were those of the zero-field printed filament
which was used as a reference for the other samples printed using MFAAM. This
filament was measured twice via VSM with varying applied field angles. These raw

hysteresis curves can be seen below:

45



Zero Field Sample: Horizontal Orientation
0.5
0 Degrees
15 Degrees
30 Degrees 0.4
45 Degrees
60 Degrees 0.3
75 Degrees
90 Degrees
= 0.2
£
&)’
-
c
Q
£
) /
= -15000 / 15000
2 -
=]
Q
c
-1
(T
=
-0.4
-0.5
Applied Field (Oe)
Figure 3.5 Raw data hysteresis of horizontally oriented zero field sample with varying field angles.
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Figure 3.6 Raw data hysteresis of vertically oriented zero field sample with varying field angles.

As seen above, both configurations showed a dependence of the measured saturation
magnetic moment on the applied field angle, however figure 3.5 shows that the horizontal
orientation displayed a larger dependence. This dependence can be partially attributed to

the angular sensitivity of the VSM sensor coils. As the field angle is increased from 0° to
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90°, the right and left ends of the sample move away from the sensor coils in the x-

direction, which affects the sensitivity of these coils and lowers the My signal.

This effect can be corrected for by determining the calibration factor as a function of the
field angle for a sample that has the same shape as the sample being measured. Looking
to figure 3.6, the vertically oriented sample shows a dependence of the saturated

magnetic moment on the field angle as well, albeit much smaller. This dependence is
caused by small misalignments of the sample’s cylindrical axis with respect to the
rotation axis of the sample holder itself. Recent studies have shown that by changing the
field angle, the position of the sample in between the pickup coils will change and affect
the signal being read in [64]. This error can be compensated for by recentering the sample
after each field angle change. Since these samples saturate at high magnetic fields, this
thesis will correct for both effects described above by normalizing the hysteresis curves

using the measured magnetic moments at high fields.

The following plots show the normalized hysteresis curves for the zero-field sample in
both the horizontal and vertical configurations. Figures 3.7 and 3.8 display the
normalized curves of the vertically oriented measurements and reveal a slight change in
the hysteresis as well as the zero-field susceptibility with respect to the field angle. This
suggests that the 3-D printed filament has magnetic anisotropy, which can originate from
the crystallographic texture of the material, preferred orientation of the magnetic particles
or even the distribution of the particles within the composite [65, 66]. It is important to
note that these samples were not printed as perfect cylinders and are slightly thinner
along the print normal (see Table 2), so the magnitude of the demagnetizing effects were

dependent on the direction in respect to the cylindrical axis. This can be seen in figure 3.8
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when comparing the sample measured at 0° compared to it measured at 90°, as the slope

of the hysteresis at 90° is smaller due to the demagnetizing field being greater here.

Zero Field Sample: Vertical Orientation, Normalized
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Figure 3.7 Normalized hysteresis of vertically oriented zero field sample with varying field angles.
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Figure 3.8 Normalized hysteresis of vertically oriented zero field sample at zero and 90 degrees.

The next set of graphs show the normalized hysteresis curves of the zero-field sample

measured in the horizontal orientation, displaying a much larger dependence on the
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applied field angle compared to the data set of the vertically oriented sample. Figure 3.9
reveals a higher susceptibility at 0° for the zero-field filament than figure 3.7 when
measured at the same field angle. The sample saturated faster in the horizontal
configuration, suggesting that the sample has an easy axis parallel to the cylindrical axis.
However, as the sample is rotated from 0° to 90°, as seen in figure 3.10, the susceptibility

drops drastically, and a much higher applied field is required to achieve saturation.

Zero Field Sample: Horizontal Orientantion, Normalized
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Figure 3.9 Normalized hysteresis of horizontally oriented zero field sample with varying field angles.
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Hysteresis Comparison of Zero Field Horizontal Sample
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Figure 3.10 Normalized hysteresis of horizontally oriented zero field sample at zero and 90 degrees.

The hysteresis curves of the samples printed using MFAAM were explored next. The
samples printed in a 5kOe field perpendicular to the cylindrical axis were examined in the
same manner, with figures 3.11 and 3.12 showing the hysteresis curves of the sample
measured in the vertical configuration. Referring to these figures, the susceptibility of this
sample was heavily dependent on the applied field angle, showing a drastic change in the
slope as the sample was rotated. Unlike the zero-print field sample, the susceptibility of
the 5 kOe sample was largest when rotated to 90° and lowest at 0°. At zero degrees, the
applied field is perpendicular to the print field, but when rotated to 90°, the applied
magnetic field is parallel to the easy axis induced by the print magnetic field which was

applied parallel to n:.
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5 kOe Sample: Vertical Orientation, Normalized
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Figure 3.11 Hysteresis measurements for sample printed in a field perpendicular to the cylindrical axis of 5
kOe. Sample is oriented vertically.

Hysteresis Comparison of 5 kOe Vertical Sample
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Figure 3.12 Comparison of hysteresis curves for the vertically oriented sample printed in a 5 kOe magnetic
field at zero and 90°.

The horizontal measurements of the 5 kOe sample are displayed in figures 3.13 and 3.14
and reveal that saturation occurred at lower fields when the field was applied parallel to

Nz as was the case in figure 3.13 for fields larger than 45°. It can be noted that for the
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horizontal configuration measurements, the saturation field is less dependent on the field
angle than for the measurements taken in the vertical configuration. It is suspected that
this was due to the negligible demagnetizing effects taking place along the cylindrical
axis. However, for the measurement taken in the vertical orientation at 0° and 90°, the
demagnetizing effect is greater here since these angles are both being measured along the
radial axes. It is also important to note that the 90° results are the same for both the
horizontal and vertical orientations, as in both instances, the applied field is parallel to nz.

5 kOe Sample: Horizontal Orientation, Normalized
1

0 Degrees
15 Degrees
30 Degrees 0:8
45 Degrees
60 Degrees 0.6
75 Degrees
90 Degrees 0.4

=

s

-15000 -10000 5000 10000 15000

-0.8

== -1
Applied Field (Oe)

Figure 3.13 Hysteresis measurements for sample printed in a field perpendicular to the cylindrical axis of 5
kOe. Sample is oriented horizontally.
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Hysteresis Comparison of 5 kOe Horizontal Sample
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Figure 3.14 Comparison of hysteresis curves for the horizontally oriented sample printed in a 5 kOe
magnetic field at zero and 90°.

Lastly, the 8 kOe sample was measured in the same configurations as the samples above.
Figures 3.15 and 3.16 show the hysteresis curves measured in the vertical orientation and
figures 3.17 and 3.18 show the hysteresis curves for the sample measured in the
horizontal orientation, all of which can be seen below. The hysteresis curves for the
vertical orientation displayed a slight variance in saturation fields, with the 90° curve
showing the highest susceptibility and zero degrees showing the lowest. All curves in
figures 3.15 and 3.16 displayed a lower susceptibility as compared to that in figure 3.17
due to the applied field being perpendicular to the print field for all angles in this

orientation.

Comparing the hysteresis curves of the 0 Oe and 8 kOe samples when oriented vertically
(see fig. 3.8 and 3.16), it was observed that there was a significantly larger field angle

dependence for the 8 kOe sample. During printing, this sample acquired transverse
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components near the end points and resulted in an inhomogeneous distribution of the

print field, which could be the cause of the higher angle dependence seen in figure 3.16.

8 kOe Sample: Vertical Orientation, Normalized
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Figure 3.15 Hysteresis measurements for sample printed in a field parallel to the cylindrical axis of 8 kOe.
Sample is oriented vertically.
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Figure 3.16 Comparison of hysteresis curves for the vertically oriented sample printed in an 8 kOe
magnetic field at zero and 90°.

54



Moving to the hysteresis curves of the 8 kOe sample oriented horizontally, figures 3.17
and 3.18 show a much higher susceptibility compared to the sample oriented vertically,
as was seen in the 0° and 15° curves. At zero degrees, the applied magnetic field is
parallel to the longitudinal print field, which allowed the sample to saturate much quicker
than other field angles observed. Once rotated completely to 90°, the applied field and
print field are perpendicular to each other, requiring a much higher applied field for the
sample to reach saturation. This angle dependence is illustrated in figure 3.18.

8 kOe Sample: Horizontal Orientation, Normalized
1

0 Degrees
15 Degrees
30 Degrees 0.8
45 Degrees
60 Degrees
75 Degrees 0:6
90 Degrees
0.4

M, /M,

-15000 5000 10000 15000

Applied Field (Oe)

Figure 3.17 Hysteresis measurements for sample printed in a field parallel to the cylindrical axis of 8 kOe.
Sample is oriented horizontally.
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Hysteresis Comparison of 8 kOe Horizontal Sample
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Figure 3.18 Comparison of hysteresis curves for the horizontally oriented sample printed in an 8 kOe
magnetic field at zero and 90°.

It should also be noted that for the hysteresis measurements taken for all three samples,
the coercivity of each was under 10 Oe and appeared to be independent of the field angle.
However, since these measurements were taken in “sweep mode,” the limits of the
coercivity values were due to the field lag correction that was applied. While using the
sweep mode measurement option, an integration time of 0.1 seconds was employed for
continuous measurement, whereas step mode allows for a pause at each desired
measurement point before continuing. Thus, the lag between real time measurements and
what the system is reading resulted in coercivity values lacking a confidence level high

enough to report on.

3.4 Data Analysis & Discussion

The magnetic susceptibility and the magnetic moment per unit mass, or magnetization, of

each sample was extracted from the hysteresis curves and was summarized in Table 3,
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displayed below. The saturation magnetization, denoted “Ms,” should ideally be
consistent with each sample. However, due to the relatively large measurement errors in
the samples’ masses, the Ms values reported display slight variation with each other.
Although a scale with a precision of 0.2 mg was used, the small mass of the filaments
introduced a large digital error, thus affecting the values reported for the magnetic

moments.

Using the measurements of the vertically oriented samples, the magnetic moment when
each sample fully saturated was determined. As described above (see figure 3.5), the
horizontal configuration was not calibrated correctly, so to correct for this, the following
equation was used to determine the accurate susceptibility of the horizontal

measurements:

_ Msyert
AXmeas = o *Xraw 3.1

Where ymeas IS the corrected susceptibility in the horizontal configuration, Ms vert is the
magnitude of the magnetic dipole moment per unit mass of the vertically oriented sample
at saturation, Msnor is the magnitude of the magnetic dipole moment per unit mass of the
horizontally oriented sample at saturation, and yraw iS the susceptibility, or slope
determined from the hysteresis curves measured in the horizontal configuration. Plugging
in the known values for Ms vert, Mshor and yraw, the corrected measured susceptibility for
the curves measured in the horizontal configuration was determined. This corrected
susceptibility for the horizontal measurements was compared with the measured

susceptibility of the vertical measurements. These values, along with the magnetic
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moment pet unit mass of each sample at field angles 0° and 90° are presented below in

Table 3:

Table 3. Magnetic susceptibility and saturated magnetic moment at field angles 0° & 90°. The
magnetic susceptibility of the horizontally and vertically oriented samples was converted from

emu/0¢ to SI units and is therefore unitless.

A measured A measured Atrue .
Horizontal Vertical Horizontal %riiel ;{E;:gﬁl Ms (er;u)
Orientation | Orientation | Orientation
0 Field
Sample at 0° 0.52 0.41 0.53 0.48 77
0 Field
Sample at 90° 0.36 0.36 0.46 0.47 75
5 kOe Sample
at 0° 0.52 0.39 0.53 0.45 80
5 kOe Sample
at 90° 0.69 0.68 1.23 1.22 79
8 kOe Sample
at 0° 0.99 0.32 1.02 0.37 74
8 kOe Sample
at 90° 0.41 0.41 0.55 0.54 73

It is important to note that the measurements taken at 90° in both the horizontal and
vertical orientations of each sample yielded approximately the same results. This was to
be expected since the field angle with respect to the sample was the same for both
measurement configurations. However, for the measurements done at 0°, there is a
significant difference in susceptibilities. This variation was contingent upon a few
factors. For some measurements, such as those conducted with the 8 kOe sample, one
configuration was measured with the applied field parallel to the print field, in this case
the horizontal configuration, while the other configuration (vertical) was measured with
the applied field perpendicular to the print field, which revealed that the susceptibility of

the MFAAM samples is anisotropic.
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An important factor that could have affected the outcome of the susceptibility for all
samples was the demagnetizing field effect. For a material with a finite length that is
exposed to a magnetic field, the poles at the ends of the sample create an opposing
magnetic field, i.e., the demagnetizing field, that works against the magnetic field being
applied to the sample, thus decreasing the internal field of the composite. This in turn
heavily affects the susceptibility of the sample being measured. The following image
illustrates how the demagnetizing field works:

H 3 HH
e @

Slope 2

Hdem=0 Hdem=-N*M
Figure 3.19 Schematic displaying the demagnetizing effect in different directions of a 3-D printed filament
[67].

To correct for this, it should be recognized that this effect contributes to the net internal
magnetic field that a sample will experience when an external field is applied. Keeping
this in mind, the following equation was used to determine the “true” susceptibility of the

samples in this research [49]:

Hinternat = Happlied —Hgem 3.2

The magnitude of the demagnetizing field, deemed Hgem, depends on the geometry of the
samples as well as the orientation of the sample with respect to the applied external

magnetic field. Assuming that the demagnetizing field was constant throughout the
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sample, equation (3.2) can be rewritten in terms of the demagnetizing factor constant
“Ng,” so the net magnetic field that the samples experience can be expressed as [49]:

Hinternai = Happlied — NgM 3.3

Where Ngq is the macroscopic demagnetizing factor which depends on the geometrical
shape of the sample and “M” is the average magnetization (magnetic moment per unit
volume) of the composite. For each sample in this research, the demagnetizing factor had
its greatest effect along the shortest axis, which was the height of the printed filaments.
The demagnetizing factors in each direction (x, y and z) should theoretically add up to 1
[55, 68]. The smaller the demagnetizing field is, the steeper the slope and the higher the
susceptibility will be of the hysteresis measurements and vice versa. The samples in this
research were finite in length, so the demagnetizing field was able to be corrected for
using the dimensions displayed in Table 2 to calculate the demagnetizing factor and
therefore find the true magnetic properties. The following expressions were used to relate

the “true” and “measured” susceptibility [49]:

M M

H and Xmeasured = I - 3.4
internal applied

Xtrue =

By setting both expressions equal to the magnetization “M” and substituting equation
(3.3) in for “Hintemal,” the two expressions were equated. With a little rearrangement of

variables, the following expression was found for the true susceptibility [49]:

Xmeasured
Xtrue = 3.5
1-NgXmeasured

The demagnetizing factors were estimated using figure 1 from reference [69] as well as

the dimensions from Table 2. The approach used here assumes the individual particles of
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these samples are ellipsoids. The corrected susceptibilities, denoted by yirue, Were
recorded in Table 3 and showed that the largest correction came from the measurements
where the applied magnetic field was parallel to the shortest axis, which was the height of

the samples in this case.

The control sample’s susceptibility at 0° measured in the horizontal configuration was
compared to the 8 kOe sample at 0° measured horizontally and it was revealed that the
susceptibility of the 8 kOe filament increased by a factor of two, providing evidence that
MFAAM was integral in enhancing these materials’ magnetic properties. This effect on
the susceptibility was shown to be even larger for the 5 kOe transverse sample. By
comparing the susceptibility at 0° and 90° for both horizontal and vertical configurations
of the 5kOe sample, it was shown that the susceptibility increased by a factor of 2.3 and
2.7, respectively. A factor of 2.7 was also observed when comparing the susceptibilities
of the 8 kOe sample measured in the horizontal and vertical configurations at 0°,
revealing anisotropic behavior for both samples and indicating easy axes parallel to the

direction of the applied print field.

3.5 Supporting Characterization Methods

3.5.1 X-Ray Diffraction

To confirm the findings on the magnetic properties of the MFAAM samples, alternative
measurements were carried out. Polycrystalline samples have a preferred crystal
orientation, also known as crystallographic texture, that contributes to a sample’s
magnetic anisotropy. The print field was expected to align to the easy axis of the

material’s particles, and it is well known that iron has a smaller saturation field when the
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field is applied parallel to the [100] easy axis directions than parallel to the [111] hard
axis directions [52]. XRD 6-26 scans were taken for larger Fe/PLA samples printed
under similar conditions, i.e., in zero field and a transverse field of 5 kOe printed with a
100% infill fraction. The dimensions of these XRD samples as well as images showing

the fill fraction can be seen below:

b oRdiranet 7 ‘ - | 5kOe Transverse Filament -

Figufe 3.20 Images of 3-D prihted Fe/PLA filaments“irTé) O-fié‘IJd énd b) 5 kbe tr'ahsve'rse field for XRD
measurements.

Table 4. Dimensions of zero-field and MFAAM 5 kOe samples used for XRD measurements.

0-Field Sample 5 kOe Transverse Sample
Length (mm £0.05) 24.27 23.8
Width (mm £0.05) 7.32 6.94

These scans were carried out using the PB/PSA measurement option with a PSA 0.5° slit
analyzer, scanning from 5° to 90° with a step size of 0.02° at a speed of 4°/minute. The 6-
26 scans, when compared to literature [70, 71] revealed matching intensity peaks for
base-centered cubic (BCC) iron, as well as a broad intensity peak for PLA, which are

labeled in the plots below:

62



X-ray Diffraction 8-260 Peaks of Fe PLA O-Field Filament

(110)

Intensity (cps)

5 15 25 35 45 55 65 75 85

-100
26 (degrees)

Figure 3.21 XRD pattern of the zero-field Fe/PLA 3-D printed sample displaying peaks for miller indices
describing BCC iron and PLA.

X-ray Diffraction 8-260 Peaks of Fe PLA 5 kOe Filament
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Figure 3.22 XRD pattern of the 5 kOe transverse Fe/PLA 3-D printed sample displaying peaks for miller
indices describing BCC iron and PLA.

The absolute intensity values from these scans were used to find the relative intensity of
the preferred [200] direction for each filament and revealed that the relative intensity of

the (200) diffraction peak, denoted I200, was larger for the MFAAM sample, i.e.
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I200 3.6

[I200 + I110 + I211]

was larger for the MFAAM sample printed in a 5 kOe transverse field, suggesting a field
induced crystallographic texture. Here, the denominator in equation (3.6) is the sum of
the intensities of the diffraction peaks observed in the 6-20 scans for the Fe-PLA
samples. A tabular summary of these peak intensities and ratios of the preferred direction
for the O-field sample and MFAAM sample is presented below:

Table 5. XRD results for 0-field and 5 kOe transverse samples measured using 6/26 scans.
Relative intensity for each sample in the (200) direction is given by percentage.

Miller 20 Absolute Peak Relative Peak (200)
Index (Degrees) Intensity (cps) Intensity (%)
(110) 44.64 556.38

0-Field Sample (200) 64.98 59.41 8.12
(211) 82.17 116.21
(110) 44,58 518.28

5 kOe Sample (200) 64.88 66.54 9,51
(211) 82.16 114.71

3.5.2 Optical Characterization

Other effects could have also contributed to the observed magnetic anisotropy such as
shape anisotropy of the individual particles and possible chaining aggregates of the
particles, which has been observed in magneto-rheological fluids [65, 66] as well as
magneto-elastic composites [25]. Although chaining links are more pronounced in low
viscosity inks, this effect was recently observed in MFAAM Strontium Ferrite-PA12
samples printed using FFF [5]. This possibility was explored for the MFAAM Fe-PLA 3-
D printed filaments using the Hirox digital microscope. Each sample was thinly sliced
and sealed between two glass slides with a soap water mixture. The control zero-field

sample was cut so that the cross section of the sample was parallel to the radial plane of
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the filament and the two MFAAM samples were cut so that their cross sections were
parallel to their respective print field direction. Further inspection of the individual iron
particles in the Fe-PLA samples of the zero-print field, 8kOe parallel field and 5kOe
transverse field filaments via digital microscopy suggested chaining effects were present
in the samples printed using MFAAM. Below are cross sectional images that were taken
using an MXB-2500REZ lens and employing the 3-D image tool available through the
RH-2000 software. This option uses focus stacking post-processing to allow for a
collection of separate images to be taken at different heights in the z-direction and

compiled to produce a 3-D image. These images can be seen below:
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Figure 3.23 Cross sectional opticl microscope image of the zero-field 3-

L3

D printe filament.
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8 Bl i TGN
Figure 3.24 Cross sectional microscope image of the 5kOe transverse field 3-D printed filament. Chaining
in the applied field direction is defined by the circled aggregates.

Figure 3.25 Cross sectional microscope image of the 8kOe parallel field 3-D printed filament. Chaining in
the applied field direction is defined by the circled aggregates.

First looking to figure 3.23, it is apparent that there are magnetic clusters present within
the sample printed in zero magnetic field, but not in any preferred direction. However,

when looking to the MFAAM printed filaments, there is clear evidence of particle
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aggregation in the direction that the external magnetic field was applied during printing.
These magnetic chains contribute to the magnetic anisotropy that was observed in the

MFAAM printed filaments through additional induced shape anisotropy.
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4: FE-DOPED GALLIUM OXIDE THIN FILMS

The research surrounding the magnetic properties of Fe-doped Ga,Os3 thin films will be
covered in this chapter. Two different phases of epitaxial (GaixFex)203 thin films,
monoclinic B-Ga20s3 and cubic spinel y-Ga>O3, were grown via pulsed laser deposition
for various concentrations of Fe (x=0.02-0.75). These thin films were investigated using
both the MicroSense Biaxial VSM and the DynaCool PPMS VSM to explore their
magnetic behavior and the dependence that their magnetic properties have on magnetic
field strength, iron concentration, and temperature. The magnetic hysteresis of these
samples was measured using an applied magnetic field oriented parallel with the plane of
the thin films. For select concentrated samples, the dependence of magnetic moment per
unit volume versus temperature was explored. An in-depth explanation of the inner
workings of these measurement systems beyond what was discussed in chapter 2 and the

effect of sensitivity on the data collected will be discussed in this chapter as well.

4.1 Growth of Thin Films

4.1.1 Pulsed Laser Deposition (PLD)

The thin films used in this thesis were grown by Dr. Dalim Mia [14] on a (0001) sapphire
Al>O3 substrate using a technique known as pulsed laser deposition (PLD). PLD is a
subcategory of the broader category physical vapor deposition (PVD) and is beneficial
for high quality thin films due to the stoichiometric removal of the target material from a
fast ablation process as well as the tunability of the rate at which the atoms hit the
substrate, made possible by the introduction of an inert gas atmosphere [72]. PLD

employs a high-energy laser that emits pulses through a lens at a given target material
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kept under vacuum. The laser radiation hits the target’s surface and quickly evaporates
the material, yielding an ablation plume of atoms that is then collected on the substrate
(also in vacuum). The rate at which these atoms hit the substrate is controlled by
introducing gases such as oxygen or argon into the atmosphere, which increase the
scattering rate and slows them down [72]. A schematic showing the process of PLD is

shown below:

il

o)
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/

Ablation target

Laser pulse

Figure 4.1. Schematic displaying the setup for pulsed laser deposition from Sarangan’s “Nanofabrication”
[72].

The Fe-doped Ga,0Os thin films measured in this thesis were grown at a partial 02
pressure of 1.5x 10 torr and a temperature of 700° C. A KrF excimer laser with a
wavelength of 248 nm and a nominal pulse duration of 25 ns was used along with a

frequency of 5 Hz and an energy density of 2 J/cm?. [14].

4.2 Experimental Procedure

Ferromagnetic behavior has been observed at room temperature in various other studies
involving Fe-doped Ga>O3z samples, such as the work done by Hojo et. Al in which they
observed room temperature ferromagnetic behavior in Fe-doped (-Ga>O3 thin films for
iron concentrations of x=0.02, 0.05, 0.08, and 0.1 [73]. Furthermore, Huang et al.

successfully doped the y-Ga>03 polymorph with iron and realized high saturation
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magnetization at room temperature as well [48] The purpose of this sub-thesis project
was to not only confirm these previous findings, but to investigate whether the same
ferromagnetic behavior can be seen at these specific Ga;Os crystal phases for higher iron
concentrations and at different measuring temperatures. Such findings would be

monumental for spintronics applications.

Five samples of (GaixFex)203 thin films were grown for different concentrations of Fe
(x) using the deposition PLD. Once grown, these thin films were characterized via XRD
6-260 scans and it was observed by Mia [14] that depending on the iron concentration, the
films took on two separate polymorphs: monoclinic 3-Ga.O3 and spinel cubic y-Gaz0:s.
For concentrations below 10% (x < 0.1), the samples took on the stable monoclinic phase
structure, and for concentrations above 10% (x > 0.1), the thin films transformed into the
metastable spinel cubic phase structure, so this thesis will be investigating samples

inheriting both monoclinic and spinel phases.

The thin films were cleaved to smaller sizes in order to measure the magnetic properties
using the MicroSense VSM and the DynaCool PPMS. The dimensions of each sample
were measured using a caliper and their respective masses were measured using an A-160
scale from Fischer Scientific. These parameters are displayed below along with the

respective thicknesses of each thin film according to iron percentage:
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Table 6. Dimensions for different concentrated Fe-doped Ga2Os thin films grown via PLD.
Thickness values were retrieved from the dissertation of Dalim Mia [14].

B—Ga203 Y-G&zOs
Iron Concentration (%) & 40 15 S 2
Length 3.73 6.37 6.1 4.13 5.1
(mm =+ 0.05)
Width 3.40 4.17 3.57 2.97 3.2
(mm =% 0.05)
Thickness (nm) 55.00 52.00 110.0 52.00 140.0
Mass (mg + 0.2) 23.3 43.5 35.9 19.7 25.1

The samples’ hysteresis and magnetic moments were measured using both the
MicroSense Biaxial VSM and the DynaCool PPMS VSM insert. The thin films were
measured with the applied field oriented parallel to the plane of the thin films for both
systems. For the monoclinic structures, this applied field was directed along the (-201)
plane and for the cubic spinel structures, the applied field was directed along the (111)

plane [14].

For the VSM insert of the PPMS, each sample was mounted on a quartz rod sample
holder using rubber cement as the adhesive which was applied at room temperature. The
samples were measured using sweep mode with a magnetic field range of -60,000 Oe (-
6T) to 60,000 Oe (6T), a sweep rate of 165 Oe/s, and were subjected to a fixed voltage
range of 250 puV. Samples were also measured at a range of temperatures, starting at 400
K down to 5 K using the same magnetic field range and sweep rate described above to
observe the temperature dependence on the samples’ magnetic properties. When
measuring at various temperatures, the samples were measured consecutively in the

PPMS, as the PPMS system allows for sequences to be written for multiple
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measurements taken in one run. This feature was implemented for different temperature
values and select samples were measured for the following temperatures: 400 K, 300 K,
200 K, 150 K, 100 K, 75 K, 50 K, 25 K, 10 K, and 5 K. It is important to note that for
measurements occurring at lower temperatures, a “wait” time command was written into
the sequences to allow the entire system to come to thermal equilibrium before beginning

the measurement.

The MicroSense VSM option was employed to measure the magnetic moments of the
variously doped gallium oxide thin films at high temperatures. The 75% iron sample was
mounted on a 5mm transverse quartz rod using ceramic adhesive and measured at
temperatures above room temperature. The ceramic adhesive was applied to the rod and
the sample and rod apparatus was then subjected to a heat gun for 20 minutes to solidify
the ceramic. The samples hysteresis curves were measured using sweep mode moment
vs. field scans for a field range of -22,000 Oe (-2T) to 22,000 Oe (2T) using a sweep rate
of 200 Oe/s. The signal being received is heavily dependent on the vibrational frequency
of the system, especially for materials like these with such small signals (which will be
discussed in more detail later in this chapter), so a frequency of 75 Hz with a signal range
of 10 uV was used along with an averaging time of 2 seconds to ensure the best quality
signal. The thin films were measured at the following temperatures: 298 K, 398 K, 498

K, 598K, 698 K, 748 K, 798 K, 848 K, and 898 K.

The hysteresis curves were then compared against each other to observe the changes in
magnetic behavior as a function of iron concentration and temperature. Magnetic
properties such as the sample’s saturated magnetization (Ms), coercivity (Hc), and

remanence (M) were extracted and analyzed to further investigate each samples’
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magnetic behavior and confirm whether phase transitions as well as magnetic transitions

were prevalent.

4.3 VSM Signal Correction

While VSMs are handy systems used to investigate the magnetic properties of an array of
materials, there are some factors to take into consideration that can heavily affect the
qualitative and quantitative results. The Fe-doped gallium oxide thin films being
measured in this thesis have a relatively weak signal, along the scale of 10 uemu which is
nearing the detectable threshold for these systems (signals are detectable signal down to 1
uemu for the PPMS VSM insert and noise is detected down to 1 pemu for the vector
option of the MicroSense VSM), so certain factors that could normally be considered

negligible for samples with higher signals must be taken into account here.

4.3.1. MicroSense VSM

First looking to the MicroSense VSM, which uses an electromagnet to supply an external
magnetic field. When the sample is vibrated in this external field, a changing flux through
the detection coils induces a corresponding amount of voltage in the coils. This voltage is
read into the software and used to determine a corresponding magnetic moment for the
material. The signal is proportional to the following parameters [54]:

The magnetic moment of the sample

The vibration amplitude of the sample

The vibration frequency of the sample

The centering of the sample within the pickup coilsets
The shape and size of the sample

For thin films with such a small magnetic moment such as those used in this thesis, it is

crucial that these parameters are tailored to the best settings to ensure good quality data.
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The vibrational frequency and the centering of the samples were found to have the
greatest effect on the measured data. Since the signal received from the VSM is
proportional to the time derivative of the coupled flux, the measured moment increases

with the vibration frequency.

The following curve shows the average magnetic signal and standard deviation of a piece
of Fe-doped Ga»0Os as a function of the vibrational frequency, showing that the signal to
noise ratio increases with increasing frequency. Since the gallium oxide samples have a
fairly weak moment, the lower frequency values did not yield data credible enough to
decipher, showing almost no hysteresis or saturation magnetization due to the high noise
level as can be seen in figure 4.2 by the increase in noise at low frequencies. At higher
frequencies, the noise remains constant at a minimum while the signal increases, so the
signal to noise ratio increases as the frequency increases. However, while the increase in
vibration frequency causes an increase in the magnetic signal, a frequency too high runs
the risk of the sample rods snapping during measurement. The mass of the sample and
spring constant of the sample rod create a system that has a specific resonance frequency,
and when the vibration frequency of the VSM approaches this resonance frequency, it
causes the rod to vibrate too much where it begins to bend and ultimately snap. So, to
acquire a detectable signal that compares well with other measurements (such as those
taken using the PPMS-VSM) but remain far enough away from the system’s resonance
frequency to prevent the rod from breaking, a vibrational frequency of 75 Hz was chosen

for these measurements.
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Signal and Noise Dependence on Vibration Frequency
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Figure 4.2. Dependence of magnetic signal on the vibrational frequency used for the MicroSense VSM.

Another important factor to consider when measuring samples with weak signals is the
averaging time the system uses when measuring at each point. The following graph
displays moment vs. field measurements taken using the MicroSense VSM at 75 Hz with
an averaging time of 0.1 seconds as well as an averaging time of 2 seconds. These plots
are also shown against a moment vs. field scan taken of the same sample using the
DynaCool PPMS VSM option with an averaging time of 1 second, and reveal a drastic
difference in the noise of the hysteresis curves being scanned depending on the

integration time:
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Figure 4.3 Hysteresis curves of the 75% Fe-doped Ga,O3; sample with varying averaging times.

The amount of noise seen in the graphs can be reduced to a certain extent by allowing the
system to average the signal being detected in the coils for a longer period of time, thus
allowing for a more accurate curve with less noise in the data. Increasing the averaging
time by a factor 9 will decrease the standard deviation by a factor 3. For the samples
measured in this thesis, an averaging time of 2 seconds was used to obtain sufficiently

low noise in the hysteresis curves.

4.3.2 DynaCool PPMS VSM

The VSM insert of the PPMS uses a slightly different technique but yields the same
results, using a superconducting solenoid instead to supply an external magnetic field in
the z-direction in which the changing magnetic flux of the sample induces a voltage
through sets of pickup coils. This voltage, proportional to the magnetic moment, can be

affected by the following factors [56, 74]:
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The radial offset

The sample offset

The center position

The shape and size of the sample

The factors that were observed to affect the measured moments of the gallium oxide
samples the most were the shape and size of the samples, as well as the radial offset. The
size and shape of the sample being measured has a direct effect on the accuracy of the
moment being measured. To prevent friction between the sample holder and the coilset
bore, it is necessary that samples be no wider than 4 mm, as samples wider than this can
cause frictional heating, especially at low temperatures, and thus distort the true signal
being detected [56]. For samples with weak signals, the sample needs to be centered first
using a mounting station before being placed into the chamber and scanned to find the
sample offset. The accuracy of the sample offset depends on the precision of the sample
being mounted on to the holder using the mounting station, ideally within 0.5 mm from
the center. Samples also having an appropriate vertical length well under the baseline of
the detection coils, which is 7.1 mm for this system, is important for yielding data
confident enough to report on. A sample with a length of 5mm measured at an oscillation
amplitude of 2 mm will yield a measured moment that is about 96% that of the true
moment with this percentage dropping to approximately 67% for a sample with a length
of 10 mm [56], so it is imperative that the samples being measured are within the
appropriate dimensions to obtain the most accurate data possible. Note that all sample

dimensions of the gallium oxide thin films are within range of these criteria.

Another critical aspect that is the hardest to account for and often overlooked is the radial

offset of the sample holder. This offset refers to the radial centering of the sample and rod
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mechanism with respect to the coilset once placed inside the chamber. The sample holder
is attached to a rod that is approximately 1 meter long and, unless perfectly straight, will
yield a measured moment having a periodic dependence on the rotation of the rod about
the vibration axis [74, 75]. The following plots show the same sample measured multiple
times without taking the radial offset into account (figure 4.4), and then measured again
while keeping the radial position constant (figure 4.5). The sample was mounted on a
quartz rod using rubber cement only once and then transferred between two rods, deemed
rod A and rod B, to investigate any potential effects the sample offset and center position
had on the signal as well.

Moment v. Field of 75% Fe-Doped Ga,O, at RT for Rods A & B
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Figure 4.4. Hysteresis curves of the 75% iron sample taken at RT via PPMS VSM for different rods without
considering the radial position.
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Moment v. Field of 75% Fe-Doped Ga,0, at RT for Rods A,B with
Constant Radial Position
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Figure 4.5. Hysteresis curves of the 75% iron sample taken at RT via PPMS VSM for different rods while
keeping the radial position constant.

From these plots, it was observed that the greatest effect in the magnitude of the signal
was the radial position. Figure 4.4 shows discrepancy between the measurement sets of
rod A and the measurement sets of rod B which was initially believed to be originating
from the different rod lengths (rod A and rod B differ in length by approximately 1 mm)
and thus affecting the sample offset and center position within the coils, but this
discrepancy was no longer observed in figure 4.5 when the radial offset was kept constant

for all four scans.

Currently, there is no definitive method for the DynaCool PPMS system to account for
this offset, so for the measurements taken in this thesis, a mark was made on the top of
the rod with respect to the magnetic lock of the linear transport motor to ensure the same
radial location for each measurement. Application notes for this system suggest

measuring at different angular positions to observe the variations in the measured
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moment [74]. The angular position at which the moment is at a minimum value
corresponds to the position where the sample is the most centered within the chamber.
This method was employed in this thesis to ensure the most accurate magnetic signal for

analysis.

One last note regarding figure 4.4 and 4.5 refers to the spikes seen in the data which was
observed for most of the PPMS data taken for the Ga>O3 samples. These spikes are
normally seen at low temperature measurements when the system is not allotted enough
time to come to thermal equilibrium. Quantum Design application notes on temperature
dependent measurements recommend waiting to take measurements until the designed
measuring temperature has been stable for at least two minutes [76]. However, the scans
in figures 4.4 and 4.5 were taken at room temperature, so other factors that could possibly
explain these spikes in the data are the samples could have been loosely mounted,
causing them to not move sinusoidally with the motor and thus causing rattling during
measurement, or even loose glue joints on the rod holder itself that could have caused the
rod holder to slip during measurement [56]. It can be noted that the spikes appear to be

strongest for all measurements near field values of about 15,000 Oe.

4.4 Results & Discussion

4.4.1 Observed Magnetic Behavior

The first set of graphs display the magnetic hysteresis curves that were taken using the
DynaCool PPMS at room temperature for both phases of (Gai-xFex)203 samples where x=
0.75 for the spinel cubic phase and x=0.02 for the monoclinic phase. It should be noted

that for all magnetic moment vs. magnetic field curves, the background diamagnetic
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signal from the sapphire substrate and the quartz rod holder was subtracted. It has been
reported that undoped -Ga203 exhibits paramagnetic behavior [14, 48], characterized by
no spontaneous magnetization and thus yielding no hysteretic shape. However, looking to
figure 4.6 showing the hysteresis curves for samples with monoclinic and spinel cubic
structures, it is apparent that the thin films doped with various concentrations of Fe
displayed ferromagnetic behavior.

Magnetization vs. Applied Field of 2% and 75% Fe-Doped Gallium Oxide at
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Figure 4.6. Magnetization vs. field curves for monoclinic $-Ga,Os thin films with Fe-concentrations of 2%
and 75% displaying ferromagnetic behavior.

Ferromagnetic behavior is characterized by a large net magnetization at low applied
magnetic fields, known as the saturation field, accompanied by a large positive
susceptibility due to the alignment of the spins within the magnetic domains of the
material once exposed to an external magnetic force [77]. Looking to figure 4.6, there is
a clear distinction between the saturation fields and the magnetization of 2% and 75% Fe-
doped gallium oxide. The thin film composed of 2% Fe exhibits ferromagnetic behavior,

as the sample quickly saturates at around 2,500 Oe and yielding a small magnetization
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value at approximately 7 emu/cm?®. However, the 75% Fe-doped Ga,Os thin film displays
a much larger net magnetization, over 6 times larger than that of the 2% Fe-doped Ga;Os
thin film but takes a slightly larger applied field to saturate the sample: approximately
7,000 Oe. Regardless, for both (Gai-xFex).03 samples where x=0.75 and 0.02, there is
quick saturation at small, applied fields with a large magnetization observed for x= 0.75.
The largest magnetic moment per unit volume for the 75% Fe doped sample suggests that
the magnetic dipole is located on the iron atoms. This is most likely due to dipolar
interactions of the thin films’ domain walls moving to align their magnetic spins in the

direction of the applied field [77, 78].

Paramagnetic materials also do not retain any net magnetization once the material is
removed from the applied magnetic field, while ferromagnetic materials will exhibit
hysteretic behavior and will have some magnetic dipoles still aligned in the direction of
the field once the magnetic field is set back to zero, known as retentivity or a remanence
point [77]. Looking closer to the curves of the 2% and 75% Fe-doped thin films in figure
4.7, there is retentivity for both the 2% and 75% samples, creating a hysteretic “loop,”
but is more prominently displayed for the 75% sample when the magnetic field is
completely removed. These characteristics observed in both the lightly and heavily doped

Gaz0s thin films provide evidence of room temperature ferromagnetic behavior.
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Magnetization vs. Applied Field of 2% and 75% Fe-Doped Gallium Oxide at
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Figure 4.7. Zoomed in magnetization vs. field curves for 2% and 75% Fe-doped Ga,Os3 displaying
ferromagnetic retentivity and hysteretic behavior.

4.4.2 Iron Concentration Dependence

The next set of measurements were taken with the intent to observe the dependence of
iron concentration on the magnetic properties of the Ga>Os thin films. Note that the first
set of hysteresis curves were not standardized to show the difference in magnetic
moments per unit volume of the samples with varying Fe concentrations. The following
plots show the saturation magnetization vs. magnetic field of each sample, first looking to
the monoclinic and spinel cubic phases separately. The volumes of the measured samples
were calculated using the dimensions listed in Table 6 above. All samples’ room
temperature magnetic moments were measured using the DynaCool PPMS VSM insert.
A “moment vs. field” scan was taken for each sample at 300K, sweeping from -6T to 6T
at a scan rate of 165 Oe/s. The samples were mounted on quartz rod holders using rubber

cement.
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Looking to figures 4.8 and 4.9 displaying the Fe-doped (Gai-xFex).03 samples obtaining
the monoclinic and spinel phase structures, the magnetic moment per unit volume
increases with iron concentration for both phases, which is to be expected since the
magnetic moment per unit volume should increase with increasing amount of Fe particles

being substituted into the Gaz0Os lattice sites of both structures.

Magnetization vs. Field of B-Ga,0; Thin Films at RT
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Figure 4.8. Magnetization vs. field curves for the monoclinic Ga,Oj3 structures with 2% iron and 5% iron.
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Magnetization vs. Field of y-Ga,0; Thin Films at RT
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Figure 4.9. Hysteresis curves displaying the magnetic moment per unit volume vs. magnetic field for cubic
spinel Ga;Os structures of 15%, 40%, and 75% iron.

However, looking to the saturation magnetization “Ms” versus temperature curve in
figure 4.10, it can be noted that the magnetization does not scale with iron concentration
completely, as the 5% Fe sample is noticeably larger than that of the 40% and 15% Fe
samples. This could be due to the large variation in volumes between the 5% sample and
the 15% and 40% samples, but also suggests that the magnetic moment per Fe atom
differs between the monoclinic and spinel cubic crystal phases. Ferromagnetic behavior
was observed at room temperature for all (Gai-xFex)203 samples of varying Fe (x=0.02 to
0.75) concentrations, giving confidence that the inclusion of transition metals such as iron
into the gallium oxide crystal structures yields a net spontaneous magnetization for the

thin films.
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Saturation Magnetization vs. Iron Concentration of Fe-Doped Ga,0,
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Figure 4.10. Saturation magnetization versus iron concentration for the Fe-doped Ga,Os samples
measured via PPMS VSM.

Looking to figure 4.11 showing the normalized hysteresis curves for each sample
measured at room temperature, there is little variation in the trends for each concentration
in terms of coercivity, however the saturation field seemed to have an inverse relationship
with iron concentration. The inset of figure 4.11 displays a closer view of the
susceptibility for the gallium oxide samples and showed a slightly higher susceptibility
for the cubic spinel phases of 2% and 5% Fe, suggesting the lower concentrated samples
were magnetized easier than the higher doped thin films. The higher susceptibility could
be due in part to the lower number of interstitial defects present in the crystal lattice for

the lighter doped samples compared to the more heavily doped samples [77, 79].
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Normalized Magnitization vs. Applied Field for Various Iron Concentrations
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Figure 4.11. Normalized hysteresis curves of all five Fe-doped Ga,O3; samples taken at RT via PPMS VSM.

The magnetic characteristics for the set of gallium oxide samples were estimated from the
above hysteresis plots to further examine the dependence on iron concentration. The
following table displays the coercivity, remanence, and saturation magnetization, for each
sample measured at room temperature. These values were extracted from the hysteresis
measurements taken using the PPMS VSM. For the coercivity and remanence values, the
absolute values from both sweep directions (one from 6T to -6T and one from -6T to 6T)
were estimated about the x- and y-intersections and then averaged. It should be noted that
the high % uncertainty for some samples was due to the asymmetric curves about the
origin. In particular, the hysteresis curve for the 2% iron sample did not have a symmetric
hysteresis curve, having one sweep from 6T to -6T being shifted and therefore causing a

higher uncertainty in the average coercivity and remanence values.
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Table 7. Estimated RT magnetic properties for Fe-doped Ga,O3 samples of 2%, 5%, 15%, 40%
and 75%. Values were estimated from the corresponding hysteresis curves taken on the PPMS
VSM.

Spinel Cubic Monoclinic
Iron Concentration
75 40 15 5 2
(%)
Saturation

Magnetization Ms 43.48 £2% | 15.99 + 2% 9.71+ 2% 29.56 + 2% 714+ 4%

(emu/cm?®)

Coercivity H. (Oe) 52+19% | 545+27% 38+ 5% 37.3+8% | 24.88 £ 50%

Remanence M,
34+13% | 1.25+38% | 0.62+26% | 2.77+7% | 0.398 +49%
(emu/cm?®)

Note that this table also indicates that the magnetic moment per unit volume for the 5%
Fe sample is noticeably higher than that of the 15% and 40% samples, again suggesting
an effect of the crystal structure on the magnetic dipole moment per Fe atom, as well as
the degree of magnetic ordering. This could also be due to the thickness variation of the
thin films as mentioned above. The saturated magnetization is defined by the following

equation [77]:

4.1

Where “m” is the measured magnetic moment, “V” is the sample’s volume which can be
rewritten in terms of the sample’s surface area “A” and film thickness “t.” From this
equation it is apparent that as the volume, the magnetization decreases, and vice versa.
Looking back at Table 2, the volume of the 5% sample is much smaller than that of the
15% sample, and the area of the 5% sample is roughly half that of the 40% sample. So,
errors on the estimated sample area of the 5% sample will lead to a larger error in the

magnetization value for the 5% sample.
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4.4.3 Temperature Dependence

Lastly, the temperature dependent measurements were taken on the 5% monoclinic and
75% spinel cubic Fe-doped Ga.O3 samples to explore the potential changes in magnetic
properties such as the magnetic moment and coercivity with respect to temperature. A
sweeping temperature scan ranging from 848 K down to 5 K was executed for the spinel
cubic (Gai-xFex)203 sample where x=0.75 and 798 K to 5 K was executed for the

monoclinic (Gai-xFex)203 sample where x=0.05.

Figure 4.12 shows the magnetization vs. temperature curve for the 5% monoclinic Fe-
doped Ga>0s thin film ranging from 5 K to 798 K using both the PPMS VSM insert and
the MicroSense VSM. Moment vs. field measurements were taken at 300 K and 400 K on
both systems and are in agreement with each other. From figure 4.12, the magnetization
of the 5% monoclinic sample appears to be temperature dependent as the magnetization
decreases with increasing temperature. The curve emulates a polynomial trendline as the
magnetization approaches zero at high temperatures, which is characteristic of
ferromagnetic behavior. Fitting the curve in figure 4.12 to a polynomial expression and
extrapolating to the x-intercept would suggest a possible Curie temperature of around 946

K for this material.

However, the magnetization vs. temperature curve for the 75% spinel cubic sample
heavily differs from that of the 5% sample. Figure 4.13 displays the magnetization vs.
temperature curve for spinel cubic 75% Fe-doped gallium oxide, ranging from
temperatures of 5 K to 848 K using both the PPMS VSM insert and the MicroSense VSM

head. Moment vs. field measurements were taken at 300 K and 400 K on both systems
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and agree with each other. From this curve, the magnetic signal of this film begins to
descend linearly towards zero at 700 K, obtaining only approximately 9.56 emu/cm? at
848 K. A second set of measurements was attempted starting at 900 K but yielded a
destroyed sample with distorted color and no magnetic signal, giving some evidence that
suggests the Curie temperature of this material is well below 900 K. The Curie
temperature is the temperature threshold in which the magnetic domains within the
material align in a ferromagnetic fashion below this threshold and above, the material

loses its magnetic ordering and behaves as a paramagnet [77].
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Figure 4.12. Magnetization vs. temperature curve for the 5% Fe-doped Ga,Os; sample at a temperature
range of 5 Kto 798 K.
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Magnetization v. Temperature for 75% Fe-Doped Ga,0,
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Figure 4.13. Magnetization vs. temperature curve for the 75% Fe-doped Ga,O3; sample at a temperature
range of 5 K to 848 K.

The destruction of the sample within this temperature range was a surprising result, as
various reports indicate a crystal phase transition from y-Ga>0Os to the stable phase (-
Ga203 anywhere from 873 K to 973 K (600° C to 700° C) [80, 81]. Furthermore, the
magnetic ordering temperature for the Fe.Oz polymorphs having similar crystal
structures, such as ferrimagnetic y-Fe>O3, known as “maghemite,” theoretically occurs
around 985 K, but is reported to transform to a-Fe>O3 at 800 K which is known to be
antiferromagnetic [55, 82]. While the 75% Fe-doped Ga2O:s is clearly not
antiferromagnetic, the ferrimagnetic y-Fe2O3 holds the same defective cubic spinel
crystal structure that this thin film is reported to have, suggesting that the magnetic

ordering of the metal ions in this thin film could be similar to that of y-Fe>Os3 [14, 55].

Looking to figure 4.13 again, there is also an observed decrease in magnetization at low

temperatures as well as a sharp drop after 150 K, suggesting another transition occurring
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at low temperatures for this material which was not observed for the 5% monoclinic Fe-
doped Ga>O3 sample in figure 4.12. To further inspect this, the normalized magnetization
vs. moment curves at low temperatures are shown in figure 4.14. These curves show
drastic changes in the susceptibility and coercivity at low temperatures of 25 K, 10 K and
5 K compared to room temperature, with the curve taken at 5 K requiring a saturation
field of 30,000 Oe to magnetize the sample. Recall from figure 4.6 that the same sample
only required a field of 7,000 Oe to saturate when measured at room temperature. While
it is expected that a higher field is needed to saturate the sample at lower temperatures,
this increase is more than 4 times larger than the saturation at room temperature,

suggesting that the material changes magnetic properties at lower temperatures.

Magnetization vs. Field of 75% Fe-Doped Ga,O, for Varying Temperatures
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Figure 4.14. Normalized hysteresis curves of 75% Fe-doped Ga,Os3 displaying the change in magnetic
behavior at room temperature compared to lower temperatures.

Table 8 shows the estimated coercivity, remanence, and saturation magnetization values
for the 5% and 75% iron samples at select temperatures taken from the hysteresis curves

above. The increase in coercive fields from 400 K to 5 K for the 75% Fe-doped sample
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increases by more than an order of magnitude, with the saturation magnetization

following the same trend.

Table 8. Magnetic properties retrieved from the hysteresis curves of the 5% and 75% Fe-doped
Ga,0s at room temperature versus low temperatures. All curves were taken using the PPMS
VSM.

5% lron

Temperature
(K)

Saturation
Magnetization 2956+2% | 31.89+3% | 31.18+1% 32.14 + 2% 36.89 + 3%

300 150 25 10 5

M;s (emu/cm?)

Coercivity Hc
(Ce)

Remanence

37.3 +8% 51.5+10% | 68.05+13% | 118.25+8% | 122.85+ 5%

2772 7% 3.1+3% 52+ 10% 4.33+42% 6.82 £ 2%
M, (emu/cm?3)

75% lron

Temperature

(K)

Saturation
Magnetization 4348 +2% | 67.89 +5% 08.42+2% | 100.58 +1% | 101.92 + 2%

300 150 25 10 5

M; (emu/cm?)

Coercivity Hc
(Oe)

Remanence

52 +19% 40.15+5% | 187.25+1% | 4265+ 1% | 697.25+4%

3.4+ 13% 3.09 £1% 14.08 £ 2% 25.88 £ 3% 32.68 £ 1%
M, (emu/cm?)

With the possibility of a low temperature transition occurring at the higher doped sample,
comparisons of the magnetic properties observed in this thesis were made with
ferrimagnetic materials y-Fe2Os, known as maghemite and FesO4, known as magnetite.
Magnetite is reported to have an inverse spinel cubic crystal structure due to the inclusion

of both Fe®* and Fe?* present in the crystal structure, the only difference from normal
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spinel cubic being that instead of all the Fe** ions residing in the octahedral sublattice
sites, they are now evenly split between the octahedral and tetrahedral sites, with the Fe?*
ions occupying the remaining octahedral sites [55, 77, 83]. Maghemite, i.e. y-Fe2O3 has a
crystal structure that is set up very similarly, but instead of divalent ions, there are
vacancies at these octahedral sites [55, 68]. For the 75% Fe-doped GaOs structure, Mia
reported via XPS measurements the presence of Fe3* and Fe?* in the crystal lattice and a
ratio of Fe**: Fe?* being 1.95 for 15% iron and 1.48 for 75% iron, suggesting an
increasing presence of Fe?" ions as more iron was introduced into the Ga2Os structure
[14]. This evidence further backs up the suspicion that the 75% Fe-doped GaOz thin film

could be mimicking magnetic behavior of magnetite or maghemite.

Magnetite also has a much lower Curie temperature compared to maghemite, losing its
magnetic ordering around 858 K to 860 K [55], which is very close to the last
measurement taken of 75% Fe-doped Ga.Oz at 848 K before the sample lost signal at 900
K. Not only this, but magnetite has the unique characteristic of a second phase transition,
known as the Verwey transition, occurring around 120 K where the ferrimagnetic sample
behaves as an insulator and relaxes to a monoclinic crystal phase [55]. For the 75% iron
sample, there was a steep drop in magnetization from 150 K to 200 K, close in range to
the low temperature transition reported for magnetite, again suggesting that this heavily
doped Ga,O3 sample could have a unique low temperature transition similar to that of a
Verwey transition. Such a transition could also possibly explain the increase in applied

external field required to saturate the sample at low temperatures.

Furthermore, Mia reported in his work increasing lattice parameters as the iron

concentration increased due to the increasing atomic radii of Fe3* and Fe?* (0.64 A and
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0.72 A respectively) versus that of Ga®* (0.62 A) and revealed a calculated lattice
parameter for the 75% iron sample of 8.3086 A via XRD measurements [14]. Magnetite
is reported to have a lattice parameter of 8.39 A to 8.4 A [55, 68, 83, 84], and reports on
maghemite show a lattice parameter of around 8.34 A to 8.354 [55, 68, 85]. The lower
lattice parameter for the Ga.O3 sample is consistent with the fact that Ga* ions are
smaller than Fe ions, and since 25% of the metal ions in the crystal structure are still
Ga®, it is expected that the distance between nearest neighbors will be smaller compared
to the pure iron oxide structures. Nonetheless, the similarities between these two iron
oxide structures and the 75% Fe-doped Ga»Os thin film in terms of transition
temperatures, magnetic ordering temperatures, lattice parameters, and crystal structures
strongly suggest that at this high of an iron doping concentration, the Fe-doped Ga;O3
thin film could be mimicking ferrimagnetic behavior, rather than ferromagnetic behavior
as previously reported [73, 76, 86, 87]. It should be noted that these previous reports on
Fe-doped Ga,0z are for room temperature measurements and doping concentrations no

larger than 30% Fe.

To find the Curie temperature of this material and thus confirm the true magnetic
behavior, the specific sublattice site locations of the various metal cations (Ga®*, Fe**,
Fe?*) need to be determined through a theoretical method such as density functional
theory (DFT) calculations. DFT is an ab initio many-body theory that takes into account
all interactions between all of the electrons present [77]. This determination would allow
one to express the superexchange interactions occurring through the metal-oxide-metal
bonds of this spinel structure by a Heisenberg Hamiltonian (which will be changed to ‘€’

here so as to not confuse with applied field ‘H’) [77, 78]:
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€exchange = — Zij]ij ~S_'L§] 4.2

Where “Jjj” is the exchange coupling integral arising from the overlap of two electrons’
wavefunctions, and “S,” and “S,” are the respective spin momentums on arbitrary
electrons “i” and “j.” Once the exchange interactions between nearest neighbors can be
determined, the type of magnetism can be confirmed through the sign of the exchange
integral. A positive exchange integral indicates the spins will favor parallel alignment
and thus exhibit ferromagnetic behavior, whereas a negative exchange integral will

exhibit antiferromagnetic behavior, as the spins will favor antiparallel alignment.

For example, in the case of this thesis, if it is determined that the Fe?* ions detected in the
75% iron sample are found to reside at the octahedral sites and the Fe3* ions found to be
evenly distributed to tetrahedral and octahedral sites, then this material can be treated
similarly to a spinel cubic ferrimagnetic material. This would mean that Fe3* ions located
at the octahedral sites are aligned antiparallel to the Fe3* ions located at the tetrahedral
sites, exhibiting a negative exchange interaction for antiferromagnetic behavior, and
therefore cancelling each other out. This would then mean the exchange interaction
between the octahedral sites containing Fe?* ions would be aligned parallel to each other
and exhibit ferromagnetic behavior, thus yielding a magnetic moment contribution

coming only from the Fe?* ions.

The final step would be to then calculate the Curie temperature of this material, which
can be achieved by implementing the Weiss molecular field theory once the exchange
integrals and type of magnetism are known [77]. The molecular field theory describes the

magnetic behavior between localized moments and the corresponding molecular fields
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that act on the ions at given lattice sites [77, 88]. The molecular field theory can be used
to find the appropriate magnetizations “Ma” and “Mg” acting on each sublattice for either
ferromagnetic or ferrimagnetic behavior, and thus used to solve for the Curie temperature
“T¢” [55, 77]. This method was carried out by Wu et. al to calculate the exchange
interactions and then the Curie temperature by means of DFT calculations, the
Heisenberg model, and molecular field approximations (MFA) for doped barium
hexaferrites and found that the calculated Curie temperature agreed well with

experimental values [89].
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5: CONCLUSION & SUGGESTIONS FOR FUTURE WORK

To summarize, the work of this thesis consisted of magnetic characterization on two
different materials: soft magnetic Fe/PLA filaments 3-D printed using MFAAM and
single crystalline epitaxial Fe-doped Ga»O3 thin films of various Fe concentrations. The
Fe/PLA filaments were printed on top of permanent magnets to supply different external
magnetic field strengths during the printing process, a modification from regular AM
coined MFAAM. These various filaments were then measured using a MicroSense VSM
to observe magnetic field dependence as well as field angle dependence on the magnetic
properties and determine any potential anisotropy. The filaments were also characterized
by digital microscopy and XRD to further confirm the results from the VSM. This work
was done in support of a research enhancement grant of Texas State University
“Materials with intelligence: Magnetic Field Assisted Additive Manufacturing” (Geerts,

Tate, Chen).

The Fe-doped Gaz0s thin films were grown by Dr. Dalim Mia using pulsed laser
deposition (PLD). Films with different iron concentrations (2%, 5%, 15%, 40%, and
75%) and two different crystal structures were investigated. These films were then
measured using both the MicroSense VSM and the QuantumDesign PPMS VSM to
observe magnetic field dependence, temperature dependence, and iron concentration
dependence. The samples’ hysteresis curves were inspected and magnetic properties such
as saturation magnetization, coercivity, and remanence were estimated and compared.
The magnetization with respect to temperature was also investigated for the 5% and 75%

Fe-doped samples. This work was done in support of the DOD HBCI/MI grant W911NF-
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20-1-0298 “Ultrawide Bandgap Hetero-structures: Growth Characterization and

Modeling” (Droopad, Geerts, Scolfaro).

5.1 Fe/PLA 3-D Printed Filaments

5.1.1 Conclusions

MFAAM showed appreciable effects on the Fe/PLA samples that were printed in
different magnetic field strengths compared to the zero-field control sample. Through
VSM angle-dependent measurements, shape anisotropy of the samples was observed by
angle dependency and the demagnetizing field effect was observed to be greatest along
the samples’ shortest radial axes. This was observed for all three samples. Furthermore,
the susceptibility of the MFAAM samples compared to the control sample in identical
measurement directions increased by a factor of 2 and 2.5 for the 5 kOe transverse
sample and the 8 kOe parallel sample, respectively. This increase in susceptibility was
found to be caused by slight induced crystallographic texture along the easy axis of
magnetization, measured via XRD scans. Chaining aggregates were also observed in both
samples in the direction of their respective print field through optical digital microscopy,
which is also believed to have enhanced the susceptibility when measured along the print

field direction.

5.1.2 Suggestions for Future Work

Suggestions for future research on MFAAM filaments with soft magnetic material could
be to attempt printing magnetic devices such as transformer cores, as done previously, to

observe if the efficiency increases compared to that of commercial transformer cores.
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Prior studies done report successful printing of transformer cores via AM, but lack of
efficiency and ease of magnetic saturation did not allow them to be viable options in
replacement of commercial transformer cores. This thesis confirmed that MFAAM
enhances the susceptibility when the external field is applied in the direction of the print
field, so it could be beneficial to print a transformer core using the MFAAM soft
magnetic filaments to observe any enhancements in these reported setbacks. In order to
be able to easily print complex geometrical prototypes in a magnetic field, the 3-D printer
needs to be furnished with an electromagnet or a set of nested Halbach cylinders so a

magnetic field can be applied to the printed material before it solidifies.

5.2 Fe-Doped Ga20s3 Thin Films

5.2.1 Conclusions

All Fe-doped Ga20s thin films were observed to behave ferromagnetically when
measured at room temperature. Ferromagnetic characteristics such as significant
magnetization values, remanence and large susceptibility were observed at room
temperature for the Fe-doped Ga>Os samples of iron concentrations of 2%, 5%, 15%,
40% and 75%. These findings are consistent with previous studies done on -Ga>O3 and
v-Ga203 phases of lower iron concentrations. The thin films’ magnetic properties did not
show drastic changes in terms of remanence or coercivity as the iron concentration
increased, however the magnetic moment per unit volume seemed to scale up with iron
concentration. The magnetic behavior is different for the monoclinic and gamma phases.

The lower concentrated samples (2% and 5%) exhibited higher susceptibility compared
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to the heavier doped samples, suspected to be from a lower number of defects within the

crystal lattice making it easier to saturate.

The magnetization as a function of temperature was determined for the 5% and 75% Fe-
doped Ga>03 sample and suggested a Curie temperature within the range of 848 K to 900
K for the 75% sample based on experimental results. A small ferromagnetic signal was
still detected at 848 K but upon attempted measurements at 900 K, the sample yielded no
magnetic signal. Further observing the hysteresis curves at low temperatures, the
magnetic properties such as saturation magnetization and coercivity were observed to
heavily increase with decreasing temperature, as well as the saturation field increasing to
30,000 Oe at 5 K from approximately 7,000 Oe when measured at room temperature. The
magnetization vs. temperature graph also suggested another phase transition occurring
around 150 K to 200 K which was characterized by a steep drop in magnetization going
from 150 K to 200 K. Similar experiments conducted on the monoclinic 5% Fe-doped
Ga03 sample did not show this low temperature transition, therefore confirming this a
characteristic for the y-phase Ga»Ozs. This behavior could be comparable to the iron oxide

magnetite’s Verwey transition temperature taking place around 120 K.

Looking back at the dissertation of Mia, he reported an increasing presence of Fe?* ions
in addition to Fe3* ions as the doping concentration increased, as well as increased lattice
parameters with increased iron concentration. The ferrimagnetic iron oxides magnetite
and maghemite were both researched to observe their magnetic properties and were
compared to the 75% Fe-doped Ga>Os sample to observe any similarities. Both iron
oxides were found to have spinel cubic crystal structures such as the 75% iron sample,

with magnetite obtaining the inverse spinel structure due to the presence of both Fe* and
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Fe?* ions in the sublattice sites. The reported Curie temperature of magnetite is very close
(858 K) to the last measured signal for the 75% Fe sample (848 K) and is also reported to
have a lattice parameter just a few tenths of an angstrom larger than what was reported by
Mia et al. for 75% Fe. Given the vast similarities in magnetic properties between the 75%
Fe-doped Ga,0z and iron oxide magnetite, these findings suggest that at this high of a
doping concentration, the heavier doped Ga20s thin films could be exhibiting

ferrimagnetic behavior similar to magnetite, rather than ferromagnetic behavior.

5.2.2 Suggestions for Future Work

Full temperature range hysteresis curves should be conducted on the lower doped Gaz03
thin films to determine the Fe concentration range for which the low temperature
transition is observed. Suggestions for future work on the 75% iron doped Ga2O3 films
include running density functional theory (DFT) calculations to determine the locations
of the Fe** and Fe?* ions within the sublattice sites, thus allowing confirmation of either
ferromagnetic or antiferromagnetic ordering based on the type of exchange energy
occurring between nearest neighbors and therefore determining whether ferrimagnetism
or ferromagnetism is prevalent. Torque measurements should also be conducted to
determine the magnetic anisotropy for each crystal phase and further characterize the Fe-

doped thin films.
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