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Abstract

Magnetoelectric multiferroic thin films exhibit coupled ferromagnetism and ferroelectricity. Interest in these multiferroics
stems from their potential applications in spin-based computing and novel information storage methods. Through charac-
terization with x-ray diffraction (XRD), atomic force microscopy (AFM), and vibrating sample magnetometry (VSM), the
growth of multiferroic films with molecular beam epitaxy (MBE) was optimized. Both strain-coupled FexGa1−x composites
and rare earth ferrite superlattices were studied. Additionally, this study searched for compatible bottom electrodes that
facilitate the measurement of the ferroelectric properties of the films. Because the electrodes are necessarily located between
the substrate and the film, all three must have compatible crystal lattice parameters in order to grow successfully with MBE.
Characterization of the electrodes with XRD omega rocking curves and AFM revealed that PIN-PMN-PT produced slightly
better iridium electrodes and FexGa1−x films than PMN-PT.

Introduction

Multiferroic materials exhibit two of ferroelectricity, ferro-
magnetism, and ferroelasticity1. Due to the limited number
of materials that fall within this category, the definition is
often expanded to include materials that are ferrimagnetic,
antiferromagnetic, and other related electric and magnetic
properties. While these properties can be combined in numer-
ous ways, this project specifically focuses on magnetoelectric
multiferroics. These materials exhibit both ferroelectricity
and ferromagnetism1. Ferromagnetic materials possess a net
magnetic moment and are commonly known as permanent
magnets. Ferroelectric materials have a spontaneous polar-
ization resulting from a net dipole moment. Each of these
moments can be manipulated by an external field of the same
type, electric or magnetic, and even reversed in direction via
a 180 degree rotation known as ’switching’. Additionally, the
electric and magnetic properties are coupled to one another
such that an electric field can theoretically manipulate the
magnetic moment within the material through the magneto-
electric effect2. The opposite process, magnetic control of the
electric dipole moment, is also possible.

The materials with this study are crystalline. They ex-
hibit order on an atomic scale dictated by a basis of atoms
organized on a repeating pattern called a bravais lattice. Fer-
roelectricity is often derived from some form of lattice disorder
that causes the electric charges and thereby dipoles within the
material to partially align, generating an overall polarization

from a net dipole moment. These materials necessarily have
a non-centrosymmetric unit cell. Similarly, ferromagnetism
arises from the spontaneous alignment of atomic scale mag-
netic moments, generating a net magnetic moment within the
material. The alignment is considered to be the result of su-
per exchange between adjacent atoms. The manipulation of
the magnetism via an external field occurs due to the reori-
entation of preexisting moments rather than the creation of
new moments (which is characteristic of diamagnetism).

Figure 1: Electrically poled multiferroic film showing coupled
electric (left) and magnetic (right) order at 200 K. Coupling
persisted at 320 K. Scale bar is 3 µm. Image sourced from
Reference 4.

The magnetoelectric coupling of these properties allows
several novel device applications for multiferroics. One possi-
bility is low energy computing as spin based devices, as the-
orized by Roy et al. The switching of bits in such a device
requires relatively low stress and dissipates a smaller amount
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of energy upon scaling, which has been a stumbling block for
efforts to miniaturize computing devices. As classical comput-
ing components are downsized, energy loss arises from the lim-
ited number of electrons that can occupy the material. Thus,
it is much more effective to control the device with an electric
field, which is not faced with the energy loss of electric cur-
rent3. Additionally, multiferroic devices can be used for mem-
ory storage where data is written using local electric fields and
read magnetically. These multi-state memory devices elimi-
nate the necessity of large magnetic fields to write data4. A
proof of concept device was created by Mundy et al. (Fig. 1)
which shows the electric control of magnetic moments within
a multiferroic thin film. These applications have generated
significant research interest in developing high-temperature
multiferroics1. Ferromagnetic ferroelectric multiferroics were
first investigated in the late 1950’s. However, early materi-
als were often only multiferroic at low temperatures and thus
were impractical for industrial applications. More recently, a
few materials have been investigated with promising multifer-
roic properties at room temperature.

Within the Schlom group at Cornell University, the
reactive-oxide molecular beam epitaxy (MBE) growth method
is commonly applied to oxides, making them one of the most
widely studied classes of materials. While several oxides pos-
sess ferroelectric properties, magnetism is harder to achieve.
To incorporate magnetic properties within the oxide lattices,
transition elements with partially filled d orbitals, including
Mn and Fe, are introduced5. These elements are associated
with magnetic properties within the oxides. Previous research
has characterized BiFeO3

6, strained EuTiO3
7, and other ma-

terials following the cubic perovskite ABO3 structure as mul-
tiferroics. These examples are all single-phase materials. In
contrast, this study examines two multiferroic composites.

The first is considered a strain-coupled composite. The
magnetostrictive and body-centered cubic FexGa1−x is com-
bined with a piezoelectric substrate, such as the perovskite
PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT), to produce a multi-
ferroic. Piezoelectricity is a phenomena where a dimensional
change within the material will induce a change in the external
electric field, and vice versa. The structural change is indica-
tive of a change in the lattice constants, or separation of the
repeating atomic structure within the crystal. Magnetostric-
tion, on the other hand, results generally from the concept of
magnetic anisotropy, where there is a tendency for magneti-
zation to lie in a particular crystallographic direction. When
a large externally applied magnetic field attempts to reorient
the magnetic moments, a physical strain is produced within
the material. The magnetic and electric properties within
FexGa1−x thin films are coupled via the transfer of structural
strain between the materials. An external electric field gen-
erates a mechanical strain within the piezoelectric substrate.
This internal strain induces a strain within the FexGa1−x film,
leading to a magnetic response via magnetostriction. There-
fore, an electric stimulus leads to a magnetic response and vice
versa. This study examines single crystal films produced with
MBE. In contrast, previous research with FexGa1−x films was
limited to polycrystalline samples8.

The second system utilizes another method of develop-
ing materials with coupled electric and magnetic properties:

superlattices. This study builds off the work of Mundy et
al. with rare-earth ferrite superlattices. In contrast to the
highly structured films examined in the 2016 paper, this work
characterizes disordered superlattices of hexagonal LuFeO3

and LuFe2O4. Though pure LuFe2O4 was once thought
to be potentially multiferroic, in depth characterization re-
vealed that the ferroelectric properties were due to regions
off-stoichiometry and pure LuFe2O4 is solely ferrimagnetic9.
In contrast to the cubic perovskites studied before, ferroelec-
tric LuFeO3 is hexagonal, with a crystal structure compatible
with LuFe2O4. When both phases are combined, the result
is a magnetoelectric multiferroic with coupling that is known
to persist at room temperature4.

Through a variety of characterization methods, the growth
of thin film samples with MBE was examined. For the
LuFeO3/LuFe2O4 superlattices, the ratio of each phase was
determined with X-ray Diffraction. Additionally, the growth
of Fe3O4 and NiFe2O4 on top of lutetium ferrite was char-
acterized to determine whether these high Curie temperature
materials are good candidates for future multiferroic super-
lattices. Unfortunately, neither material grew successfully,
casting doubt on their compatibility with LuFeO3. By com-
paring the crystalline quality of electrode and FexGa1−x films,
PbIn1/2Nb1/2O3-PbMg1/3Nb2/3O3-PbTiO3 (PIN-PMN-PT)
and PMN-PT are essentially equivalent with Ir electrodes and
Pt may be a better bottom electrode candidate than Ir. Fi-
nally, the ferromagnetic properties of an FexGa1−x film on
PMN-PT agreed with the expected results.

Results

The composition of disordered ferrite superlattices was
probed with X-ray Diffraction (XRD). θ-2θ scans verified the
phases present in each sample. The position and splitting
of a diffraction peak around 2θ = 10-20 degrees depends on
the ratio of LuFeO3 to LuFe2O4. Figure 2 shows data for
disordered superlattice samples from this summer.

Figure 2: XRD θ-2θ scans of LuFeO3/LuFe2O4 disordered
superlattices grown on YSZ (111) with a Lu:Fe flux ratio be-
tween 1:1.1 and 1:1.19 indicated by the position of the single
peak around 15 degrees. Substrate peaks are indicated by an
asterisk.

When compared to previously collected data (Fig. 3), the
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single peak located near 15 degrees indicates a Lu:Fe flux ratio
between 1:1.1 and 1:1.19. The superlattices in figure 3 were
grown on Ge doped In2O3, which results in substrate peaks
different from those in figure 2.

Figure 3: θ-2θ x-ray diffraction scans of disordered lutetium
ferrite superlattices on Ge doped In2O3 with a range of Lu:Fe
flux ratios. The peaks in Figure 2 indicate that the samples
have Lu:Fe ratio inbetween the red and yellow curves in this
figure. Figure courtesy of Rachel Steinhardt.

While LuFe2O4/LuFeO3 superlattices are very successful
high-temperature multiferroics, LuFe2O4 is only magnetic to
just below room temperature. At higher temperatures, the
thermal energy overcomes the coupling between dipole mo-
ments in the material and it undergoes a paramagnetic tran-
sition. This transition temperature is called the Curie Tem-
perature of the material. In an attempt to improve the mag-
netic and therefore multiferroic properties of the superlattices,
LuFe2O4 can be replaced with materials with higher curie
temperatures. Both of the cubic spinels Fe3O4 and NiFe2O4

have curie temperatures far above room temperature, making
them ideal candidates for multiferroic superlattices. While
these two materials have the potential to raise the temper-
ature at which multiferroic properties exist, they must be
structurally compatible with LuFeO3.

The compatibility of LuFeO3 with NiFe2O4 and Fe3O4

was evaluated by attempting to grow a layer of the candidate
material on top of a LuFeO3 film. The goal was to produce a
smooth, flat layer of the material in the desired phase. To de-
termine whether the surface layer was able to grow smoothly,
the surfaces were characterized with atomic force microscopy
(AFM). AFM is a method of scanning probe microscopy that
uses the change in amplitude of an oscillating cantilever to
map the topological surface of the sample. If a smooth layer
was grown, an XRD θ-2θ scan checked for the proper phase
of the material.

For the first sample, a LuFeO3 film was grown on YSZ
(111) and capped with a layer of Fe3O4. Unfortunately, when
imaged with AFM, the Fe3O4 was present as triangular is-
lands, rather than the theoretically flat and smooth layer.

Topological line profiles of the surface showed an average is-
land height of about 20 nm and a width of 200-300 nm. Be-
cause these islands cover about 10 percent of the film surface,
it can concluded that the islands are formed from Fe3O4 atop
a smooth layer of LuFeO3.

Figure 4: AFM image of an Fe3O4 layer on LuFeO3 grown on
a YSZ (111) substrate. RMS Roughness of surface excluding
islands: 1.036 nm.

Next, a layer of NiFe2O4 was attempted on LuFeO3. As
depicted in the 3D image in Figure 5, the surface of the sam-
ple is extremely smooth. The RMS roughness for the surface
is 216.2 pm, within the resolution of the AFM. This would be
encouraging if the surface was actually NiFe2O4.

Figure 5: A 3D representation of an AFM scan of the ul-
trasmooth LuFeO3 on YSZ (111). A layer of NiFe2O4 was
deposited on top of the LuFeO3. RMS surface roughness:
216.2 pm.

When analyzed with XRD (Fig. 6), the data shows a peak
for the LuFeO3, but nothing else. Even though the NiFe2O4

layer was relatively thin and composed of light elements, a
broad peak would still be expected. Therefore, it appears the
layer grew amorphous rather than crystalline.
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Figure 6: XRD θ-2θ scan of a LuFeO3 film on YSZ (111). The
sample was theoretically capped with a crystalline layer of
NiFe2O4, but this data only shows the 0001 peak of LuFeO3

and the expected substrate peaks, suggesting the NiFe2O4

grew amorphously.

The second half of this study examined FexGa1−x single
crystal thin films. The overarching goal was to find a com-
patible bottom electrode to more effectively measure the fer-
roelectric properties of the film. The electrode is necessarily
located between the substrate and the film. Due to its po-
sition, the crystal structure of all three materials (substrate,
electrode, and film) must be compatible to grow epitaxially.

The first electrode candidate was iridium. Face-centered
cubic Ir was grown on two different substrates known to be
compatible with FexGa1−x films: PIN-PMN-PT and PMN-
PT. Both of these substrates are variations on pure PbTiO3

with different elements substituted and added to create an
increasingly complex unit cell and enhanced piezoelectricity.

To evaluate the quality of film growth, the surface of each
film was analyzed with AFM and the RMS roughness was
compared. Figure 7 shows AFM images of Ir electrodes on
PIN-PMN-PT and PMN-PT and FexGa1−x films on Ir elec-
trodes on each substrate. The average RMS roughness for
each sample is recorded below the image. When the RMS
roughness data is compared (Fig. 8), the bare Ir electrodes
on each substrate have approximately equivalent roughness.
When an FexGa1−x film is grown on an Ir electrode on each
substrate, the roughness is larger than that of the bare Ir elec-
trodes and slightly larger for PIN-PMN-PT. However, the dif-
ference between the FexGa1−x film samples may also be the
result of different Fe seed layer thicknesses. The PIN-PMN-
PT sample had a 1 nm Fe seed layer thickness, while the
PMN-PT sample had a 3 nm thickness. This difference ob-
fuscates the result and limits the ability to use the surface
roughness of these samples as an indication of the quality of
the film.

Figure 7: AFM images of 10 µm regions of sample surfaces.
The top two images show bare Ir electrodes on a substrate and
the bottom images show FexGa1−x films on Ir electrodes on
a substrate. The left images are on PIN-PMN-PT substrates
and the right are PMN-PT. The average RMS Roughness of
the given sample is reported below each image. The color
scale to the right of each image shows how the color of the
image corresponds with the height variations of the image.

Figure 8: A chart that compares the RMS roughness data
from Ir electrodes on PIN-PMN-PT and PMN-PT and
FexGa1−x films on Ir electrodes on both substrates. The
blue bars indicate the average roughness of the sample. The
small black points indicate the individual data points used to
calculate the average. The bare Ir electrodes on each sub-
strate (left two bars) have approximately equal roughness.
The FexGa1−x film on an Ir electrode on PIN-PMN-PT (sec-
ond from the right bar) has a slightly higher roughness than on
PMN-PT (rightmost bar). While this may be due to higher
quality film growth, these samples had slightly different Fe
seed layer thicknesses that could affect the roughness values.

With a similar face-centered cubic crystal structure, Pt
was also investigated as a potential bottom electrode. A bare
Pt electrode was grown on PIN-PMN-PT and an FexGa1−x

film was grown on an Pt electrode on PIN-PMN-PT. Figure 9
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shows an AFM image of a 10 µm region of the FexGa1−x film
sample just described. The average RMS roughness of this
sample is 1.205 nm, lower than the equivalent roughness for
FexGa1−x films on Ir electrodes on either substrate, especially
PIN-PMN-PT.

Figure 9: An AFM image of a 10 µm region of a FexGa1−x

film on a Pt electrode on PIN-PMN-PT. Average sample RMS
roughness: 1.205 nm.

Because the RMS roughness of each sample is an incom-
plete indication of crystal quality, the internal structural qual-
ity of the crystal was evaluated with ω-rocking curves. The
full width at half maximum (FWHM) of the peak corresponds
to the quality of the crystal. A smaller FWHM indicates a
higher quality crystal with a FWHM of nearly 0 indicating
a perfect crystal. In reality, small defects within the crystal
broaden the peak. The minimum FWHM of a film is that of
the substrate because defects within the substrate will neces-
sarily be adopted by the thin film. For that reason, the ω-
rocking curve of the film is overlaid on that of the substrate
for a more direct comparison. Comparing figures 10 to 12, the
FWHM for Ir on PIN-PMN-PT is essentially equivalent to Ir
on PMN-PT. This agrees with the surface RMS roughness
data from above. Figure 12 shows the ω-rocking curve of Pt
on PIN-PMN-PT and gives a FWHM that is less than that
of either Ir sample, also in agreement with roughness data.

Figure 10: XRD ω-rocking curve of the (002) peak of an Ir
electrode (15 nm thickness) on PIN-PMN-PT. The FWHM
of PIN-PMN-PT (orange) is 0.1152 degrees. The FWHM of
the Ir electrode (blue) is 1.1408 degrees. The y-axis is scaled
independently for each curve.

Figure 11: XRD ω-rocking curve of the (002) peak of an Ir
electrode (15 nm thickness) on PIN-PMN-PT. The FWHM
of PMN-PT (orange) is 0.1624 degrees. The FWHM of the Ir
electrode (blue) is 1.1600 degrees. The y-axis is scaled inde-
pendently for each curve.

Figure 12: XRD ω-rocking curve of the 002 peak of a Pt
electrode (15 nm thickness) on PIN-PMN-PT. The FWHM
of PIN-PMN-PT (orange) is 0.1736 degrees. The FWHM of
the Pt electrode (blue) is 0.8547 degrees. The y-axis is scaled
independently for each curve.

Finally, the magnetic properties of an FexGa1−x film was
investigated with vibrating sample magnetometry. By mea-
suring the magnetic response of the sample vibrated in a
sweeping external magnetic field, a magnetic hysteresis loop
is generated. The loop is characteristic of the in-plane crys-
tallographic direction. Though the vibrating sample magne-
tometer broke down before characterizing multiple samples,
the hysteresis loops of an FexGa1−x film on PMN-PT is shown
below. The slightly smaller width of the loop measured in the
〈100〉 direction indicates that it has a slightly smaller coercive
field than the 〈110〉 direction. The steeper slope of the purple
〈110〉 loop suggests that the film is easier to magnetize in that
direction. These observations agree with previous data from
similar films.
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Figure 13: Magnetic hysteresis loops for FexGa1−x films on
PMN-PT in the 〈100〉 and 〈110〉 crystallographic directions.
The smaller width of the green loop indicates that the 〈100〉
is slightly easier to switch the magnetization.

Discussion

The main focus of research in multiferroics is to produce
materials that maintain their electric and magnetic properties
beyond room temperature. Electric and magnetic coupling
at these high temperatures would facilitate the use of mul-
tiferroics in consumer-level device applications. Building off
the work of Mundy et al., who produced some of the highest
temperature mulitferroic films to date, this project sought to
expand the characterization of rare-earth ferrite superlattice
films.

LuFe2O4 is ferrimagnetic up to a transition temperature
of about 240 K, slightly below room temperature. Although
the magnetic properties persist up to room temperature when
composed with LuFeO3 in a superlattice, compounds with
higher Curie temperatures could potentially result in higher
temperature multiferroic superlattices. This project therefore
investigated Fe3O4, with a curie temperature of 856 K, and
the spinel NiFe2O4, with a curie temperature of 865 K. Both
of these materials are ferromagnetic well above room temper-
ature and therefore are candidates for multiferroic superlat-
tices with ferroelectric LuFeO3. This project investigated the
compatibility of these materials with LuFeO3 with the result
that neither has the potential to form superlattices in the
current growth positions. Fe3O4 clumped together to form
triangular islands (Fig. 4) and the incredibly smooth surface
of the NiFe2O4 layer (Fig. 5) suggests that it grew amor-
phously. Unfortunately, neither candidate grew in a smooth
regular layer that would support its structural compatibility
with LuFeO3.

Previous research presented highly ordered lutetium fer-
rite superlattices with a highly controlled repeating layered
structure (i.e. 9 layers of LuFeO3 and 1 layer of LuFe2O4).
If superlattice films are ever mass produced for device appli-
cations, it is unlikely that their growth would be as closely
controlled as MBE. Therefore, disordered LuFeO3/LuFe2O4

superlattices were investigated in this study. Subsequent in-
vestigation revealed that the multiferroic properties of the

films relied less on the exact structure of the film and more
on the ratio of each phase. Thus, this study investigated the
control over composition of the films with a constant Fe:Lu
flux ratio during growth. While the film may have regions
with 6 layers of LuFeO3 before 1 layer of LuFe2O4 or 12
layers of LuFeO3, the average composition can remain at a
controlled LuFeO3:LuFe2O4 ratio and still have multiferroic
properties comparable to the highly ordered films. The XRD
plots in Figure 2 demonstrate the compositional control of the
superlattices.

The goal of investigating Fe1−xGax alloys was to find a
bottom electrode to facilitate the measurement of ferroelectric
properties of the films and more closely mimic the structure
of a device made of the films. Though the roughness and ω-
rocking curve data shows an inconclusive difference between
the substrates PIN-PMN-PT and PMN-PT, the Pt electrode
outperformed the Ir in both cases. In reality, the Pt was
grown in the presence of oxygen acting as a surfactant, fol-
lowing a suggestion from literature to produce higher quality
films. Future research could investigate this growth condition
applied to the Ir electrodes and evaluate whether the resulting
film quality improves.

Because only one film was characterized with VSM, as a
result of an equipment breakdown, future research could ex-
amine how the strutural and surface quality of FexGa1−x sam-
ples affects the magnetic properties. Future research can also
investigate other substrate, bottom electrode, and high Curie
temperature LuFeO3 superlattice candidates. Novel compos-
ites including out of plane layered materials remain an open
field of new research. The future of multiferroic materials is
bright, drawing significant new interest with every tempera-
ture milestone. In the not so distant future, devices contain-
ing multiferroic components could be released to consumers,
fueling a further decrease in the energy needed to operate
computers and the development of non-volatile memory that
persists when power is lost.

Methods

X-ray Diffraction

X-ray diffraction was conducted with a Rigaku Smartlab
X-ray Diffractometer with a Ge 220 monochrometer on the
incident side in a parallel beam (PB) configuration. Samples
were placed on misoriented single crystal silicon during scan-
ning to limit the background signal. θ-2θ scans were used
to verify composition, phase, and orientation of the epitaxial
thin films. Based on Bragg’s law, x-rays incident on the crys-
talline sample at a Bragg angle (determined by the presence
and separation of crystal planes within the material) diffract
with a relative displacement equal to an integer multiple of
their wavelength. As a result, the x-rays interact with con-
structive interference, producing a peak in a θ-2θ scan at the
Bragg angle. ω-rocking curves gave a measure of structural
crystal quality. By ’rocking’ the incident angle of the X-rays
near a Bragg angle in XRD, the width of a peak can give
an indication of the quality of the crystal. If the crystal was
absolutely perfect, the rocking curve would have a FWHM of
nearly 0 degrees. The only angle that would satisfy Bragg’s
law and diffract X-rays would be the exact Bragg angle. How-
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ever, defects within the crystal introduce slight changes in the
orientation of the crystal planes and diffract x-rays at angles
slightly off from the exact Bragg angle of a theoretically pure
crystal, thereby widening the peak. Therefore, by performing
rocking curve measurements, the structural quality of crystal
samples can be determined by the FWHM of the resulting
peak.

Atomic Force Microscopy

An Asylum Research MFP-3D scanning probe microscope
system in AC tapping mode was used to evaluate the surface
quality of samples. AFM uses the change in amplitude of a
harmonically oscillating cantilever to map the surface features
of a sample. The calculated height of the sample at each po-
sition is represented as a colored pixel and arranged spatially
to produce an image of the surface. RMS surface roughness,
a measure of the average deviation of the film surface from a
perfectly flat plane, was used to evaluate the smoothness of
film growth.

Vibrating Sample Magnetometry

A 9T Quantum Design Physical Property Measurement
System (PPMS) with a vibrating sample magnetometer was
used to evaluate the magnetic properties of FexGa1−x thin
films. Measurements were conducted at room temperature.
By oscillating the sample in a sweeping external magnetic
field, a hysteresis loop characteristic of ferromagnetic materi-
als was generated. The raw data was the summation of the
magnetic signal from both the sample and the diamagnetic
substrate. The result is the sloped loop shown below in Fig-
ure 14.

Figure 14: Uncorrected M vs. H hysteresis loop for an
FexGa1−x thin film on PIN-PMN-PT measured in the 〈110〉
direction.

Figure 15: Linear regression on the lower tail of 〈110〉 uncor-
rected data. Residuals show random scatter indicating that
the linear model is valid. The slope of the equation in the
upper graph was used as the slope of the linear diamagnetic
signal subtracted from the raw data.

The diamagnetic signal from the substrate is characteris-
tically a negatively sloped straight line. The slope of this line
was determined via regression on the tails of the uncorrected
hysteresis loop (Fig. 15). The result was subtracted from the
data. To quantify the magnetic moment in emu/cm3, the data
was divided by the volume of the FexGa1−x film, resulting in
the final hysteresis loop used to describe the ferromagnetic
properties of the film.

Molecular Beam Epitaxy

The samples in this study were grown by reactive-oxide
molecular beam epitaxy (MBE) using a Veeco Gen 10 growth
chamber. My graduate student mentor, Rachel Steinhardt,
grew all of the films characterized here because the complex
method of MBE was beyond the scope of a ten week fellow-
ship. In MBE, pure samples of each element within the de-
sired structure is heated within a crucible, called an effusion
cell, to produce a ’beam’ that is directed towards the heated
substrate. The elements are deposited on the substrate, pro-
ducing an epitaxial crystalline film. By varying each element’s
flux rate, substrate temperature, and the pressure of O2 and
ozone within the growth chamber, complex and atomically
ordered crystalline films can be grown with high precision.

In order to grow high quality epitaxial crystals, the films
must be grown on structurally compatible substrates. For ex-
ample, lutetium ferrite has a hexagonal structure, rather than
the cubic structure of many perovskites grown with MBE.
Yttria-stabilized zirconium (YSZ) has a cubic structure that
is generally incompatible with the hexagonal ferrites. Yet,
when cut to expose the (111) crystallographic plane, the sur-
face behaves hexagonally (Fig. 16). Therefore YSZ (111) is a
suitable substrate for lutetium ferrite superlattice growth.
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Figure 16: On the left is a simple cubic crystal structure.
When sliced to expose the (111) plane, the result is a hexag-
onal structured surface as depicted on the right. A similar
hexagonal structure is produced along the (111) of a face-
centered cubic crystal like YSZ. Crystallographic directions
are shown for reference.
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