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Abstract

A developed energy infrastructure that relies predominately on renewable energy is critical to
the longevity of society. Water-splitting and fuel cell devices will have a place in this
infrastructure, although this technology is still in its infancy. Implementation of this technology
on a global scale requires effective devices that are also economically feasible to manufacture.
Modern fuel cell devices incorporate effective but expensive material components such as
platinum and iridium to perform at high levels, hindering their wide-spread use. However, recent
investigations into metal-oxide spinel materials containing elements such as iron, cobalt, nickel
and manganese have demonstrated their potential for use in fuel cell technology as an inexpensive
alternative to precious metals. Despite their importance in catalysis and fuel cell research, many
of these materials are understudied on the basic material property level. Studies on these materials
from a thin film perspective are particularly sparse. A thorough understanding of these materials
is essential for their implementation in water splitting and fuel cell technology. In order to
investigate the properties of these important materials and facilitate their future use as catalysts,
samples were synthesized using molecular beam epitaxy and studied using a wide array of
characterization techniques.

MnFe;04 single-orientation samples were grown with different crystal orientations in order to
observe this effect on the material’s catalytic properties. While MnFe>O4’s properties are widely
understood in literature, this study is the first to investigate the oxygen reduction reactivity
properties of MnFe>O4 grown as an epitaxial thin film. Single-crystalline CoMn204 and Co-rich
Cox+1Mn2xO4 samples were grown and studied, and the material’s electronic properties were found
to be constant despite variable stoichiometry. X-ray photoelectron and absorption spectroscopy

revealed tetrahedral Co?" and octahedral Mn®" coordination, and cation-oxygen bond lengths
yg g



quantifies the effect of Jahn-Teller distortion on stretched Mn>" octahedra. X-ray Diffraction
reveals the tetragonal crystal structure of the material and increased c-lattice parameter due to the
Jahn-Teller effect. MnxCo3.xO4 samples from x = 0 to x = 1.28 were grown and studied, and
manganese cations were found to be octahedrally coordinated. Most samples also show mixed
Mn** and Mn*" character, and greater c-lattice parameter and phase segregation tendencies with
increasing manganese content away from Co3Os. The increased lattice parameters are likely due
to Jahn-Teller-active Mn>" octahedra, and phase segregation may occur due to structural
incompatibility between cubic and tetragonal crystal structures associated with Mn*" and Mn>*
octahedra, respectively. Mn®" valence character is likely due to insufficient oxygen reactivity
during sample growth, with Mn*' being the proper valence state of the spinels. Cobalt valence also
trends from mixed Co?" and Co** towards predominately Co?" with increasing manganese content,
meaning Co”" is the favored valence state. This study suggests that the single-crystalline phase of
ideal MnCo0,0s4 is an inverse-type spinel comprised of Mn*" and Co?" valence states as opposed to

the typical 2+ and 3+ states of most other spinels.
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Chapter 1

Introduction

1.1 Motivation

The development of materials for alternative clean energy sources is central to much of
condensed matter research today. Catalytic reactivity for the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) is an important property for technologies such as electrolyzers,
metal-air batteries and fuel cells [1-7]. To date, expensive metals such as platinum dominate this
field of research, having shown great promise in both ORR and OER [1,3,8,9]. However, economic
considerations demand cheaper materials that offer comparable performance to platinum. Oxygen
catalysis systems comprised of inexpensive materials such as transition metal oxides stand as
alternatives to platinum. Spinel oxides containing earth-abundant elements such as cobalt, iron,
manganese and nickel are particularly promising in this regard [1,10-12]. The spinel material
MnFe>O4 (MFO) along with the Co-Mn spinel system with end members CoMn>O4 (CMO) and
MnCo204 (MCO) exhibit ORR properties on par with platinum [1,11,13—16], making them
promising for efficient and affordable catalysis devices as well as energy storage [17-20]. While
the ORR properties of these spinels are impressive, a thorough understanding of their physical
properties is required for their eventual use in the field of catalysis. This research seeks to
characterize the spinels from a thin film perspective and thereby expand the body of knowledge
surrounding these materials.
1.2 Oxygen Reduction Reactivity

ORR describes the propensity of a material to act as a catalyst in encouraging oxygen
reduction reactions to occur. This set of chemical reactions involves the consumption of free

electrons with oxygen gas to produce byproducts such as water or hydroxide (Table 1.1) [21].
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During the course of the reactions, the zero oxidation state oxygen atoms of the O» decrease to a
2- state thereby reducing the oxygen. The solution acidity the reaction takes place in determines
which set of oxygen reduction reactions will occur, with oxygen reacting with protons in acidic
solutions and with water in basic solutions. For each environment, reactions can take either 4-
electron or 2-electron pathways, with 4-electron pathways having lower redox potentials. In either
case, the reaction leads to the acceptance of free electrons so that if a material with ORR properties
acts as a cathode in an electrolysis device, a current can be generated. An example of a current
generating electrolysis device utilizing an ORR material is seen in Figure 1.1. The ORR material
acts as a cathodic electron acceptor during oxygen reduction reactions, while an electron donor
material such as one exhibiting hydrogen oxidation reactivity (HOR) provides electrons as an
anode [22]. In the case of an acidic medium, hydrogen oxidizes at the cathode to provide protons
and electrons that are then transferred to the anode to be used in oxygen reduction. The current

passing from anode to cathode can be used to charge a battery of transfer energy.

Table 1.1 Possible oxygen reduction reaction pathways based on solution media. The 2-electron
pathway in alkaline solution is only accessible in mediums with pH of 11.6 and above, since HO>—

will protonate below this [23].

Acidic 4-electron pathway 02+ 4H* + 4e” - 2H,0
agueous 02+ 2H" + 2e™ - H,0;
. 2-electron pathway -
solution H,0; + 2H* + 2™ > 2H,0
Alkaline 4-electron pathway 02 + 2H,0 + 4e” = 40H"
aqueous 02 + H,O0 +2e™ - HO;™ + OH
. 2-electron pathway
solution HO2™ + H,0 + 2e™ - 30H"
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Anode Electrolyte Cathode

Figure 1.1 Example device schematic for utilizing oxygen and hydrogen to generate current with

the assistance of ORR and HOR catalysts.

The Mn-based spinels MFO, CMO and MCO display high ORR properties primarily
through their cations. The way they assist the ORR process is similar to the way platinum is
understood to contribute to oxygen reduction. In the case of the inner-sphere electron transfer
mechanism in alkaline media, platinum encourages the 4-electron pathway of creating hydroxide
ions and bypassing the intermediary steps of the 2-electron pathway [24,25]. Oz adsorbs to a free
cation site and reacts with water to acquire a proton to form adsorbed HO> ", then reacts with water
again to produce OH ™ ions. The use of a catalyzing cation in this way reduces the energy and
electric potential required to incite the ORR reaction [26]. The cations of spinels are able to
contribute to oxygen reduction reactions partially for their oxidation state promiscuity [27].
Manganese in particular is easily able to take on 2+, 3+ and 4+ valence states, all of which are
represented in the materials of this study. This promiscuity along with the affordable cost of most
first-row transition metals is why MFO, CMO and MCO spinels are of such great interest to the

catalysis community.
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1.3 Basics of Materials
1.3.1 Spinel Structure

Normal-type spinels are solid-state metal oxide materials described by the formula AB2O4
where cation A generally possesses a 2+ formal charge in a tetrahedral site and cation B possesses
a 3+ formal charge in an octahedral site. While most spinels such as MFO and MCO are understood
to possess a face-centered cubic (FCC) Bravais lattice structure (space group Fd3m) ([28-31], the
Jahn-Teller (JT) interaction can induce a body-centered tetragonal lattice (space group 14, /amd)
in others such as in CMO [1,18-20,32-35]. This produces a 45° in-plane rotation of the a and b
axes from the conventional cubic lattice and occurs because crystal-field splitting breaks the
ordinarily cubic symmetry [4,34-37]. Specifically, the JT-active Mn** ions in CMO break the
degeneracy of partially-filled electronic d-orbital states [38,39]. This leads to elongation of the c-
axis parameter through octahedral distortion. The cubic spinel unit cells can be seen in Figure 1.2.
Conventional in-plane lattice parameters for spinels with 1% row transition metals range between
8to 9 A [40], but JT distortion can cause out-of-plane parameters to lie past 9 A [41]. conventional
unit cell is usually There are 24 cation sites in each conventional unit cell, 8§ of them being
tetrahedrally coordinated and 16 octahedrally. The face-centered cubic configuration of atoms is
considered close-packed and it’s common practice to discuss the spinel unit cell as a collection of

tetrahedral and octahedral polyhedra. There are a total of 56 individual atoms in a spinel unit cell.
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Figure 1.2 Conventional unit cell for a cubic structure AB2Os spinel, with purple and blue

polyhedral representing A and B cations, respectively.

1.3.2 Spinel Type

In contrast to the normal spinel structure with all A cations tetrahedral and B cations
octahedral, the inverse spinel structure has all the A cations and half of the B cations octahedrally
coordinated, leaving all tetrahedral sites to be occupied by B cations. The cations of a spinel have
preferred coordinations in which the material’s overall energy is lowest which causes a spinel to
trend towards either normal or inverse. The structure type a spinel material adopts depends on
cation formal charges and crystal field splitting effects [14,42,43]. Excessive growth temperatures
and other non-ideal growth conditions can incite spinels to adopt intermediate structures between
normal and inverse by increasing the probability of cation coordination defects. This comes in the
way of excess lattice energy added to the system [44]. The general formula

(Al_ABA)Th[AA/ZBZ_A]ghOA, is able to describe all possible cases, with cations in parentheses
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representing tetrahedral occupation and cations in brackets representing octahedral occupation. In
the case of an ideal normal-type or inverse-type structure, the degree of inversion (A) takes on
values of 0 or 1, respectively. MFO and CMO of an ideal 1:2 cation ratio exhibit a normal spinel
structure [29,32,33,45-47], as do the binary spinels C0304[42,46] and Mn304 [42,46]. MCO has
been reported to trend towards an inverse spinel [48—51] in which all the Mn and half the Co are
octahedrally coordinated, while the remaining Co are tetrahedrally coordinated.
1.3.3 Cation Valences

As most spinels of the form AB2O4 show cation valences of A* and B**, MFO would be
expected to possess Mn*>* and Fe** valences while CMO would show Co?" and Mn>". Indeed,
previous studies on single-crystalline samples of the two materials have confirmed these states
[41,52]. Interestingly, findings on the cation valences of MCO are mixed, with some studies
reporting Mn*" character [51,53-55] and others only Mn>" [49]. It is possible that rather than the
typical 2+ and 3+ valences, MCO may possess Mn*" and Co?". In addition to mixed results in
literature, this idea is supported by the instability of tetrahedrally coordinated Co*" being unlikely
in this inverse-type spinel. Tetrahedral Co®" is rarely observed in nature due to the unfavorable
configuration of unpaired e, orbitals associated with tetrahedral coordination [56]. Spinels that
exhibit 4+ and 2+ character are rare but do exist, and are known as “4-2 spinels” in literature [57].
All oxygen anions take on valences of O%* as in any metal oxide material, although oxygen
interstitials or vacancies can cause cations to adjust their valences to uphold charge balancing.
1.3.4 Structure formation, variation and phase segregation

A variety of non-stoichiometric properties can contribute to structural changes in these
spinels. Cation valence states affect ionic radii and bond lengths of polyhedral which in turn

impacts the overall unit cell and lattice parameters [58]. JT distortion of cation polyhedral can also
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have significant effects on structure such as in the case of CMO where Mn>" octahedra drives
significant increases in the c-lattice parameter [41]. Cation coordination environment with nearest-
neighbor oxygen also affects ionic radius meaning variation in spinel inversion parameter leads to
structural changes. Point defects such as cation interstitials or oxygen vacancies can also affect
structure properties [41]. While a single-phase and homogenous configuration is well understood
to exist for MFO and CMO, this may not be true for MCO. Some groups have reported phase
segregation in MCO samples rather than single-crystallinity [12,59], and reports of mixed
manganese valence character also shows nonuniformity in the material [51,53-55]. Multiple
groups have reported the growth of single-crystalline MCO, but confirmation of true single-
crystallinity of any material is often elusive in materials physics. It is possible that true single-
crystalline MCO spinel is unstable in nature or at least relatively difficult to synthesize. It is also
possible that synthesis condition variation across different research studies may account for effects
such as phase segregation. The phase segregation behavior of MCO and its viability as a single-
crystal will be discussed in a later chapter.

1.3.5 Stoichiometry and other parameter variation:

While spinels with ideal 1:2 cation ratios, valence states and cation coordinations are
important to understand, off-stoichiometry spinels are of great interest to scientists as well.
Catalytic properties can change greatly with the adjustment of cation stoichiometry [4], and
properties such as cation valence and coordination also effect ORR performance [60—62]. Also,
sample properties are often linked together such that variation in one property is directly related to
changes in others. For instance, decreases in the overall valence state of manganese octahedra from
Mn*" towards Mn>" leads to an increased number of JT-active polyhedra and generally a larger c-

lattice parameter in the material. Increasing manganese concentration might lead to an increased
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or decreased lattice parameter depending on the coordination environment of the additional
manganese. Given the impressive ORR properties of CMO and MCO, a primary goal of this study
has been to create a map of material properties as a function of cation stoichiometry for the entire
cobalt-manganese spinel system from Co304 through Mn30s. Identifying trends between material
properties and stoichiometry allows for a better understanding of the materials overall, and are

important for their use in future catalysis technology.
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Chapter 2

Thin Film Growth and Characterization Methods

2.1 Advantages of Thin Films

Numerous studies involving MFO, CMO and MCO nanoparticles and nanocrystals already
exist in literature [1,4,12,15,17-20,28,32,47,63,64]. A primary advantage of nanocrystalline
materials characterization studies lies in the relative ease and accessibility of sample synthesis,
especially considering the cost and complexity of most modern thin film deposition systems.
However, nanocrystalline samples generally suffer from non-uniformity in sample dimensions,
mixed crystal orientations, interface effects at grain boundaries and multi-phase behavior even
within a single nanoparticle. Some materials characterization techniques are not possible with
nanocrystal structures, and the high-entropy processes of most synthesis methods lead to defect-
rich samples that adversely affect analysis results.

Thin film synthesis techniques generally yield samples that have greater dimension
uniformity and lower surface roughness, and epitaxial film synthesis in particular can significantly
decrease crystal orientation variation. Epitaxial thin film synthesis techniques are much more
capable of forming materials in their single-phase or single-crystalline state. Samples created in
this way are ideal for materials characterization research because it opens up research to
experiments and analyses that rely on structure uniformity. Polarization dependent experiments
such as out-of-plane X-ray diffraction and linear-polarization X-ray absorption spectroscopy
require single crystal orientations across an entire sample. Relatively smooth samples with equal
thickness throughout allows for the observation and interpretation of differences between surface-

and bulk-sensitive experiments. Importantly for the purposes of catalysis experiments,
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standardized, pore-free surface areas remove a significant variable when investigating these
materials ORR properties.

Molecular beam epitaxy (MBE) is perhaps the champion of epitaxial thin film synthesis
methods and has been used to create high-quality samples of a wide range of materials [41,65—68].
It is a slow synthesis process that grows thin films at rates in Angstroms per minute, and offers
precision control of growth parameters such as deposition rates and oxygen reactivity. The
incredibly slow and controlled pace of thin film synthesis gives ample time for atoms to structure
themselves to minimum energy, low entropy configurations. This results in samples with uniform
structures and very few defects. This means that materials characterization results from
experiments performed on these materials represent the ideal single-crystalline form of that
material very closely. At the time of writing, there seems to be only one other study in which MFO
thin films were grown using MBE [52], but crystal orientation and substrate differs significantly.
Studies involving the growth of CMO or MCO using MBE do not seem to exist, and other general
thin film studies are very sparce [49,69,70]. All samples within this study are grown using MBE,
and the work represents a significant contribution to field of thin film growth, spinel material
properties and future catalysis technology.

2.2 Molecular Beam Epitaxy
2.2.1 System and Functionality

Figure 2.1 shows the schematic for the MBE system used in this study. Base pressures of
the chamber are kept to ultra-high vacuum within the range of 10 to 10® Torr, ensuring a
contamination-free environment during growth. Such low pressures are attained through the use
of turbo and cryo pumps, and a differential pump is used to target key systems in the chamber for

increased pumping speed. Crucibles containing pure elemental metals and are heated to high
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temperatures creating metal vapor fluxes that are directed onto a single substrate lying face-down
on the stage. Higher temperatures increase the metal flux through the crucibles, and deposition
rates onto the substrate are calibrated pre-growth using a quartz-crystal microbalance. Low
chamber pressures ensure that no diffusion of metal vapor occurs and travels in a line-of-sight
beam towards the substrate. Molecular beam deposition can be stopped using shutters at the
effusion cell openings or below the stage. Oxygen gas is supplied to the growth chamber through
a control valve that precisely sets the flow rate. Increasing flow rate increases the overall pressure
in the chamber and therefore oxygen reactivity for the growth process. Oxygen pressures typically
range between 10 and 10 Torr, and is not enough to impede metal deposition beams. Oxygen
reactivity can be significantly increased by using a radio-frequency plasma source that separates
O into O™ ions. To provide enough energy for proper crystal formation of the film, the stage is
heated to particular temperatures. Oxygen reactivity and stage temperature conditions must be set
correctly to values within a narrow range window or the spinel structure will not form. The
conditions must also be set and stable before deposition begins since a film growth that begins
with an incorrect crystal structure is encouraged to continue forming that incorrect structure. After
film growth is complete, shutters are closed to stop deposition and the stage is slowly cooled down

to room temperature.
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Figure 2.1 MBE system schematic used in sample growth.

Spinel materials that are ideally normal- or inverse-type can take on character of the
opposing type through excess energy put in during sample synthesis. Lattice energy increases as
partial inversion character trends away from ideal and cations configure themselves in unfavorable
coordinations [44]. However, MBE deposits single atomic layers at a time at incredibly slow
growth rates, and deposited cations are likely to arrange themselves in minimum-energy
coordination environments. Therefore it is likely that the samples of this study, particularly those

of single-crystalline or single-phase quality, trend far towards the spinel type that is ideal for the
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respective material. This is especially true for all MFO and CMO samples, as characterization
experiments show that these samples have excellent crystal structure quality.
2.2.2 Layer by Layer Growth

The most commonly desired growth mode of MBE is layer-by-layer growth in which films
are formed one atomic layer at a time across the entire area of a substrate [71]. Films grown in this
way have very smooth surfaces with subnanometer root mean square (RMS) roughness. Films
grown in this way are of uniform dimension, structure and crystal orientation, and are ideal for
materials characterization experiments that benefit from surface uniformity. While it is the most
common in studies involving MBE samples, this growth mode can only be achieved in situations
where the desired film’s structure matches that of the substrate’s. Specifically, the in-plane lattice
constants of the film must close enough to the substrate’s such that the bottom layer atoms of the
film can bond directly with the top layer atoms of the substrate without mismatch defects (Figure
2.2(a)). This growth mode creates a smooth transition at the film-substrate interface and is easily
achieved when the film and substrate are of the same crystal structure and orientation.

Since the substrate will be orders of magnitude thicker than the film, the in-plane lattice
parameter of the film will match that of the substrate and induce in-plane lattice strain throughout
the film from interface to surface [72]. This will affect both in-plane and out-of-plane lattice
parameters of the film and often alters the material properties of the sample. The effects of strain
must be addressed when reporting findings on heavily-strained samples, as relaxed-structure
samples may exhibit significantly different properties. At a certain film thickness, the film will
relax to allow for a more favorable structure and form dislocations at the substrate-film interface.
Relaxation occurs when the increased lattice energy associated with film strain becomes

sufficiently greater than the energy associated with dislocations at the interface, which takes place
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at greater film thicknesses. The thickness at which films relax increases the closer the substrate
and film are in in-plane lattice constant. Therefore, if strained films are desired for a scientific
study, proper substrates with similar lattice constants to the film should be chosen. While the (111)
crystal plane represents the minimum energy surface of a spinel [73], spinel films will be
incentivized to grow along the (001) plane if the substrate’s lattice parameters are consistent with
the spinel’s (001) in-plane lattice parameters. In this study, layer-by-layer growth along (001) was
achieved for all CMO and MCO films using cubic structure MgAl,Os (MAO) spinel substrates
(MTI Corporation) with a lattice parameter of 8.083 A.
2.2.3 Island Growth

Island growth modes occur when a film’s in-plane lattice constant does not match the
substrate’s. The bottom layer of atoms will gather together at random locations on the substrate
surface instead of being evenly spread as in layer-by-layer growth [71]. The gathering points act
as a seed to form islands upon the substrate that grow larger in both width and height as deposition
continues. The resulting film is far rougher than in layer-by-layer growth and makes
characterization experiments that rely on surface uniformity impossible. Despite the non-uniform
surface shapes of island growth, ideally-set oxygen reactivity, stage temperature and other growth
conditions will still allow for single-orientation films to form as in layer-by-layer growth. As the
film deposits further, the islands become larger. The interface between islands will generally show
defects preventing single-crystalline island films, but the islands themselves are able to take on
single-crystalline quality. Films of this growth mode are also higher in surface area which increases
the overall ORR properties of the sample [24]. Misfit dislocations at the substrate-film interface
automatically form and the resulting islands and film structure take on a relaxed state in the rest of

the film (Figure 2.2(b)). As desirable as layer-by-layer growth often is, island growth modes can
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be an unavoidable circumstance when no suitable substrates exist for a particular study. For
instance, an MFO film sample may require a conductive substrate in order to be used for ORR
catalysis experiments after synthesis [74]. While spinel substrates that are both conductive and
suitable for a layer-by-layer growth of MFO are not readily available, niobium-doped SrTiO3
perovskite (Nb:STO) conductive substrates can be used instead, albeit leading to an island growth

mode.

(a) (b)
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Figure 2.2 Bonding structure and film-substrate interface for a typical a) layer-by-layer growth

mode and b) island growth mode.

2.3 Material Characterization
2.3.1 Reflection High-energy Electron Diffraction

Reflection high-energy electron diffraction (RHEED) is an invaluable characterization tool
that allows for determination of a sample’s structure. The RHEED system is located inside the
growth chamber and is used in-operando throughout a film growth process. RHEED works by
directing high-energy electrons towards the sample surface at a glancing angle, causing some

electrons to scatter off atoms on the sample’s surface and illuminate a phosphor screen to create a
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diffraction pattern [75]. The diffraction pattern is formed according to the periodic position of
atoms on the sample and is used qualitatively to determine film structure and can be used
quantitatively to determine in-plane lattice constants. An example RHEED pattern formed from
the surface of an MAO substrate is shown in Figure 2.3(a). Positions on the diffraction pattern are
reciprocal-space representations of physical distances between unit cells of the sample surface.
Intensity peaks can be thought of as being made along vertical lines or at horizontal dimension
positions on the diffraction pattern, and distances between these vertical lines represent physical
distances in-plane between atoms. Larger spacing between vertical diffraction lines indicates
smaller distances between crystal planes. Pristine surfaces such as those of finely-polished MAO
substrates will create single intensity spots along vertical diffraction lines, while point defects on
surfaces will show intensity streaks along these positions such as those shown in Figure 2.3(b) for
a CMO film [76].

RHEED images can be collected in real time to allow for video monitoring of the sample
during the growth process from substrate surface to final film surface and sample cooling. Also,
RHEED is a highly surface-sensitive technique and diffraction patterns are produced from electron
scattering from the top one or two atomic layers of the sample. A consistent RHEED pattern
throughout the film growth process indicates a uniform structure from bulk to surface and is the
first indication of a single-crystalline or single-phase film. This also provides a way for confirming
successful layer-by-layer growth modes in films. As seen in comparing both patterns in Figure 2.3,
identical vertical diffraction line positions between substrate and film indicate epitaxial strain
during growth and constant in-plane lattice parameters. Since island-growth modes lead to films
that automatically form in a relaxed state, spacing between diffraction line positions of the

substrate will be different from those of the film. Also, the added third dimensional nature of island
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growth structures creates additional opportunities for electron interference and multiple intensity
spots form along the vertical diffraction lines [76]. This type of RHEED pattern is seen with MFO

films grown on Nb:STO substrates due to the island growth mode.

Figure 2.3 RHEED patterns of an a) MAO substrate and b) CMO film. Intensity spots of the

substrate line up at identical positions to vertical intensity streaks of the film, indicating in-plane

epitaxial strain.

The oxygen reactivity and stage temperature conditions that are ideal for a material’s
formation may not be suitable for maintaining its structure once deposition stops. In some cases,
phase reconstruction may begin after shutters are closed if conditions are not suitably adjusted
[77]. This reconstruction generally occurs at the surface and can be seen through changes in
RHEED diffraction patterns, although the phase change may extend into the film’s bulk beyond

the sensitivity of RHEED. In the case of CMO, oxygen pressure used during film growth must
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decrease by almost an order of magnitude to prevent phase reconstruction and maintain the spinel
structure during sample cooling. This indicates that the material over-oxidizes during cooldown if
oxygen reactivity is not reduced. This may happen through the spinel structure’s Mn*" octahedra
trending towards Mn**, thereby thwarting JT distortion and forcing a structure change.

The constant bombardment of high-energy electrons in RHEED can have adverse effects
on some materials. Some materials such as MFO show no visible indications of being affected by
RHEED. However, CMO films that involved constant bombardment of RHEED electrons during
the growth process showed visible streaks or blotches along the surfaces of the sample where
electrons were incident. It is possible that electrons of RHEED reduced cation valences creating
non-spinel structures or phase segregation. The adverse effect of RHEED on materials such as
CMO can be greatly diminished by blanking the electron beam whenever possible. While RHEED
images are typically generated in real time, a small collection of single RHEED pattern images
collected every few minutes is sufficient for confirming a successful film growth.

2.3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is an invaluable tool in studies involving thin films. A
primary function of AFM is to create maps of a sample’s surface topography (Figure 2.4) but AFM
can also be used to create maps of charge distribution, capacitance and other electrostatic
properties [78]. AFM measures topography by using a cantilever that scans over the entire surface
of a sample. The cantilever is electrostatically repelled over the surface and variation in height
over a surface causes the cantilever to move up or down with the topography [79]. This movement
is translated to topography through variation of a laser that reflects off the top side of the cantilever
into a detector during scanning. Epitaxially strained samples created through layer-by-layer growth

show topography maps with highly smooth surfaces, while maps of samples of island growth
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modes clearly show the resulting islands on the surface. A sample’s roughness can be quantified
by calculating the root mean square (RMS) roughness of the scan window, and all layer-by-layer
grown samples of this study possess RMS roughness below 1 nm. AFM can also show phase

segregation or surface faceting in samples that experience this during growth.
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Figure 2.4 Example AFM topography map depicting a CMO sample.

2.3.3 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) performed on materials can show a
clear cross-sectional image of thin films in atomic detail [80]. Figure 2.5 shows a STEM image of
a CMO film including the substrate, film and platinum capping layer deposited during the STEM
sample preparation process. STEM sample preparation involves isolating and lifting out a thin
cross-section of a thin film sample, thinning it to ~100 nm or less in width and generating a map
of the cross-section using a transmission electron microscope. During imaging, a high potential

difference (~300 kV) accelerates electrons towards the sample cross-section’s flat surface. The
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electrons are incident along the vector normal to this flat surface. Some electrons travel through
the sample, deflecting off atoms as they pass through. This causes the electrons to leave the sample
at off-normal angles. In dark field imaging in particular, some electrons enter an annular detector
that counts the number of electrons passing through at the particular angles associated with the
detector’s width. The electron beam scans one small section of the sample at a time, and a higher
number of electrons being detected indicates that the average atomic number of that section of the
sample is higher. STEM images give an easy visualization of sample dimensions including film
thicknesses. It supports claims of single-crystallinity that become apparent through the use of
RHEED during sample growth. It also can show the film-substrate interface of samples in detail
and reveals epitaxial strain in films that were synthesized through layer-by-layer growth modes.
STEM will also show phase segregation or other structural variation of a film, and provide a way

to measure film thickness and surface roughness of island-growth surfaces.
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Figure 2.5 Example of a cross-sectional STEM image of a CMO sample depicting an MAO
substrate below the CMO film, with amorphous platinum above which is to protect the sample

during STEM preparation.

Energy-dispersive X-ray spectroscopy (EDS) is an analysis that is sensitive to the atomic
number of atoms and shows elemental concentrations as a function of position in an electron
microscopy image [81]. EDS measures the photon energy of fluorescent X-rays being emitted
while electrons are incident on a sample. The fluorescent X-ray energy corresponds to the element
of the atom generating it, allowing for an elemental map of a sample to be created. EDS is
particularly useful in observing multi-phase behavior in materials by illustrating uneven
distributions of cations. This has been seen in MCO in the past where EDS showed the material to
phase segregate into CMO and Co304 [12]. All STEM samples in this study were prepared using

a standard liftout procedure using an FEI Helios DualBeam 660 SEM-FIB. Initial cutting was
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performed using an ion beam voltage of 30 kV but final milling voltage of 2 kV to ensure smooth
sample edges. Bright-field STEM images were collected using a JEOL GrandARM-300F
microscope at a voltage of 300 kV. EDS maps generated from STEM samples were created using
a dual JOEL Centurio detector.

2.3.4 X-ray Diffraction

X-ray diffraction (XRD) provides structural information of a material based on the size and
orientations of its unit cells [82]. Samples of high-crystalline quality give peaks at particular X-
ray path angles according to Bragg’s law, and the existence of these characteristic peaks confirms
the cubic or tetragonal crystal structure of the spinel samples. Out-of-plane (OOP) XRD in
particular is ideal for analyzing thin films of uniform crystal-orientation such as those of this study
and is sensitive to the out-of-plane lattice direction only. Diffraction occurs at particular X-ray
path angles according to Bragg’s law and their angular position can be used to calculate a film’s
c-lattice parameter. Peaks associated with the FCC spinel structure’s (004) or (222) diffraction
condition are most relevant to this study, and appear in OOP XRD spectra depending on the growth
orientation of the film. Spinel films grown on (001)-oriented MAO or Nb:STO substrates also
grow along the [001] lattice direction, while spinels grown on (111)-oriented Nb:STO also grow
along [111].

XRD is a bulk-sensitive experiment and so spectra of thin film samples will display
diffraction peaks of both substrate and film. Due to its larger volume, substrate peaks are
significantly sharper and higher-intensity than film peaks. Despite their nanometer-range thickness
and broader shape, the peaks of high-crystallinity single-phase films show clear angular positions
for calculation of c-lattice parameters. OOP XRD spectra of highly-crystalline thin films also

display intensity maxima at periodic angular positions on either side of the main diffraction peak
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[82]. These thickness fringes appear due to the interference between X-rays that reflect off the
substrate-film interface and the film surface itself. Thickness fringes are an indication of high-
crystallinity and smooth surfaces because interruptions to periodicity in the lattice or irregularities
in the surface prevents the constructive interference of X-rays. The position of these fringes
primarily depends on the thickness of the film and provides a method of determining film thickness
along with X-ray reflectivity. Thickness fringes are seen in all CMO samples supporting the claim
of their single-crystallinity.

In samples that underwent phase segregation during growth, OOP XRD will clearly show
this by displaying multiple film peaks in the spectra. This phenomenon is prevalent in some
samples in the range near MCO’s stoichiometry, and phase segregated spectra can show secondary
peak locations that are quite varied in angular position and peak broadness. However, most phase
segregated spectra in this stoichiometry range show primary film peaks with relatively narrow
broadness suggesting a single phase dominates the film’s structure. OOP XRD spectra were
gathered using a Rigaku SmartLab diffractometer system with a Cu Ka source, and filtered
appropriately for thin film samples using a parabolic mirror and two-bounce Ge(220)
monochromator.

2.3.5 Reciprocal Space Mapping

OOP XRD is sensitive only to the out-of-plane lattice direction, but reciprocal space
mapping (RSM) can be used to learn information on a material’s in-plane direction [83]. In OOP
XRD, the X-ray source and detector adjust their relative positions such that the angle between
them is directly along the sample’s surface normal. This maximizes the signal along the sample’s
out-of-plane direction but leaves no sensitivity in-plane. In RSM analysis, the source and detector’s

median angle is adjusted to have both an in-plane and out-of-plane component to give information
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on both a material’s c-lattice parameter and a- and b-parameters. The result is a map that gives X-
ray intensity as a function of both in-plane and out-of-plane lattice constants (Figure 2.6). RSM is
important in thin film samples for being able to confirm lattice strain with layer-by-layer growth
modes. For instance, Figure 2.6 shows a map depicting a CMO film on an MAO substrate. The y-
axis and x-axis indicates out-of-plane and in-plane lattice dimensions, respectively. While CMO
has a larger out-of-plane parameter, the in-plane parameter of both CMO and MAO are the same
which puts X-ray intensity from both materials along the same vertical line on the map. RSM of
MFO samples grown on Nb:STO do not show film strain because island growth modes lead to
relaxed epitaxial films, but strain is seen in CMO and MCO films grown on MAO. RSM was
performed using the same setup for standard OOP XRD with a rotational stage attachment that

allows for additional degrees of freedom so that in-plane diffraction conditions can be accessed.
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9.5 Direct space map

Figure 2.6 RSM map of a CMO film on an MAO substrate showing high intensity X-ray signal
(red) aligned along the same vertical position, indicating both substrate and film have the same in-

plane lattice parameters.

2.3.6 X-ray Reflectivity

X-ray reflectivity (XRR) is commonly used with thin films to measure sample thicknesses
[84]. The principles of XRR are similar to those of thickness fringe generation in OOP XRD.
Constructive interference between X-rays that reflect off the substrate-film interface and the film
surface itself cause periodic intensity peaks at different angular positions. Thicker films will lead
to a higher frequency of peaks, and XRR spectra can be fit to give a sample’s film thickness, mass
density and surface roughness (Figure 2.7). The X-ray source and detector scan at glancing angles
from the sample surface and generally do not have include standard diffraction peaks in the spectra.

While film thickness has little impact on a sample’s material properties, confirmation of film strain
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through RSM along with XRR results gives lower bounds of film thicknesses for which a material

remains epitaxially strained to a substrate without relaxing.
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Figure 2.7 XRR fitting example of an MFO film showing periodic intensity.

Film surfaces that are too rough prevent meaningful XRR spectra to be generated as the
technique relies on the uniform reflection of X-rays off both the film surface and substrate-film
interface. This allows for thickness determination of layer-by-layer growth mode films such as for
CMO and MCO on MAO, but not for some island growth films such as for MFO on Nb:STO.
While single-phase or single-crystalline samples can be fit using one single layer of a particular
thickness, roughness and density, some XRR spectra can be better fit using multiple layers with
different parameters indicating a phase segregated structure for the film. This would be seen in

samples that undergo surface reconstruction after growth, or some MCO samples that are seen as
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multi-phase in their XRD spectra. XRR was performed in tandem with OOP XRD, and used an
identical experimental setup.
2.3.7 Rutherford Backscattering

Rutherford Backscattering (RBS) was performed on CMO and MCO samples to calculate
their cation stoichiometry. RBS works by bombarding samples with high-energy ions such as
helium nuclei and measuring backscattering intensity of ions off atoms in a sample as a function
of channel number [85]. Intensity at higher channels represents backscattering off atoms closer to
the surface and off atoms of higher atomic number coincidentally. For these films grown on top of
MAO, this makes backscattering intensity from cobalt and manganese atoms stand out clearly from
magnesium or aluminum signal from the substrate, and from oxygen with its lower atomic number.
RBS was performed using a 6HDS-2 tandem, National Electrostatics Corporation Pelletron
through helium nuclei bombardment.

RBS data can be fit to determine elemental concentration in a sample (Figure 2.8), and the
cobalt-manganese stoichiometry of every sample can be easily determined due to how isolated the
these cation peaks are from the rest of a spectrum. Elemental concentration from fitting is primarily
dependent on the area ratio between peaks, meaning stoichiometry results are valid regardless of
a film’s thickness, crystal structure or oxygen content. RBS is also a bulk-sensitive experiment,
making stoichiometry determined from fits reflective of an entire film and not just the surface. In
this way, RBS stoichiometry is not adversely affected by surface effects such as phase
reconstruction as X-ray photoelectron spectroscopy is. While cobalt and manganese peaks are
separated in channel number enough to be deconvolved and fit, iron and manganese peaks

experience great channel overlap due to their small difference in atomic number by one. This
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makes determination of stoichiometry in MFO films through RBS impossible, and other methods

such as XPS or EDS must be used to determine MFO cation stoichiometry.
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Figure 2.8 RBS fitting example of a CMO-MAO sample showing (a) the entire spectrum including

signal from the substrate and (b) a close-up of the cobalt and manganese metal peaks.

2.3.8 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a popular surface-sensitive materials
characterization technique that gives information on a sample’s elemental stoichiometry, valence
state and bonding environment. It works through the principles of the photoelectric effect in which
X-rays of sufficient energy cause electrons in the material to be ejected out to vacuum level [86].
The electrons are ejected in all directions but some enter through an analyzer that counts the
number of electrons passing through at given kinetic energies. Conservation of energy dictates that
a photoelectron’s kinetic energy is based on the incident X-ray energy, analyzer work function and
previous binding energy environment of the electron. From this, the previous binding energy
environment can be calculated and XPS spectra show photoelectron count intensity as a function

of binding energy in the material.
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Electrons excited from the same subshell state such as Co 2p or O 1s will have similar
binding energies but effects such as spin-orbit and multiplet splitting will lead to variance in
electron binding energies within a single subshell [87]. This leads to spectra regions with complex
shapes and features that form according to the number of electrons at particular binding energies
within a region. An example spectrum region is seen in Figure 2.9(a) depicting Mn 2p. The region
can be analyzed both by inspection and through fitting software to determine properties of the
region’s element and the material overall. Mn 2p and other transitional metal 2p regions generally
form two peaks due to spin-orbit splitting, one representing electrons from the 2p1,, state and one
for 2p3. state. A multiplex scan in XPS refers to the acquisition of several key spectrum regions
of a sample during one experiment. The emphasis of multiplex scanning is slower scanning and
higher resolution data for a small number of electron shell regions. For instance, a multiplex of a
CMO film may include the regions Co 2p, Mn 2p, Mn 3s and O 1s specifically.

A survey scan refers to the acquisition of a single low-resolution spectrum of the sample through
the entire binding energy range of the system. An example XPS survey for an MFO sample is seen
in Figure 2.9(b). Typical X-ray sources, such as Al Ka with X-rays of about 1400 eV, will have
sufficient energy to excite core and valence electrons from most electron shells of the 1%-row
transition elements [88]. This is important for studies of MFO, CMO and MCO where XPS

analysis of manganese, cobalt and iron relies heavily on their 2p regions.
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Figure 2.9 XPS spectra of a) Mn 2p region from a multiplex and b) survey from an MFO sample.

The location of the satellite in Mn 2p is characteristic of Mn?" specifically.

The high resolution spectra from multiplex scans allows for trustworthy identification of
material properties based on spectral features or shapes. For instance, the existence and location
of satellite features in a cation element’s 2p region is characteristic of the cation’s valence state
[89]. This was essential in identifying the Co?" and Mn>* valence states in CMO samples [41].
Greater concentrations of an element in a sample leads to increased intensity in a spectrum region
meaning that spectra of different regions can be integrated for their area and compared to one
another to calculate elemental ratio. Stoichiometry determination in this way relies on the use of
normalizing sensitivity factors specific to each electron shell region, or area comparisons have no
physical meaning. Unfortunately, using XPS to calculate stoichiometries in a sample is prone to
inaccuracy due to variation between spectral shapes between samples and because proper
integration bounds of a region are often uncertain. Even so, stoichiometry determination using

XPS was attempted for MFO samples due to the unavailability of RBS for this purpose. Survey
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scans should routinely be performed on every sample of a thin film study such as this one,
particularly to check for possible contamination of unexpected elements on the surface. Surveys
provide proof of a sample’s general composition and while quantification is not recommended due
to their low resolution, stoichiometry estimations can be made based on the relative height of
features from different electron shell regions.

XPS is an especially surface-sensitive with penetration depths of no more than 10 nm
depending on the incident X-ray energy and beam angle [90]. This surface sensitivity is important
in thin film studies of samples whose film and substrate share elemental composition, such as
SrNbOs; perovskite on SrTiO3 [91]. Results from this study show that for an Al Ka source with a
45° incidence, the vast majority of XPS intensity signal comes from the top 6 nm of a sample. This
is because an XPS of a 6 nm thick MFO film grown on Nb:STO shows a clear but incredibly faint
photoelectron signal of strontium and titanium from the substrate.

Use of a monochromator setup is essential for the generation of high resolution XPS data.
Without one, incoming X-rays will have a range of energies leading to broadening of spectral
features. The emission of electrons leaves holes in the energy levels of atoms and without a way
for additional electrons to fill the holes, a sample will accumulate a positive charge over time. This
positive charge affects the kinetic energies of negatively charged photoelectrons thereby affecting
intensity counts at given binding energies and adversely affecting XPS spectra over time. Samples
that are conductive do not suffer from this because electrons from ground will refill holes
continually, but this cannot happen in insulating samples. To prevent sample charging over time,
an electron gun neutralizer provides electrons to the sample to fill holes created by photoemission.
Use of a neutralizer will give a negative charge to a sample, but the charge value is constant in

time. The constant negative charge will shift the entire spectrum in energy however every data
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point will be shifted by the same value such that spectral feature shapes are retained. Energy shift
calibration is performed post-acquisition to place peaks common between spectra of different
samples to the same value, such as shifting all spectra such that O 1s peaks are positioned at 530
eV [41].

Once a sample grown using MBE is exposed to atmosphere, the sample will accumulate
adsorbed water and carbon species on the surface and greatly affect the bonding environment of
atoms and thus adversely affect resulting XPS spectra [92]. Quantification of XPS of contaminated
samples in this way becomes invalid, and qualitative characterization by inspection become
unreliable. XPS performed on samples in-situ, or immediately after growth and before air
exposure, will provide data that is a true reflection of the material’s surface. All XPS of samples
in this study was performed in-situ using a PHI 5400 system refurbished by RBD Instruments. The
system is connected through vacuum transfer line with the MBE growth chamber, allowing
surfaces to be measured before exposure to atmosphere. The system used an Al Ko X-ray source
equipped with a monochrometer at 45° incidence. An electron neutralizer was used throughout the
XPS measurements and all vacuum sample spectra were appropriately energy shifted so that their
single O 1s region peaks were placed at 530 eV.

2.3.9 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a widely-sought bulk-sensitive experimental
technique that provides data that is sensitive to multiple material properties including atomic
valence, coordination and bond lengths. XAS spectra are created by incident X-rays causing core
shell electrons to be excited into unoccupied states, leaving core shell holes [93]. For the XAS
fluorescence data used in this study, higher-shell electrons fill the newly-created gaps which in

turn releases detectable fluorescent X-rays. The incoming X-rays are created at synchrotron
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facilities to provide a continuous range of X-ray energy to give spectra of fluorescent X-ray
intensity as a function of incident X-ray energy. The XAS spectra used in this study refer to the
K-edge region that focuses on the range of incoming X-ray energies that excite 1s electrons to
unoccupied states, although there is also L-edge XAS that focuses on the excitement of 2p
electrons. XAS data is a powerful tool that is highly valuable but difficult to acquire because it
requires the reservation of beam time at large synchrotron facilities such as those at national
laboratories.

Figure 2.10(a) shows an example XAS spectrum of the cobalt K-edge. Spectra are
separated into two regions: X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). The primary feature of XANES is the K-edge shelf which is a
large spike in intensity that represents the incident X-ray energies becoming sufficient to excite 1s
electrons to unoccupied states. Other features of XANES may include pre-edge peaks that form
due to structural properties such as the cation’s coordination environment [94]. EXAFS contains
periodic variations in fluorescent X-ray intensity that come from the interaction of excited 1s
electrons with neighboring atoms. Incoming X-rays can also be set to linearly polarizations,
allowing for two sets of spectra from orthogonal polarizations that are sensitive to the in-plane and
out-of-plane lattice directions separately. Differences between spectra of orthogonal polarizations
reflect linear dichroism in the material and electronic structure variation between the two
directions. This is the case for CMO in which JT distortion causes distortion of Mn*" octahedra to
stretch out-of-plane, leading to structural and electronic differences between lattice directions as
seen in XAS [41]. Spectra of both in-plane and out-of-plane polarizations were collected for cobalt
and manganese K-edge regions of a number of samples. All XAS Fluorescence data was collected

at the Advanced Photon Source of Argonne National Laboratory at Sector-20 BM.
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Figure 2.10 a) Example XAS spectrum separating XANES and EXAFS regions and indicating key

features. b) Transformed spectrum converting XAS periodicity to real space intensities.

Overall shapes of XAS spectra of multiple samples can be compared with each other to
determine trends between samples of differing stoichiometry. For instance, invariability in both
cobalt and manganese spectra for both in- and out-of-plane polarizations show how little the
electronic properties of CMO change with stoichiometry [41]. In the XANES region, relative shifts
of the K-edge shelf towards higher binding energies is an indication of higher cation valences
which allows for qualitative determination of valence states [95]. K-edge XAS spectra will
sometimes show pre-edge peaks at energies below the characteristic K-edge shelf. These pre-edge
peaks can be an indication of multiple material properties but in the case of the cobalt K-edge
region, a high-intensity pre-edge peak is an indication of tetrahedral coordination in the case of

Co?" cations [96].
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Linear combination fitting of XAS spectra attempts to determine the percent composition
of a single spectrum between two or more reference spectra of other materials. It seeks to determine
the intensity percentage of each reference’s spectrum such that the percentages add up to the best
possible fit to the sample’s spectrum. Such analyses are found in other studies involving cobalt
and manganese XAS spectra [97-99] and are best used when the sample material is comprised of
perfect versions of the reference materials. The analysis is often used to quantify cation valence
state of a sample using reference standards containing known valence states. For example, using
linear combination fitting to determine the manganese valence of an unknown sample using CMO
with Mn*" and MnO, with Mn*" as standards. Accurate valence state determination in this way is
prone to error, particularly when samples and standards do not share the same structure. This is
because XAS spectra are sensitive to multiple material properties including crystal structure, and
spectral features can vary wildly despite having identical cation valence states. However,
qualitative trends in electronic valence can be made between samples such as the cobalt valence
state of Co304 generally increasing with the introduction of manganese, as will be shown in a
future chapter.

As energy shifts between XAS spectra indicate changing valence states, plots of the
intensity’s first-order derivative as a function of energy can be analyzed to analyze trends in cation
valence between different samples. This analysis has been used in previous studies involving XAS
spectra for both cobalt and manganese [100—102]. Varying degrees of slope in XAS spectra lead
to the generation of individual peaks in their derivative plots, and these peaks can be assigned to
particular valence states of the material. For instance, XAS derivative plots of Co304 show two
distinct peaks corresponding to the Co?" and Co** valence states of the material. These peaks are

sufficiently separated in energy and the ratio between the peak heights is an indication of the ratio
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between Co?" and Co*" cations in the material. Using this analysis to determine exact ratios
between cations of different valence states is inadvisable due to the complexity of XAS spectra,
but qualitative trends between samples can be shown. For instance, Co304 in this study shows a
larger Co®" peak than Co?" which reflects that 2/3 of the spinel’s cobalt is in a 3+ valence state.
Similarly, CMO which is solely comprised of Co*" shows a larger Co*" peak in XAS derivative
plots.

Samples such as Co3;04 with both Co?" and Co** character reveal two distinct peaks in XAS
derivative plots, widely separated in energy. However, Mn*" and Mn*" peaks for samples in this
study are very close in energy and samples that show both Mn®" and Mn*" character reveal one
distinct peak as opposed to two. The lack of two distinct peaks makes evaluation of manganese
valence between the two valence states impossible using peak intensity. However, the energy
position of the peak relates to the sample’s overall manganese valence state, with higher energy
positions corresponding to higher valence states. This allows for qualitative trends in manganese
valence to be identified between samples which will be shown to be useful in characterizing MCO
samples with mixed manganese valence character.

2.3.10 Extended X-ray Absorption Fine Structure Analysis

Incident X-rays in the EXAFS region have sufficient energy to excite core electrons to
unoccupied states just as they do at the K-edge, but the region is shaped with periodic intensity
due to the interaction of excited electrons with neighboring atoms [94]. Higher incident X-ray
energies cause excited electrons to have kinetic energies equal to the extra photon energy from
what is required for excitation. These electrons can then be described as a waveform that emits in
all directions around the central atom, with wavelength and wavenumber corresponding to the

electron’s kinetic energy. The electron’s waveform reflects off neighboring atoms in the form of
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scattering and travels back towards the central atom. When the emitted and reflected electron
waveform constructively interferes and is in phase at the central atom location, the absorption
coefficient for the electron excitation event increases and thus the probability of a fluorescent X-
ray being created increases. When the emitted and reflected electron waveform destructively
interferes or is out of phase, the absorption coefficient decreases. The energy of the electron
determines the wave number of the outgoing electron waveform, and this leads to alternating
constructive-destructive interference at the central atom location with changes in the electron’s
kinetic energy and thus incident X-ray energy.

The energy periods of the EXAFS region between higher and lower fluorescence intensity
depends on the distance between a central atom and the scattering neighbor atom. This means
information on atomic bond lengths is embedded in XAS data and can be fit to determine these
bond lengths [103]. A Fourier transform is performed on an XAS spectrum to convert the
spectrum’s periodicity to amplitudes in real space, thereby allowing for extraction of bond length
values in terms of physical distances. An example of a transformed XAS spectrum is shown in
Figure 2.10(b). Peaks in the transformed spectrum indicate electron scattering events with
neighboring atoms, and the peaks are fit to extract bond lengths between the central atom and the
scattering neighbor. Peaks found at the lowest radial distance value correspond with the central
atom’s nearest-neighbor in a crystal lattice. In the case of CMO and MCO, the nearest-neighbors
to the cobalt and manganese central atom sites are neighboring oxygen which form either
tetrahedral or octahedral polyhedra. Some peaks in transformed spectra often overlap greatly with
each other, making their fitting for bond lengths difficult. However, the nearest-neighbor oxygen
peaks for these spinels are generally deconvolved from other peaks, making their fitting much

more straightforward and bond length determination more reliable.
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The nearest-neighbor oxygen bond lengths for the cobalt and manganese cations of CMO
and MCO were the focus in this study. While extracting the bond lengths themselves is important,
many other material properties can be inferred from their values and from the shape of transformed
XAS spectra. Cation valence and coordination environment affects the atomic radii of cations [58],
allowing for bond lengths determined through fitting to point towards particular cation valence
states and coordination between tetrahedra and octahedra. This means that EXAFS fitting can be
used to determine trends in these material properties as a function of cation stoichiometry, as will
be shown in later chapters. In samples whose cations exhibit mixed-coordination or valence
behavior, multiple nearest-neighbor bond lengths may form in the material. This is often seen in
EXAFS spectra through the generation of abnormally-shaped or multiple peaks where one peak
for a single bond length ought to be. Spectra that show this are a good indication of phase

segregation in a material and this will be shown in some MCO samples in a later chapter.
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Chapter 3

Study of MnFe204

3.1 Basics of MnFe204

MFO is a cubic structure spinel that favors the normal-type coordination configuration in
which all manganese and iron cations are tetrahedrally and octahedrally coordinated, respectively
[28,29,47]. Cation valences follow the typical 2+ and 3+ combination found in most spinels
leading to Mn?" and Fe** sites [52]. Compared to CMO and MCO, MFO has been the subject of
numerous studies and is well understood from a materials characterization perspective
[28,29,47,104]. Its ORR properties have also been explored by many groups in the past, although
these studies focus on the material in a nanocrystalline or nanoparticle form [12,15,16,105]. Prior
to this work, there had been no studies investigating ORR properties of epitaxially-grown MFO
thin films. Also, only one other study exists concerning the study of MFO thin films grown by
MBE [52], and it was involving a non-perovskite substrate. To further investigate MFO’s ORR
properties and contribute a study that further demonstrates its synthesis using MBE, MFO samples
were grown and characterized with the primary objective of providing samples for use in catalysis
experiments. Particular interest laid in examining the difference in ORR activity between the (001)
and (111) facet faces of MFO in which (111) was previously found to show more impressive ORR
properties [106]. Fe3O4 spinel thin films were also grown and studied for their ORR properties so
that the role of manganese cations in MFQO’s catalysis might be better understood.
3.2 Sample Growth Parameters

MFO films were grown on either (001)-oriented or (111)-oriented Nb:STO conductive
perovskite substrates (0.7 Nb wt%, MTI corporation) using MBE. MAO substrates are a closer

lattice match to MFO, but conductive substrates were necessary for successful implementation of
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catalysis experiments. Substrates were sonicated in acetone and isopropyl alcohol for about 5
minutes each before being loaded into the MBE chamber. Mn and Fe metals were deposited
concurrently during growth and effusion cells were kept at constant temperature, with deposition
rates calibrated using a quartz-crystal microbalance pre-growth. The sample stage was heated to a
constant temperature using an infrared ceramic heating source and measured via a thermocouple
on the stage, which causes an overestimation of ~50-100 °C relative to the substrate surface
temperature. Samples were grown at 525 °C setpoints and subsequently cooled to ambient
temperatures over ~30 minutes. O, gas was introduced into the chamber and maintained at
~7.0x10° Torr during film growth and cooling. Fe;O4 was grown at the same conditions on (001)-
oriented Nb:STO, except Oz gas pressure was maintained at ~4.5x10° Torr.
3.3 Measuring Oxygen Reduction Reactivity

A primary way in which a material’s ORR properties are investigated is through allowing
it and its cations to engage in oxygen reduction reactions as a cathode and measure the resulting
current density through the material as a function of applied potential. To carry this out, MFO and
Fe304 samples were made into rotating disk electrodes after sufficient material characterization
was performed so that electrocatalysis experiments could take place using the films [107]. For
proper implementation, the film surface must be immersed in a solution in which ORR takes place.
Figure 3.1 shows a top-down schematic of an electrode with the film facing outward with an
electrode cross section depiction of the layers adhered to the back of the sample. Epoxy covers
every part of the electrode except for the film so that no other surfaces participate in ORR, such as
the Nb:STO of the substrate. The electrode rotates while immersed so that O2 molecules within
the alkaline solution can more readily come in contact with cations of the film thereby initiating

their participation in oxygen reduction reactions. While the electrode is immersed in alkaline
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solution, a potentiostat setup is connected to concurrently set a potential difference between the
solution and the sample while measuring the current passing through the electrode. The potential
difference encourages cations of the film to engage in oxygen reduction reactions and electrons
used in the reduction reactions to travel through the back of the sample to the surface. From these
experiments, plots of current density through the electrode as a function of applied potential are

generated. A brief discussion on the results of these experiments is found at the end of the chapter.

Rotating Disk Electrode
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Figure 3.1 Top-down schematic of an electrode with the film facing outward and electrode cross

section depiction of the layers adhered to the back of the sample.

The choice of a conductive substrate is mandatory so that current might easily pass through
the electrode samples. While MFO and Fe3O4 grown on an insulating spinel such as MAO leads

to high-quality layer-by-layer growth modes because they are identical structures and close in
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lattice parameter, catalysis experiments would not be possible. Use of a Nb:STO perovskite
substrate leads to an island growth mode and thus a rougher film surface, but it does allow for
current to pass through the sample. Also, samples grown with an island growth mode still form
single orientations and the islands themselves will be single-crystalline so long as conditions are
ideal. This is the case for the MFO and Fe3O4 films of this study as seen through the
characterization experiments performed on them. The uniformity of the thin film samples also
make them ideal for catalysis experiments since surface area is directly related to ORR
performance [24].

3.4 Substrate Crystal Orientation

Use of an Nb:STO substrate also allows for tuning of the resulting film’s crystal orientation
faceting at the surface. Nb:STO substrates with two distinct polished surface cuts were used to
grow films: (001) and (111). Substrates with (001) cut surfaces lead MFO and Fe304 films to also
take on a (001) crystal orientation along the growth direction, while substrates with (111) surfaces
lead to MFO films with an (111) orientation as well. This is to say, a vector normal to a sample’s
surface lies parallel to both the substrate’s and film’s out-of-plane lattice direction vectors. MFO
islands that formed on (001)-oriented samples grew in such a way as to expose a large amount of
(111) faceting along the surface area of the islands. This led to islands that grew at predominately
36° angles with the surface in order to form (111) faceting along the side walls.

This behavior occurs primarily because the (111) crystal orientation represents the lowest
energy surface of a spinel, meaning that the overall lattice energy will be reduced with a higher
amount of (111) surface faceting as opposed to any other orientation [73]. The low energy surface
also explains why (111)-oriented MFO films form smaller islands at the surface. (111)-oriented

films already grow along the lowest energy surface, meaning that islands do not have to form 36°
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angles to expose the lowest energy surface along the surface area. The overall roughness of (111)-
oriented samples are thus significantly lower than (001)-oriented samples. Two MFO films that
have identical stoichiometry, crystal structure and film thickness, but have differing amounts of
crystal faceting exposed along their surfaces are ideal for a catalysis study investigating the effect
that surface faceting has on a material’s ORR properties. Catalysis experiments were carried out
on two MFO samples that differed in this way, but results were inconclusive and both samples
showed a comparable amount of ORR [74]. This could be because while (001)-oriented MFO
might show a smaller amount of (111) faceting at the surface (thereby decreasing ORR activity
[106]), it also shows higher surface area due to taller island morphology (thereby increasing ORR
activity [24]).
3.5 Structure Properties

RHEED images in Figure 3.2(a,b) show the after-growth diffraction patterns of the 6 nm
MFO films. The images show that MFO grown on (001)-oriented Nb:STO forms (001)-oriented
spinel structures with island-like surface quality, while MFO grown on (111)-oriented Nb:STO
forms a (111)-oriented spinel structure with both island and planar-like surface quality. These
patterns persist throughout the growth process indicating that the orientations are uniform and have
the same crystal structure throughout the films. Due to this surface morphology difference, (001)-
oriented MFO possesses greater surface area in the form of pronounced islands compared to (111)-
oriented MFO, which is more planar. Being of an island growth mode, all film crystal structures
are considered fully relaxed with no in-plane lattice strain. AFM images show that the (001)-
oriented MFO films have much higher surface roughness than the (111)-oriented film, consistent

with RHEED results (Figure 3.2(c,d)). RMS roughness of the (001) and (111) films are 3.2(0.5)
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nm and 1.0(0.5) nm, respectively, which further indicates the greater surface area of (001)-oriented

samples. RHEED and AFM of the 16 nm MFO and 21 nm Fe3;O4 film are found in the appendix.

(a) (b)

Figure 3.2 RHEED and AFM analysis of MnFe>O4 films grown on (a,c) (001) and (b,d) (111)

substrates.

Out-of-plane XRD results for the MFO and Fe3O4 films are shown in Figure 3.3. (001)-
oriented MnFe>O4 (Fe304) samples show (004) film peaks at 42.5 ° (43.3 °), close to the (002)

substrate peak at 46.4 °. The (111)-oriented MnFe>O4 sample shows a (222) film peak at 36.6 °,
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close to the (111) substrate peak at 40.0 °. c-lattice parameters of MnFe,O4 (Fe3O4) films are
calculated to be 8.50(1) A (8.35(1) A) and the distance between (111) planes of MnFe>O4 to be
4.91(1) A. These parameters are consistent with those found in literature for MnFe>O4 and Fe3O4
spinels [108,109]. Thickness of the MnFe>O4 film grown on (111) Nb:STO was determined using
an XRR fit, but this could not be done for films grown on (001) substrates due to their significantly
higher surface roughness. Thicknesses of these rougher films were calculated by comparing the
composition, QCM calibration rates and growth time between all samples, while using the XRR
thickness of MnFe>O4 grown on (111) Nb:STO in particular as a reference. Sample thicknesses,
along with Mn-Fe stoichiometries, are shown in Table 3.1. XRD performed on samples after
catalysis experiments indicated that there was no change in crystal structure during the process

(Appendix).
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Figure 3.3 OOP XRD of MFO and Fe3O4 samples, showing large Nb:STO substrate peaks and

smaller film peaks.

Table 3.1 Sample crystal orientations, thicknesses and cation stoichiometry.

Film Orientation Thickness (nm) Mn at% Fe at%
MFO (001) 16(1) 31 69
MFO (001) 6(1) 38 62
MFO (111) 6(1) 34 66
Fe304 (001) 21(1) 0 100

STEM performed on (001)-oriented MFO shows the film’s rough topography through a

cross-sectional view of a surface island (Figure 3.4(a,b,i)). The island shows a 36° slope that

faceted in order to expose a (111) spinel surface to the outside, thereby minimizing the lattice’s

energy [73]. The (111)-oriented MFO sample would show a much more level surface with smaller
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islands, leading to reduced surface area overall. EDS shows an even distribution of Mn and Fe

throughout the film reflecting a single phase and no cation migration to the surface (Figure 3.4(c-

h)).
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Figure 3.4 STEM and EDS of (001)-oriented MFO.

3.6 X-ray Photoelectron Spectroscopy

XPS data for Mn 2p and Fe 2p are shown in Figure 3.5, with stoichiometry results included
in Table 3.1. Mn-Fe stoichiometry for samples still under vacuum was determined by comparing
areas of the Mn 2p and Fe 2p regions after implementing sensitivity factors of 2.42 and 2.686,
respectively, and Shirly background subtraction. Reliable stoichiometry determination from XPS
is difficult without MnFe;O4 standards, and atomic concentration determined from XPS here
should be considered as a high-Mn bound and low-Fe bound. RBS can often be used to determine
stoichiometry but since Mn and Fe are so close in atomic number, metal peaks in the RBS spectra
would be convolved and wouldn’t be possible to fit with MnFe>O4 samples. It is possible that the
MFO films’ surface stoichiometry changed after catalysis experiments were performed, and the

way to determine this would be to perform XPS after these experiments and determine
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stoichiometry again. However, exposure to atmosphere greatly affects the bonding environment
of a sample’s surface, and 2p region spectra shapes among after-air samples varied wildly which
made valid comparisons impossible. All spectra were binding energy-calibrated to place O 1s

peaks at 530 eV (Appendix).
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Figure 3.5 XPS spectra of (a) Mn 2p and (b) Fe 2p regions for MFO and Fe304.

Position of the satellites next to the Mn 2ps» peaks indicates a Mn?" valence state [89],
while position of the satellites next to the Fe 2p1» peaks indicates a Fe** valence for MFO samples
[110]. Also, Fe 2p shows a satellite peak of mixed Fe?" and Fe*" valence for Fe;O4 [110]. In this
way, XPS confirms the proper valence states that are expected for MFO and Fe3O4. Mn 3s spectra
are comprised of two peaks, and the binding energy separation between them can be used to
determine Mn valence [111]. However, the Fe 3s peak overlaps with Mn 3s region making definite

valence determination from Mn 3s unreliable for MFO. XPS performed on samples after catalysis
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experiments showed that the overall Mn?" and Fe®" valence character of MFO samples were
unchanged after the process (Appendix).

As XPS is a surface-sensitive experiment, signal from a film’s substrate is generally not
seen in spectra if the film above is sufficiently thick. Before the catalysis experiments performed
on samples were fully developed, it was suspected that early iterations of the experiments had the
detrimental effect of stripping parts of the MFO film away from the substrate during the process.
XPS performed on MFO after one of these early experiments showed this through the existence of
large Sr and Ti peaks of the Nb:STO substrate that should be hidden underneath the MFO film
(Figure 3.6(b)). In particular, an XPS survey showed high intensity peaks at the Sr 3p and Ti 2p
regions at ~277 eV and ~460 eV, respectively. An interesting but unintended finding from XPS
analysis of these samples has to do with the sensitivity depth of XPS. The survey of an MFO
sample still under vacuum that is 6 nm thick shows a faint but visible indication of the Nb:STO
substrate underneath. This was seen through small but clearly noticeable peaks at the Sr 3p and Ti
2p regions. It indicates that as a lower bound, XPS analysis for our system with an X-ray incidence

angle of 45° is sensitive to just over the top 6 nm of a sample.
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Figure 3.6 (a) XPS survey of an MFO sample under vacuum that shows only Mn, Fe and O signal
and sufficient film thickness. (b) Survey and C Is region inset showing Sr and Ti signal from the
Nb:STO substrate, visible after the MFO film was partially stripped away during early catalysis

experiments.

3.7 ORR Results from Catalysis Experiments

The following is a brief discussion of a few key findings from the catalysis experiments
performed on the MFO and Fe3O4 samples. A more detailed discussion on the results can be found
in a published journal article that covers the findings in depth [74]. Despite the hypothesis that
MFO samples with more (111)-faceting would show better ORR activity than samples with more
(001)-oriented faceting, this could not be explicitly determined from the catalysis experiments on
these samples. This can be seen from analysis of the current density vs. applied voltage plots shown
in Figure 3.7. In these experiments, samples in the form of electrodes were immersed in an alkaline
solution and spun at particular rotations per minute to allow the slow-diffusing oxygen molecules

to spread across the film surface and participate in catalysis. A potential was applied to the rotating
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samples in solution starting from a higher applied potential to a lower potential. Figures 3.7(a-c)
each show results for particular MFO samples which differ in terms of film thickness, and out-of-
plane crystal orientation between (001) and (111). For each sample, there is a large rise in current
magnitude when the applied potential reduces to ~0.2 V vs. RHE, which signifies the point in
which the MFO sample starts to contribute to oxygen reduction reactions as a catalyst. In the
context of these experiments, the higher the applied potential is when the current magnitude rises
and catalysis begins, the better the ORR properties of the sample. As seen in Figure 3.7(a-c), the
maximum current magnitude increases with higher rpm which occurs since oxygen is able to

spread across the sample surfaces more readily.
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Figure 3.7 Current density vs. applied voltage plots for MFO and Fe3O4 samples, and at different
rotation speeds. Data collected in an alkaline solution with Oz to allow for sample cations to
participate in oxygen reduction reactions. Here, a rise in current magnitude indicates when
catalysis begins and this onset taking place at a more positive applied voltage indicates better ORR

performance.

Figure 3.7(d) is the most important plot for comparing ORR activity between samples. It
shows the 1600 rpm data for all three MFO samples along with one high-quality Fe;O4 sample on

the same graph of current density vs. applied potential. The 6 nm (111)-oriented MFO film shows
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a current magnitude rise and catalysis onset at a slightly higher applied potential compared to the
6 nm (001)-oriented MFO film. This indicates that the (111)-oriented MFO sample has better ORR
properties than the (001)-oriented MFO sample. This was expected since the (111)-oriented MFO
sample should have more (111) surface faceting than the (001)-oriented sample, and the (111)
surface facet of MFO has shown higher ORR activity than the (001) facet before [106]. However,
the thicker 16 nm (001)-oriented MFO sample shows catalysis onset at an even higher potential
than for the 6 nm (111)-oriented MFO sample indicating the (001) sample shows better ORR. This
should not be the case since the (111) sample is supposed to have a greater amount of (111) surface
faceting and thus should show greater ORR properties. The conclusion is that the either the effect
of surface faceting on MFO’s ORR properties is not as significant as originally thought, or the
variation in other properties between samples such as cation stoichiometry or film thickness has a
greater effect on ORR properties than surface faceting prevalence.

A significant finding from the catalysis experiments is that the manganese cations of MFO
do not contribute to the ORR properties of the material, and the catalysis onset and current
magnitude rises seen in Figure 3.7 are solely because of activity from atomic iron sites. This was
determined based on the applied potential in which catalysis onset took place. As seen in Figure
3.7(d), catalysis took place at around ~0.2 V vs. RHE in all samples including MFO and Fe3O4
which contains only iron cations. A material will begin contributing to oxygen reduction reactions
when the applied potential is such that cations in the material are allowed to reduce from higher to
lower valence states. The applied potential of ~0.2 V vs. RHE where catalysis is seen to occur in
these samples corresponds to the applied potential in which iron is allowed to reduce from Fe*" to
Fe?*. This was determined from another experiment measuring current density versus applied

potential of these samples in which the samples were immersed in an inert N2> environment instead
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of an alkaline solution with O». A plot of this data is seen in Figure 3.8. Since the experiment took
place in an N environment, no catalysis could occur and variations in current density with applied
potential reflect only the reduction and oxidation events of manganese and iron cations. As shown
in Figure 3.8(a), the large rises in current magnitude at around 0.2 V vs. RHE indicates the applied
potential in which iron reduces from Fe** to Fe*". Two other current magnitude rises are seen at
around 0.92 and 0.65 V vs RHE, and these correspond to the reduction of Mn** to Mn*" and Mn**
to Mn?*, respectively. As seen in Figure 3.7, there was no catalysis onset associated with these
manganese reduction potentials, like there is with the iron reduction potential of ~0.2 V vs. RHE.

This indicates that manganese cations did not contribute to catalysis in the MFO samples.
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Figure 3.8 Current density vs. applied voltage plots in an N2 environment with no rotation. An N»
environment prevents oxygen catalysis from taking place but still permits reduction and oxidation

of cations. Rises in current magnitude indicates when cation redox takes place.

3.8 Conclusion
This study is the first to involve catalysis experiments that investigate the ORR properties

of MFO as an epitaxial thin film. Studying ORR in this way has many advantages including
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guaranteed surface area uniformity between samples and zero porosity. The MFO and Fe304 films
of this study are ideal representations of the materials as confirmed by clear spinel structure spectra
in XRD and proper cation valence states in XPS. The analysis potential of XPS as a surface-
sensitive technique was demonstrated by confirming that early catalysis experiments severely
damaged MFO films and by using a 6 nm sample to identify the system’s sensitivity depth. The
novel use of a conductive Nb:STO substrate allowed for the implementation of samples as
electrodes in catalysis experiments, and allowed for easy tunability of MFO’s growth orientation
between (001) and (111). While it was unclear if surface facet prevalence played a large role in
the catalysis experiment results, it was found that iron cations are the sole contributor to the ORR
properties of these high-quality MFO samples. This study is among the few to showcase the MBE

growth of MFO thin films and the only to demonstrate the growth of MFO on Nb:STO.
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Chapter 4

Study of CoMn204

4.1 Basics of CoMn204

The Co-Mn spinel system with end members CoMn>04 (CMO) and MnCo0204 (MCO)
exhibits ORR properties on par with platinum [1,11,13,14], making these materials promising for
efficient and affordable catalysis technologies as well as energy storage [17-20]. While CMO has
been synthesized and studied in nanoparticle and nanocrystalline forms [1,4,12,17-20,32],
characterization reports on CMO thin films are limited [70,112]. Coherent single crystal epitaxial
films provide opportunities to tune properties through strain and to characterize fundamental
material properties in the absence of grain boundary effects.

CMO is a tetragonal crystal structure spinel [1,18-20,32-35] that favors the normal-type
configuration [32,33,45,46], and whose cations exhibit the typical 2+ and 3+ valance states
common in most spinels [41]. This means that CMO possesses Co?" and Mn** cations in tetrahedral
and octahedral coordination, respectively. While most spinels possess a cubic crystal lattice
structure, the Jahn-Teller (JT) effect induces the structure to take on a tetragonal structure. This
occurs through the existence of Mn*" octahedra where crystal-field splitting breaks the cubic
symmetry [4,34-37]. Specifically, the JT-active Mn*" ions in CMO break the degeneracy of
partially-filled electronic d-orbital states [38,39]. This leads to elongation of the c-axis parameter
through octahedral distortion, as illustrated in Figure 4.1(a).

Here, we focus on understanding the Co-Mn spinel material system through synthesis of
epitaxial single crystal CMO thin films grown using MBE. We grew Co1+xMn2.xO4 films that vary
in stoichiometry from ideal to increased cobalt, and studied them using characterization techniques

to identify patterns between stoichiometry and material properties. We determine structural and
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electronic properties of CMO that are contested or unreported in literature such as cation valence
states through x-ray photoelectron spectroscopy and cation-oxygen bond lengths from x-ray
absorption spectroscopy. We also present electronic structure calculations for models of CMO
through use of density-functional theory
4.2 Sample Growth Parameters

The present work involves synthesis and characterization of epitaxial thin film samples of
CMO with different metal stoichiometries, grown using MBE. All samples were grown on (001)
MgAl,04 (MAO) spinel substrates due to its isostructural template and small in-plane lattice
mismatch with CMO. MAQO’s conventional in-plane parameter is 8.083 A, while CMO’s primitive
in-plane parameter has been reported as 5.716 A [1], which is equivalent to a conventional
parameter of 8.144 A after a 45° in-plane rotation. This produces a lattice mismatch of ~0.8% so
that CMO experiences minor epitaxial strain. MAO substrates were sonicated in acetone and
isopropyl alcohol for 5 minutes each before being loaded into the MBE chamber. Co and Mn
metals were deposited concurrently during film growth and effusion cell temperatures were kept
constant, with deposition rates calibrated pre-growth using a quartz-crystal microbalance. The
sample stage temperature was controlled by employing an infrared ceramic heating source and
measured via thermocouple on the stage, producing an overestimation (~50-100 °C) relative to the
substrate surface temperature. All samples were grown at 500 °C temperature setpoints and
subsequently cooled to ambient temperature over ~30 minutes. Atomic oxygen was introduced
into the growth chamber by a radio-frequency plasma source with 300 W RF power. Oxygen
plasma pressure was maintained at ~2.0x107 Torr during growth and decreased to ~2.9x107 Torr

during cooldown of the sample stage.

71



4.3 Experimental Methodology Details

RHEED was used to monitor the growth process. Preliminary growths showed that lengthy
exposure to RHEED adversely affected CMO films, forming a streak visible to the naked eye along
the line the RHEED electrons were incident upon. To minimize this effect, use of RHEED was
limited to quick bursts for image acquisition during and after sample growth (<2 seconds every 1-
2 minutes). After cooling, samples were analyzed using in-situ XPS. Spectra were shifted to place
their O 1s metal-oxygen bond peaks to 530 eV binding energy to compensate for the effect of the
neutralizer (Appendix). Spectroscopic ellipsometry (SE) measurements were performed using a
rotating analyzer based instrument with a compensator (V-VASE; J.A. Woollam Co., Inc.) over
the spectral range from 0.4 to 5.8 eV. Data were fit to a general oscillator model after fixing the
film thickness to specified values to extract values for the refractive index, n, and extinction
coefficient, k. The absorption coefficient, a, was calculated from the extinction coefficient as
a = 4pk/l, where [ is the incident wavelength.
4.4 Results and Discussion
4.4.1 Structural Properties

For each of the Co1+xMn2.xO4 samples, the cation ratios were determined via RBS. This
study focuses on four samples comprising nearly ideal CMO (x = 0.04) and Co rich cases (with x
up to 0.24). Film thicknesses were determined through RBS fitting and XRR (Appendix). AFM
images reveal extremely smooth films with root-mean-square roughness of less than 0.15 nm.
RHEED patterns of the films match those of their MAO spinel substrates with slight streaking,
owing to the small lattice mismatch between film and substrate and the smooth layer-by-layer
growth (Figure 4.1(b)). Moreover, the unchanging diffraction patterns obtained with RHEED

throughout the growth process show that the films are single-crystalline. RSM shows that films
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are strained to the substrate with identical a- and b- lattice parameters, consistent with the
unchanging RHEED pattern during growth. STEM-BF and EDS maps (Figure 4.1(c,d)) confirm
that the film exhibits excellent compositional uniformity, without phase separation or defects, and
that it possesses a sharp interface with the substrate. XRD of the samples aligns with a tetragonal
crystal structure (Figure 4.1(e)) and confirm that they are all single-phase. Calculation of the c-
lattice parameter from the films’ (004) XRD reflections gives the values found in Table 4.1. All
are reasonably close to values reported in literature (¢ = 9.252 A [1], ¢ = 9.095 A [113]) and vary
with stoichiometry. Epitaxial strain should only have a small effect on these parameters (~0.8%
lattice mismatch). As will be explained later, we believe the increase in lattice parameter from x =
0.04 to x = 0.14 is due to excess Co filling interstitial sites as Co*" tetrahedra, thereby expanding
the crystal along the c direction. The decrease in lattice parameter beyond the x = 0.14 level could

be attributed to excess Co replacing the JT-active Mn>" octahedra with Co?" octahedra.
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Figure 4.1 (a) Crystallographic model of CoMn204, where Co tetrahedra and Mn octahedra are
shaded blue and orange, respectively; (b) RHEED image of CMO film after growth; (c-d) Cross-
sectional STEM (c¢) and EDS map (d) of representative sample showing smooth MAO/CMO
interface and homogeneous CMO film (red-Al K, green-Mn K, blue- Co K, magenta- Pt M edges);

(e) Out-of-plane XRD of the four Co1+xMn2xO4 films.

Table 4.1 c-lattice parameters of CMO samples calculated from (004) peaks of XRD data.

C01:xMn2xO4 Sample | c-lattice Parameter (A)
x=0.04 9.19(1)
x=0.14 9.24(1)
x=0.23 9.16(1)
x=0.24 9.15(1)

4.4.2 X-ray Photoelectron Spectroscopy
XPS data for Co 2p, Mn 2p and Mn 3s are shown in Figure 4.2 with peak information
found in Table 4.2. Despite changes in stoichiometry, overlapping spectra for various samples of

both the Co 2p and Mn 2p spectra show that their peak shapes are nearly identical when
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normalized, with 2p1» and 2p3,» peaks at the same location. All Co 2p spectra possess a satellite
peak on the high binding energy side of the Co 2p3/» peak that is characteristic of the Co** valence
state (Figure 4.2(a)) [89]. The Mn 2s and Co L3M>3Mys Auger regions overlap with Co 2p and
contribute to a feature on the low binding energy side of each Co 2p3» peak located from about
778 eV to 770 eV. All Mn 2p spectra suggest a Mn>" valence state due to the absence of an isolated
satellite peak between the Mn 2p3» and Mn 2pi1» peaks (Figure 4.2(b)), although delineation
between Mn*" and Mn*' can be challenging for this region [89]. The binding energy separation
between the multiplet peaks of Mn 3s can also be used to more readily identify Mn valence [111].
Fits to the Mn 3s peak for all CMO samples agree well with a 3+ formal charge (Figure 4.2(c),
Table 4.2). The XPS data indicate that the CMO samples have identical cation valences despite
changes in cation stoichiometry. Introducing excess Co would be expected to produce either a Co>*
ion on an octahedral site or charge transfer to yield a Co?" and Mn*" octahedral pair [11,114],
which could lead to a hole on the Mn site. However, XPS shows static Co?>" and Mn*" valence
states with increasing Co. Excess Co remains as Co>" regardless of whether it is tetrahedral or

octahedrally coordinated.
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Figure 4.2 XPS data of (a) Co 2p; (b) Mn 2p; and (c) Mn 3s peaks for several samples.
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Table 4.2 XPS Co and Mn 2p3/; peak positions and Mn 3s multiplet separation values with valence

state references [111].

Peak Position (eV) Separation Mn?2* Ref:

Stoichiometry Co 2p3n Mn 2p3.2 Mn 3s (eV) 5.68 eV
x = 0.04 781.7(1) 641.9(1) - Mn®* Ref:

x=0.14 781.7(1) 642.0(1) 5.2(2) 5.26 eV
x=023 781.6(1) 641.8(1) 5.2(2) Mn*" Ref:

x = 0.24 781.8(1) 642.0(1) 5.2(2) 453 eV

4.4.3 X-ray Absorption Spectroscopy

To better understand the structural and chemical effects of substituting Co for Mn in the
system, we performed XANES and EXAFS measurements on the x = 0.04 and x = 0.14 samples.
Co and Mn K-edge XANES data of two CMO samples are shown in Figures 4.3(a,b). Since our
RHEED and XRD data show single-crystalline films, polarization-dependent measurements
follow selection rules for different transitions from the Mn and Co 1s states. The line shape
differences—Ilinear dichroism—between the in-plane and out-of-plane polarizations are due to the
tetragonal structure asymmetry of CMO from the JT effect, with the Mn region showing
particularly large dichroism. To our knowledge, there have been no previous reports of
polarization-dependent K-edge measurement on single-crystals of either CMO or related JT-active
Mn;30s. Pre-edge peaks (labeled “B”) at ~6540 eV are consistent with predictions for JT-distorted
Mn** in Mn2O3 and MnOOH [115]. All Mn K-edge data also show a large pre-edge feature at
~6550 eV (labeled “C”) to the left of the usual K-edge peak location (labeled “D”’). We could find
no report of such a feature in polarized Mn K edge XANES, including theoretical models of many
different Mn minerals [115]. Tetragonal LaSrMnO4 with Mn** valence exhibits polarization-

dependent dichroism, but no “double peak” feature like we observe here [116]. The feature is most
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reminiscent of polarization-dependent effects in tetragonal ferroelectric titanates, including
PbTiO3 and BaTiOs3[117]. We tentatively attribute this feature to degeneracy breaking of the
unoccupied Mn 4p states due to the JT distortion such that Mn 4p. states accessible with
perpendicularly-polarized x-rays lie at lower energy than the 4p, and 4p, orbitals. The in-plane
measurements on both films are similar to what has been observed in NiMn,O4 inverse spinel films
with a primarily Mn?*" valence [118].

As is the case with the XPS data, changes in sample stoichiometry had minimal effect on
the XANES spectra. This suggests that there are no significant changes in the chemical
coordination or electronic valence due to varying stoichiometry, at least up to the x = 0.14 excess
Co threshold. The Co?" and Mn>" cation valences determined in XPS are also supported by
inspecting XANES. Cation K-edges shifted towards higher photon energies indicate a higher
cation valence state, and the in-plane-polarized Co and Mn K-edges of CMO are close to those of
CoO (Co*") and Mn,O3 (Mn*") oxide [119,120], respectively. The Co K-edges of both samples
exhibit relatively large pre-edge peaks at ~7708 eV (labeled “A”). Tetrahedral symmetry enhances
the hybridization of cation-oxygen bonds, increasing the prevalence of 4p/3d hybridization in
unoccupied orbitals which permits dipole transitions that contribute to pre-edge intensity. In the
case of the normal spinel CMO, the lack of inversion symmetry in tetrahedra promotes
hybridization of cation-oxygen bonds [96]. This pre-edge peak is seen in Co K-edges of ZnixCoxO
in which Co atoms are also tetrahedrally coordinated [119,121]. The peak intensity for each
polarization on both samples is consistent with 100% tetrahedral coordination when compared to
Zn1xCoxO data. These results between samples suggests that the additional Co for the x = 0.14
sample remains in tetrahedral coordination. This leads to the idea that Co interstitials cause the c-

lattice parameter to increase between x = 0.04 to x = 0.14.
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Figure 4.3 (a) Co K and (b) Mn K edge XANES for in-plane (parallel) and out-of-plane
(perpendicular) polarizations; (c) Co and (d) Mn EXAFS extracted from XANES data in (a) and

(b). Insets show pre-edge peak close-ups for both Co and Mn XANES.

4.4.4 Extended X-ray Absorption Fine-Structure Spectroscopy Analysis
From fits to the EXAFS data, we calculate the nearest-neighbor Co-O and Mn-O bond

lengths for both the in-plane and out-of-plane polarizations (Table 4.3). There are no appreciable

79



differences between the two stoichiometries, indicating that introducing excess Co into CMO
hardly affects bond lengths. There is no significant variation in the Co-O bond lengths between
the two polarizations, which would follow from a nearly undistorted tetrahedral coordination of
the Co atoms. We see no evidence of Co occupation in octahedral sites in the lattice. As would be
expected from the JT distortion of Mn**, out-of-plane Mn-O bond lengths are larger than in-plane
ones. The EXAFS bond lengths are compared to the combined Shannon crystal radii of the cation-
oxygen bond [58] and the structure results from XRD on powder CMO [122]. The Co-O
combination is consistent with bond lengths from EXAFS, while the Mn-O combination lies
between the in-plane and out-of-plane bond lengths from EXAFS. This indicates that the octahedra
experiences not only elongation along the c-lattice parameter, but also in-plane compression. The
Mn-O bond lengths we report from EXAFS are also similar to those reported in LaSrMnO4, which
found 1.90(1) A in-plane and 2.27(3) A out-of-plane [116]. We note that the bond lengths may be
affected slightly by the epitaxial strain between substrate and film, which would induce a slight

in-plane reduction and out-of-plane expansion of the bond lengths.

Table 4.3 Co-O and Mn-O nearest neighbor bond lengths from EXAFS fits, as well as the

combined crystal radii [58] and XRD results of powder CMO [122] for reference.

In-Plane (A) | Out-Of-Plane (A) | Crystal Radii (A) | XRD Reference (A)
Sample | Co-O | Mn-O | Co-O Mn-0O Co-0 Mn-0O Co-O 1.967
x=0.04 [ 197() [ 1912) [ 196(1) [ 222() | e | a0y | Mn-OsIn | 1965
x=0.14 | 1.972) | 1.912) | 1.96(1) | 2.2301) | " : Mn-O, Out | 2227

4.4.5 Density Functional Theory and Spectroscopic Ellipsometry
To better understand the electronic properties of stoichiometric CMO, we employed

DFT+U models with different spin configurations, ranging from ferromagnetic systems (Mgy =
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12 pg per formula unit) to antiferromagnetic (Marm = 0). CMO is known to be ferrimagnetic at
lower temperatures and exhibits paramagnetism at room temperature [32,122,123]. While several
features were similar across the different magnetic phases/structures (e.g. an indirect band gap for
both spin populations), our description focuses predominately on the low-temperature
ferrimagnetic phase (M = 3 ug), in which Mn atoms alternate between spin-up and spin-down,
while Co atom spins are all parallel, to approximate the electronic structure. The in-plane lattice
parameter found from first principles is 8.18 A while the c-lattice parameter (¢ = 9.35 A) presents
in reasonable agreement with that obtained from XRD data. Figure 4.4 shows the projected density
of states (DOS) and band structure of the ferrimagnetic case. An indirect band gap of
approximately 0.8 eV is observed for the ferrimagnetic case. Band gaps ranged from
approximately 0.5 eV (in the AFM case) up to approximately 0.8 eV in the ferrimagnetic model.
The valence band in all cases arises as a result of the hybridization of the 3d,2-orbitals of Mn or
Co, and O-p bands as observed in Figure 4.4(b). The conduction band, in contrast, is formed by

contributions from Mn-3d,,2 O-px and O-p,,.

—y2,
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Figure 4.4 Electronic properties for the ferrimagnetic system (M = 3 pg) (a) Spin-polarized
projected density of states indicating contributions from Mn (blue), Co (green) and O (red)
localized atomic orbitals. Spin polarized band structure for spin majority (left) and minority (right)

denoting contributions from: (b) Mn d,2 (blue) and O p, (red); (c) Mn d,2_,2 (blue), O p, and O

py (red). The Fermi energy is placed at the valence band edge.

Figure 4.5 shows the dielectric (Figure 4.5(a)) and optical absorption (Figure 4.5(b)) of the
CMO samples derived from fits to the spectroscopic ellipsometry data. All samples show similar
absorption behavior regardless of stoichiometry differences, implying similarities in optical band
gaps and electronic structure. Absorption features are located at similar photon energies, with no
additional peaks appearing due to either free carriers (Drude response [124]) or optical transitions
from different cation site occupancy. Two clear absorption peaks (inset to Figure 4.5(b)) are
centered around 0.8 eV and 1.9 eV, respectively. Figure 4.5(c) shows the XPS valence spectrum

of a CMO sample.
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Figure 4.5 (a) Spectroscopic ellispometry data for various x values showing index of refraction n

and extinction coefficient k. (b) Absorption coefficient for all 4 samples; (c) Valence band XPS

data for x = 0.14.

In relating experiment to theory, we qualitatively compare the ellipsometry data to the

DFT+U model of the ferrimagnetic case. The two absorption peaks likely represent transitions

within the minority spin DOS, while the rise in intensity at higher energy represents allowed

oxygen 2p to cation 3d transitions. The peak at 0.8 eV can be paired with the model’s transition
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from the hybridized Mn 3d,,2-O p: valence band to the unoccupied Mn 3d,2_,,2-O pxj conduction

band. Meanwhile, the peak at 1.9 eV can be paired with the transition from the Co-dominated
minority valence band density around -0.8 eV to Co states in the conduction band. The narrow
nature of these two optical transitions observed suggests that the Co and Mn d states may be more
localized than the DFT model indicates. The strongest peak at ~3 eV binding energy likely
corresponds to the large Co majority spin intensity at -2 eV in Figure 4.4(a).
4.5 Further Discussion

Our spectroscopic characterization results indicate that CMO exhibits little change in
properties with increases in Co concentration from stoichiometric CoMn>O4. However, XRD
shows the c-lattice parameter to increase from ideal Co1+xMn2.xO4 at x = 0.04 to x = 0.14, and then
decrease with higher Co content at x = 0.23 and x = 0.24. XPS and XANES show static cation
valences of Co?" and Mn>" despite changes in stoichiometry. This suggests that point defects
induced during growth may drive changes in the system to preserve the Co?" and Mn*" formal
charges instead of forming either an octahedrally-coordinated Co** ion or charge transfer to
produce octahedral Co?" and Mn*". XANES and EXAFS indicate that additional Co*" ions are
tetrahedrally coordinated at least up to x = 0.14, even though all tetrahedral lattice sites are filled.
Co-O bond lengths from EXAFS remain almost unaffected by increased Co concentration,
whereas octahedrally coordinated Co?" should show variation since it is thought to be JT-active
[39,42]. We believe that tetrahedral Co interstitials cause this c-lattice parameter increase with
increasing Co from x = 0.04 to x = 0.14.

For additional Co?" to remain tetrahedrally coordinated in the crystal, two types of point
defects to consider are Co?" interstitials and Mn>" vacancies. An interstitial Co>" requires Co-O

bond lengths of ~1.96 A in tetrahedral coordination, as seen from EXAFS. For this, there are 48

84



sites per conventional unit cell that are available depending on the tilting and bond angles of their
surrounding polyhedral. In the case of no oxygen defects, charge balancing dictates that for every
three Co?" interstitials there must be two Mn** vacancies. Oxygen vacancies and interstitials should
also be considered, but they are unlikely if we assume cation coordination is unchanged. There are
no sites for oxygen interstitials that would leave Co or Mn coordination unaffected. Oxygen
vacancies would change Co coordination since every lattice oxygen contributes to the tetrahedral
geometry of existing Co?". Interestingly, we see no evidence of degradation in RHEED patterns
with increasing Co concentration, so the crystal is seemingly tolerant of such point defects.

XRD shows the c-lattice parameter to decrease from x = 0.14 to x = 0.24 which would not
follow from tetrahedral Co interstitials. It is more likely that in this higher-Co regime, excess Co>"
replaces Mn®" in octahedral sites, although we lack XANES/EXAFS data for samples with greater
Co, x = 0.23 and x = 0.24. With less JT-active Mn** octahedra, the c-lattice parameter would
decrease. Tetrahedral Co interstitials could still be present in the higher-Co samples, but it seems
there is a threshold between x = 0.14 and x = 0.23 in which cation substitution takes place.

While our films are single-crystalline as determined through RHEED and XRD, MCO
nanoparticles have been seen to phase segregate into CMO and Co3O4 spinel [12]. It is possible
that at our MBE growth conditions, there is a high-Co threshold in which extra Co would spill
over to create Co304 after filling available interstitial sites in CMO. There could also be a range of
differing growth conditions in which this phase segregation occurs with a low likelihood of Co
interstitials forming. In particular, higher oxygen reactivity may encourage this phase segregation
by allowing excess Co to form Co3O4 rather than filling interstitial sites in CMO. There could also
be a range of differing growth conditions in which any excess Co would lead to increased cation

valences either by forming Co** or transferring charge to form Mn*". This should also be more
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likely at greater oxygen reactivities and might allow for a seamless transition from CMO to MCO
without encouraging Co interstitials or phase segregation. Indeed, cation interstitials in CMO
decreased as oxygen reactivity during growth increased [125]. Since MCO is predominately an
inverse-type spinel [29,35-37], a transition from CMO to MCO would see Mn remain in
octahedral coordination and some Co turn to octahedral coordination. Since MCO has a cubic
structure [48], it should be that there are no JT-active Mn** octahedra that cause distortion. This
suggests that the cation valences of single-crystal MCO would be Mn** and Co?" as opposed to
Mn?" and Co**, and that a seamless transition from CMO to MCO would see an increase in Mn
valence rather than Co valence. In the case of an increasing Mn valence, the c-lattice parameter
would be expected to decrease since it is octahedrally coordinated Mn>" that favors JT distortion.
In fact, the JT distortion may be a significant driving force preventing the formation of Mn*" states,
as this ionic configuration would be energetically unfavorable in the tetragonal structure.
4.6 Conclusion

In this study we demonstrated the first growth of single crystal Co1+xMn2xO4 spinel thin
films with stoichiometries that range from ideal to increased Co. The structural and electronic
properties of the samples were analyzed using an array of techniques that include in-situ XPS,
XRD, STEM, XANES, EXAFS and SE. Co and Mn cations show consistent 2+ and 3+ valences
across all stoichiometries. Additional Co causes Co and Mn cations to remain tetrahedrally and
octahedrally coordinated, respectively, up to x = 0.14, then causes Mn to be substituted by Co in
octahedral sites up to x = 0.24. All samples exhibit similar optical absorption behavior and cation-
oxygen bond lengths. The fact that the electronic properties of these materials are barely affected
by the replacement of Mn>" with Co?* may be attributed to the introduction of Co interstitials and

Mn vacancies. This suggests that CMO’s impressive ORR catalytic properties [1,11,13,14] would
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be evident with various Co*"/Mn*" stoichiometries, potentially making it more stable under
electrochemical conditions. It is possible that there is a high-Co threshold or differing set of growth
conditions in which extra Co may form a secondary phase of Co304 as seen with MnCo0204 [12],

or lead to a smooth transition from CoMn>Os to single crystal MnCo20s4.
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Chapter 5

Study of MnCo0204

5.1 Basics of MnCo0204

MCO has been reported in literature to be a cubic, inverse-type spinel that does not
experience any JT distortion [30,31,48,49]. It has shown to exhibit a high degree of ORR,
surpassing the activity of MFO and CMO in some cases [1,11,13]. There have been numerous
studies of the material in nanocomposite form [1,4,12,19,63,64], but very few studies involving
thin films samples [49,69] and none reporting the growth of MCO using MBE. However, studies
involving the experimental characterization of MCO have shown mixed results in literature, with
some reporting single-phase samples and others reporting phase segregation and mixed-valence
composition [12,51,53-55,59]. This suggests that it is either very difficult to synthesize high-
quality single-phase MCO, or that a stable single-crystalline version of MCO does not exist. Also,
conflicting reports on material properties such as cation valence indicates that there is room for
studies that investigate the basic properties of MCO.

While 2+ and 3+ are the cation valences of most spinels, single-crystalline MCO may
instead possess Mn*" and Co?" for valence states. In the case of standard Mn?" and Co’", inverse-
type MCO would place Co*" into tetrahedral coordination which is a highly unfavorable
configuration for this cation [56]. This leads to the idea that cobalt may instead take on a much
more favorable 2+ valence with manganese adjusting itself to Mn*" for charge balancing against
O”". Other studies of MCO showing Mn** character support this idea [51,53-55] although without
single-phase samples and reliable characterization, it is difficult to confirm. Spinels that exhibit
4+ and 2+ character are rare but do exist, and are known as “4-2 spinels” in literature [57]. As to

this writing, there seems to be no studies that report MCO as a 4-2 spinel. This study seeks to
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characterize MCO for its material properties including cation valences and investigate its phase
segregation behavior while also providing a literature-first example of its thin film synthesis by
MBE.

Understanding MCO of an ideal MnCo0204 composition is critical to its future use in
catalysis technology but studying how the material properties change with stoichiometry is also
important. This includes how Co- and Mn-rich MCO behaves, but also investigating compositions
that trend far towards Co3zO4 and CoMn2Os4. For this reason, MnxCo3xO4 samples with a wide
range of cobalt-manganese ratios were grown and studied from Co0304 to CoMn20O4 with numerous
samples in between. Findings from these samples act as a characterization map showing the
material properties as a function of stoichiometry for the entire cobalt-manganese spinel system.
For the purposes of this study, MCO-region and CMO-region indicate samples whose MnxCo3.xO4
stoichiometry lies below and above x = 1.5, respectively.

5.2 Sample Growth Parameters

MCO films were grown on (001)-oriented MAO spinel substrates (MTI corporation) using
MBE. Substrates were sonicated in acetone and isopropyl alcohol for about 5 minutes each before
being loaded into the MBE chamber. Mn and Co metfals were deposited concurrently during
growth and effusion cells were kept at constant temperature, with deposition rates calibrated using
a quartz-crystal microbalance pre-growth. The sample stage was heated to a constant temperature
using an infrared ceramic heating source and measured via a thermocouple on the stage, which
causes an overestimation of ~50-100 °C relative to the substrate surface temperature. Samples were
grown at 500 °C setpoints and subsequently cooled to ambient temperatures over ~30 minutes.
Oxygen gas was introduced into the chamber and maintained at set flow rates during film growth

and cooling which resulted in varying oxygen pressures as indicated in Table 5.1. Significantly
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lower oxygen pressures are required during cooldown to prevent surface reconstruction of MCO
as in CMO, as was seen in RHEED when oxygen pressure was not lowered after deposition. As
was the case in CMO, use of a radio-frequency plasma source was necessary to significantly
increase oxygen reactivity by creating O ions out of O>. RHEED was used as sparingly as possible,
fearing that high energy electron incidence would adversely affect film quality as was the case
with CMO synthesis.

RHEED patterns of all samples after cooling revealed them to contain spinel-structure
phases, although some patterns show rough or defect-rich surfaces. Two example RHEED patterns
are shown in Figure 5.1: one indicating a high-quality Co3Os surface and another indicating a
rough or defect-rich surface for an MCO sample. As will be seen, these lower-quality RHEED
patterns may correlate closely with phase segregation or mixed-valence character of some samples.
Stoichiometry of samples was determined by RBS fitting (Table 5.1), which is straight-forward
due to the deconvolution of cobalt and manganese signal from other backscattering intensity. Film
thickness was determined through fitting of XRR (Table 5.1) which was also straightforward due
to the smooth film surfaces. RMS surface roughness was determined from AFM topography maps

created for samples, all indicating smooth surfaces with RMS roughnesses below 1 nm.
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samples. Film thicknesses determined with about 0.1 nm of uncertainty.

Oxygen During

Oxygen During

Film Thickness

MnCo3:0a, X = | o owth (Torr) Cooling (Torr) (nm)
1.28 2.29E-05 3.43E-06 9.3
1.22 2.29E-05 3.37E-06 9.9
1.10 2.12E-05 3.27E-06 14.9
1.07 2.29E-05 3.37E-06 11.1
1.02 2.12E-05 3.27E-06 14.6
0.93 2.31E-05 3.76E-06 14.5
0.84 2.31E-05 3.79E-06 12.5
0.84 3.01E-05 4.16E-06 14.1
0.76 3.01E-05 4.31E-06 7.0
0.74 2.12E-05 3.27E-06 13.9
0.67 2.14E-05 3.48E-06 12.7
0.52 2.96E-05 4.08E-06 12.0
0.47 2.08E-05 3.42E-06 12.1
0.46 2.12E-05 3.42E-06 11.4

Co304 2.93E-05 4.47E-06 9.1

Table 5.1 Stoichiometry, oxygen plasma synthesis pressures and film thicknesses of MCO-region
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Figure 5.1 RHEED patterns for an a) high quality surface of Co304 and b) rough or defect-rich

surface of an MCO-region sample (MnxCo3xO4, x = 0.39). This MCO sample appears multi-phase

in XRD which may explain its lower-quality surface.

5.3 Results and Discussion of C0304
5.3.1 Basics of C0304

Co0304 is on the furthest Co-rich end of the cobalt-manganese spinel system and is a useful
starting point for a discussion on MCO’s properties as a function of stoichiometry. Co3O4 has a
cubic crystal structure that trends towards a normal-type spinel [42,46,126]. It exhibits typical 2+
and 3+ cation valences placing Co®>" and Co*' in tetrahedral and octahedral coordination,
respectively [127]. Co3O4’s lattice parameter of 8.086 A [128] is very close to the MAO substrates’
of 8.083 A leading to a layer-by-layer growth mode with very low lattice strain. High-quality
single-crystalline samples of Co304 were grown and studied using a variety of characterization

methods. This confirmed known properties of the ideal material but also provided a baseline for
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studying how the cobalt spinel changes with the introduction of manganese. The growth of C0o304
thin films by MBE has been reported in literature before including synthesis using MAO substrates
[129,130]. However, this study also involves EXAFS analysis of XAS data for the determination
of Co-O bond lengths, which is highly valued in materials characterization.
5.3.2 Structure and Electronic Properties of C0304

High-quality RHEED images taken through the Co304 growth process showed the film to
appear single-crystalline with very few defects, and perfectly strained to the substrate (Figure
5.1(a)). X-ray diffraction of the film is consistent with a cubic FCC spinel structure, and the OOP
(004) peak is conolved with the substrate indicating the small lattice mismatch between film and
substrate (Figure 5.3(b)). The OOP lattice parameter cannot be determined from XRD due to peak
convolution, but an intensity shoulder next to the substrate peak indicates the value is only slightly
higher than MAO’s 8.083 A.. In-situ XPS shows a Co 2p spectrum with a satellite feature indicating
the mixed 2+ and 3+ character of Co304, which is comprised of 1/3 Co*" and 2/3 Co** (Figure
5.5(b)). This satellite shape is consistent with other studies involving XPS of Co3z04 [131].
5.3.3 X-ray Absorption Spectroscopy of Co304

XAS was performed on Co304 along with other MCO-region samples at a range of
stoichiometry. Incident X-rays were linearly polarized allowing for the acquisition of data sensitive
to either the in-plane and out-of-plane lattice directions only. A large pre-edge peak is seen in
spectra of both polarizations near the cobalt K-edge (Figure 5.6a,b), indicating tetrahedral
coordination of Co cations in the sample [94]. As will be seen, this pre-edge peak appears in Co
XANES spectra for all MCO-region samples, indicating that tetrahedral sites remain occupied by
cobalt and additional manganese occupies octahedral sites. This is also consistent with the

presumed inverse-type spinel structure of MCO.
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As was the case in CMO, analysis of the EXAFS region allowed for determination of
cation-nearest oxygen bond lengths in Co304 and other MCO-region samples. However, cobalt
cations are both tetrahedrally and octahedrally coordinated which means that spectra contain
information from both lengths and fitting must account for both contributions. This can be done
by introducing additional scattering paths into the fitting algorithm and adjusting the N degeneracy
values accordingly. Determining multiple bond lengths from spectra is often challenging due to
the large number of fitting parameters and uncertainty in results. A nearly continuous combination
of lengths can result in valid fits that match spectra meaning the bond lengths fitted in this way
should be heavily scrutinized.

One possible combination of lengths for tetrahedral Co?" and octahedral Co**, respectively,
is 1.91(1) A and 1.90(1) A from the in-plane spectrum and 1.92(1) A and 1.91(1) A from the out-
of-plane spectrum. Despite the fact that these values for tetrahedrally coordinated Co?* are lower
than the value of 1.96 A predicted through theoretical ionic radii [58], fitting error was low (Figure
5.2(a)) and similar bond lengths have been reported in other EXAFS analyses of Co304[132,133].
Lattice strain is unrelated to this shrinking in tetrahedral bond length since the lattice mismatch
between substrate and film is minor. Such lower bond length values for octahedral Co*" correspond
to the theoretical value for a low spin configuration of the cation (1.92 A) meaning that growth of
Co304 leads to a version in a low spin state. As will be seen, similar bond lengths were determined
for other Co spectra of MCO-region samples indicating that values did not vary greatly with the
addition of manganese.

While these bond lengths for Co304 may be physically accurate, other combinations of
lengths lead to acceptable fits to the EXAFS data and therefore may be valid. To demonstrate this,

Figure 5.2(b) shows the fitting results for in-plane Co in which tetrahedral Co?" was purposefully
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assigned to the theoretical value of 1.96 A and octahedral Co** was allowed to fit freely. This
resulted in the octahedral Co®" bond length taking on a value of 1.92 A, which makes the bond
length values of this fit identical to those predicted through ionic radii [58]. This demonstrates how
determination of bond lengths from spectra in which multiple lengths are involved is prone to

inaccuracy, and results should be considered possibilities rather than definite values.

(R (A®)
(Rl (A®)

Figure 5.2 Two EXAFS fits for the in-plane cobalt spectrum of Co304. Fits correspond to bond
lengths of a) 1.91(1) A and 1.90(1) A and b) 1.96(1) A and 1.92(1) A for tetrahedral Co>" and

octahedral Co’", respectively. Fit bound ranges are highlighted.

5.4 Results and Discussion of MnxCo3-xO4
5.4.1 X-ray Diffraction and Phase Behavior of MnxCo03xO4

Starting with the characterization results of Co3O4 helps in discussing changes in material
properties that comes with the introduction of manganese into the spinel system towards MnCo204.
MCO-region samples tended to exhibit phase segregation behavior with increasing manganese

content. Phase segregation presented itself most clearly in OOP XRD spectra in which secondary

95



film peak signals were apparent in some samples where a single (004) spinel peak should be.
Location, intensity and broadness of peaks varied greatly among phase segregated samples with
some examples being shown in Figure 5.3(a). It is not clear if all multiple film peaks are due to
the (004) FCC diffraction condition or if some reflect a material with a different crystal structure
entirely.

As will be shown later, even samples that appear to be single-phase in XRD show a
tendency to display mixed manganese valence character between Mn*" and Mn*". Single-phase
samples appear so in OOP XRD through the existence of only a single (004) film peaks with some
examples shown in Figure 5.3(b). This phase segregation and mixed-valence behavior indicates
that single-phase structures become more unstable with increasing manganese content. Despite
this unstable nature, RSM shows that single-phase MCO samples are strained to the substrate as

well as some phase segregated ones.
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Figure 5.3 OOP XRD spectra of MCO-region samples that are a) phase segregated showing

multiple film peaks and b) single-phase showing a single (004) spinel film peak.
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As further evidence of phase segregation, Figure 5.4 shows STEM and EDS images for
sample x = 1.02 which has close-to-ideal MCO stoichiometry. Contrast is seen in the film portion
of the sample cross-section, especially in the medium-angle annular dark field (MAADF) and
bright-field (BF) images. MAADF images are sensitive to strain and defects within a material,
while BF images are particularly sensitive to lower atomic number atoms such as oxygen. The
EDS map showing an overlap of cobalt and manganese cations indicates that the elements have
spread inhomogeneously in the film (Figure 5.4(d)), with Mn having migrated towards the sample
surface. The phase segregation in this sample that has close-to-ideal MnCo0,04 stoichiometry leads
to the question of whether a stable single-phase version of the material exists, or whether it will
seek to form multiple phases as seen in samples of other studies [12,59]. The findings of this study
indicate that MCO does have a stable single phase, albeit with uncommon cation valence states for

a spinel.
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Figure 5.4 (a-c) STEM and (d) EDS of the MnxCo3xOs sample x = 1.02, depicting phase
segregation. Shown are (a) high-angle and (b) medium-angle annular dark field and (c) bright-field

images. EDS shows migration of manganese towards sample surface.

Despite showing multiple film peaks, OOP XRD of phase segregated samples generally
have an obvious primary peak with greater intensity than others, and the c-lattice parameters
corresponding to each primary peak position was determined using Bragg’s Law. The c-lattice
parameters and phase behavior of MCO-region and CMO-region samples are shown in Table 5.2.
Trends are difficult to see from the table but a plot displaying these parameters shows that both
phase segregation behavior and c-lattice parameter tend to increase with higher manganese content

until samples reach stoichiometries close to CoMn2O4 (Figure 5.5). MCO-region and CMO-region

98



indicate samples whose MnxCo3-xO4 stoichiometry lies below and above x = 1.5, respectively. The
plot indicates a clear increase in c-lattice parameter and phase segregation tendency with
increasing manganese content among MCO-region samples. CMO-region samples show no phase

segregation and in fact possess single-crystalline tetragonal structures [41].

Table 5.2 c-lattice parameter from primary peaks of OOP XRD spectra and corresponding phase

behavior of MCO-region samples.

Mn,C03x04, X = c-lattice Parameter (A) Phase Behavior
2.12 9.25 Single-Phase
2.08 9.25 Single-Phase
1.99 9.19 Single-Phase
1.86 9.23 Single-Phase
1.77 9.14 Single-Phase
1.76 9.12 Single-Phase
1.28 8.78 Multi-Phase
1.22 8.84 Multi-Phase
1.10 8.52 Multi-Phase
1.07 8.74 Multi-Phase
1.02 8.50 Multi-Phase
0.93 8.23 Multi-Phase
0.84 8.46 Multi-Phase
0.84 8.23 Single-Phase
0.76 Convolved with substrate Single-Phase
0.74 8.26 Single-Phase
0.67 8.37 Single-Phase
0.52 8.30 Single-Phase
0.47 8.23 Single-Phase
0.46 8.24 Single-Phase

Co304 Convolved with substrate Single-Phase
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Figure 5.5 Plot of primary peak c-lattice parameters from OOP XRD as a function of MnxCo03xO4

stoichiometry. Data in blue and orange correspond to single-phase and phase segregated samples,

respectively.

While possible mechanisms for phase segregation will be discussed later, three possible
contributions can be given for the rising c-parameter. One, manganese atoms generally have a
larger ionic radius than cobalt atoms leading to longer bond lengths and unit cells. Two, ionic radii
of cations and thus bond lengths change depending on their valence state and coordination
environment. Samples with octahedral manganese with valence character trending towards Mn**
(1.96 A or 2.025 A) rather than Mn*" (1.91 A) will show longer bond lengths on average [58].
Three, JT distortion of Mn®" octahedra causes immense stretching along the out-of-plane lattice
direction as seen in CMO [41]. As will be shown later through multiple analyses, manganese
cations appear to occupy octahedral coordination sites in MCO-region samples. Greater

manganese content means a higher number of manganese octahedra including Mn** octahedra
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specifically in samples with mixed valence character. Samples with a greater number of Mn>"
octahedra would then drive up the c-lattice parameter through JT distortion.

Previous studies of ideal stoichiometry MnCo204 show a supposed cubic structure with a
lattice parameter of 8.09 A to 8.29 A [134—136], but the sample in this study closest to MCO shows
a c-parameter of 8.50(1) A. This sample also shows phase segregation and multi-valence character,
and thus JT distortion of Mn** octahedra is likely to have contributed to the substantial increase in
parameter above what is expected. Since other MCO-region samples exhibit relatively high c-
lattice parameters and show mixed-valence character, it is likely that JT distortion takes place in
these samples as well. This indicates that manganese cations within the crystal take on octahedral
coordination rather than tetrahedral. This claim will be supported through other analyses later and
it is consistent with an inverse-type spinel structure.

Notable in Table 5.2 is the MnxCo03xO4 sample x = 0.76 which is a single-phase MCO-
region sample with an OOP XRD film peak convolved with the substrate’s peak. The significantly
lower lattice parameter indicates that there are very few JT-active manganese octahedra and thus
the sample exhibits primarily Mn?" or Mn*" character as opposed to Mn>". As will be shown later,
multiple analyses show that the manganese valence for this sample appears to be predominately
Mn**. It will also be argued that this single-phase sample supports the idea that MnCo0204 does
have a stable single phase that is comprised of Mn*" and Co?" as opposed to Mn?* and Co** as a
typical spinel would have. Also clear from Figure 5.5 are the greater c-lattice parameters of CMO-
region samples which stems from the large amount of JT-distortion taking place due to manganese

solely occupying octahedra as Mn** in the spinel structure.
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5.4.2 X-ray Photoelectron Spectroscopy of MnxCo03xO4

In-situ XPS of MCO-region samples indicate that all manganese is either in a Mn** or Mn**
state, with no Mn** found in any sample (Figure 5.6(a)). This is because the satellite feature
characteristic of Mn?*, which would be found between the 2p1/2 and 2ps/2 peaks, is not seen in the
Mn 2p spectra [52]. Mn 2p spectral shapes of Mn>" and Mn*" appear identical and thus even
qualitative determination of manganese valence from this region was not attempted. XPS also
shows a general trend from mixed Co?" and Co®" character towards predominately Co>" character
with increasing manganese content. This is seen through the changing shape of the satellite feature
of the Co 2p XPS region, which is located between the 2p12 and 2p3» peaks (Figure 5.6(b)). The
changes show progressively less indication of Co®>" in higher-manganese samples, with some

samples even depicting ideal Co®* satellite features [41]. All spectra were binding energy shifted

appropriately to place their O 1s region peaks at 530 eV (Appendix).
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Figure 5.6 XPS spectra of MnxCo3x0O4 MCO-region samples for a) Mn 2p region and b) Co 2p
region. The changing shape of the Co 2p satellite feature (~788 eV) indicates the trend in valence

towards Co®" with increasing manganese.
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Assuming additional manganese takes on octahedral coordination as indicated in multiple
analyses of this study, this lowering of cobalt valence could correspond with the replacing of Co>*
with Mn*" or Mn*" in octahedral sites. In the later case of Mn*" occupation, another Co*" octahedral
cation would be incited to reduce to Co?" for charge balancing and thereby leading to MnCo0,04
valences of Mn*" and Co?". As will be shown, many of the MCO-region samples of this study
show mixed valence character between Mn*" and Mn*" indicating that both octahedral site
substitutions may take place, with Mn>" leading to higher c-lattice parameters due to JT distortion.
The phase segregation behavior of MCO-region seems closely tied to mixed-valence behavior, and
it could be that Mn*" is the proper manganese valence of MCO while Mn>" cations are considered
valence state defects that lead to phase segregation behavior.

5.4.3 X-ray Absorption Spectroscopy of MnxCo03-xO4

In-plane and out-of-plane polarization XAS was performed on MCO-region samples with
a range of stoichiometry from Co0304 to Mn-rich MCO. Co-region spectra for all samples and
polarizations look remarkably similar regardless of stoichiometry (Figure 5.7a,b), as do all in-
plane Mn-region spectra (Figure 5.7(c)). However, out-of-plane manganese spectra do show
variation with changing stoichiometry through the appearance of a pre-edge feature at ~6550 eV
of the K-edge (Figure 5.7(d)). This pre-edge feature intensity is similar in appearance to the pre-
edge features shown in out-of-plane manganese spectra of CMO samples [41]. This indicates that
changing properties between samples, including phase segregation tendency and multi-valence
character, is driven by manganese but not cobalt. This also suggests that the changing material
properties are rooted in causes that are anisotropic along the out-of-plane direction. This also

makes sense considering that RSM shows most films to be strained to the substrate in-plane,

indicating their a- and b-lattice parameters are identical.
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Mn** character most likely explains the appearance of the pre-edge feature since most of
these MCO-region samples exhibit some mixed manganese valence character between 3+ and 4+,
and CMO samples is comprised solely of Mn** manganese. Considering the relatively large c-
lattice parameters of these MCO-region samples and the tetragonal crystal structure of CMO, this
pre-edge feature may be a general indication of JT distortion of Mn** octahedra and of a tetragonal
crystal structure. Also, the existence of these pre-edge features further supports the idea that all
manganese cations in MCO-region samples take on octahedral coordination. One MnxCo03xO4
sample, x = 0.76, shows no pre-edge feature intensity in its out-of-plane manganese spectrum
indicating that this sample is comprised predominately of Mn*" as seen in other analyses as well.
While this single-phase, single-valence sample is Co-rich compared to MnCo204 stoichiometry, it
may be an indication that ideal MCO does have a stable single phase with Mn*" and Co*" valence

states.
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Figure 5.7 XAS spectra for MnxCo03xO4 MCO-region samples showing a) in-plane cobalt region,
b) out-of-plane cobalt region, c) in-plane manganese region and d) out-of-plane manganese region
(with the addition of CMO sample x = 1.99.) Cobalt region spectra include insets that show pre-

edge peaks with consistent intensity between samples.

Cobalt-region XANES for all samples and both polarizations show high-intensity pre-edge
peaks at the base of the K-edge (insets of Figure 5.7a,b). The intensities of the peaks are consistent

between samples and because pre-edge intensity is an indication of tetrahedral coordination for
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cobalt [96], all tetrahedral sites appear to be fully occupied by cobalt regardless of sample
stoichiometry. This follows for an inverse-type MCO spinel in which all cobalt would be found in
tetrahedral sites and further supports the idea that manganese takes on octahedral coordination.
Linear combination fitting of both in-plane and out-of-plane cobalt region spectra shows a
trend in valence character from mixed Co*" and Co** towards Co?" with increasing manganese
stoichiometry (Table 5.3). Fitting was performed by using Co304 (2.67+ Co valence) and CMO
(2+ Co valence) spectra as fitting standards and this trend in cobalt valence confirms what was
also seen in comparing Co 2p XPS spectra. Linear combination fitting of in-plane Mn shows no
clear trend with varying stoichiometry and indicates the mixed-valence character of the MCO-
region samples of this study. Fitting was performed using CMO (3+ Mn valence) and MnO; (4+
Mn valence) as standards and results confirm that most samples exhibit mixed Mn*" and Mn*"
character. While linear combination fitting can show general trends in cation valences between
samples, exact valence determination is not possible since fitted and reference spectra do not share

1dentical structures.
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Table 5.3 Linear combination fitting results for MCO-region samples, using Co30s, CMO and

MnO; spectra as standards.

Sample In-plane Co spectra In-plane Mn spectra
% Comp. of % Comp. of % Comp. of % Comp. of
MnyC03.x04, X = Co304 cMoO MnO; cmo
(Co?* and Co*) (Co?) (Mn?*) (Mn3)
CMO Sample 0 1 1 0
1.10 0.64 0.36 0.87 0.14
1.02 0.62 0.38 0.84 0.16
0.84 0.77 0.23 0.93 0.07
0.76 0.88 0.12 0.69 0.31
0.52 0.85 0.15 0.98 0.02
Cos04 Sample 1 0 - -
MnO, Standard - - 0 1

Analysis of Co-region XAS derivative plots for both polarizations also shows trends in Co
valence from mixed 2+ and 3+ towards Co?* with increasing manganese stoichiometry. This trend
is seen by comparing each derivative plot’s two Co?" and Co’>" peak intensity values between
samples, which are found at ~7717 eV and ~7727 eV, respectively (Figure 5.8(a)). Table 5.4 shows
each peak’s maximum intensity value and associated ratio between them for a given spectrum, and
it is seen that ratios increase in favor of higher Co?" intensity with additional manganese content
in a sample. While XAS derivative plots of Co-regions show two distinct peaks for Co?* and Co*",
analysis of Mn-region plots is challenging since both Mn>" and Mn** constitute one single peak
(at ~6558 eV) that shifts in energy position depending on valence state (Figure 5.8(b)). Table 5.4
shows the energy position of each sample’s manganese peak as well as the position relative to a
CMO sample’s peak position, for all in-plane spectra. CMO represents complete Mn** character
while peaks that trend towards higher binding energy represent increasing Mn** character towards

the position of a MnO» standard’s peak representing Mn*" character. As in linear combination
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fitting of spectra, there are no clear trends in manganese valence with sample stoichiometry,

however the peak position of MnxCo3.xO4 sample x = 0.76 lies at higher binding energy than the

peak position of Mn**, indicating that this sample is predominately comprised of Mn** cations as

opposed to Mn>".

Table 5.4 XAS first derivative analysis results for out-of-plane cobalt and manganese spectra. Co-

region analysis focuses on a comparison between the maximum intensity values of the 2+ and 3+

peaks, and Mn-region analysis focuses on tracking the energy position of the single Mn>"-Mn*"

peak between samples.

Out-of-plane Cobalt Spectra

Out-of-plane Manganese Spectra

Sample
P Maximum Intensity Value | Ratio Peak Maximum Position (eV)
MnyCo3.x04, X = 2+ Peak 3+ Peak 2+/3+ | Actual Position Relative to CMO
CMO Sample - - - 6555.16 0.00
1.10 0.132 0.174 0.76 6555.58 0.42
1.02 0.127 0.169 0.75 6555.58 0.42
0.84 0.140 0.187 0.75 6555.24 0.08
0.76 0.135 0.214 0.63 6557.39 2.23
0.52 0.128 0.202 0.63 6556.34 1.18
Cos04 Sample 0.111 0.229 0.49 - -
MnO; Standard - - - 6556.34 1.18
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Figure 5.8 First Derivative XAS plots for out-of-plane spectra of a) Co-region and b) Mn-region.

Data includes MCO-region samples as well as CMO and MnO2 spectra in Mn-region

5.4.4 Extended X-ray Absorption Fine-Structure Spectroscopy Analysis of MnxCo3-xO4
While EXAFS fitting of CMO bond lengths was straightforward, determining lengths for
MCO-region samples was more challenging. CMO samples were single-crystalline with one
coordination and one valence state for each cation, while MCO-region samples show cations with
multiple coordinations and mixed-valence character. Not only do theoretical ionic radii depend on
cation coordination and valence state [58], JT distortion drives large changes in bond lengths with
the introduction of Mn>" in octahedral sites. This is especially problematic in fitting out-of-plane
manganese spectra for samples that show both Mn*" and Mn*". All this leads to multiple bond
lengths in the material for a given cation and must be accounted for in fitting spectra by introducing
additional scattering paths into the fitting algorithm. As was discussed previously in regards to
fitting Co3O4 data, determining multiple bond lengths from one spectrum is difficult because

multiple combinations of lengths will lead to acceptable fits.
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All fits assume that manganese in the lattice is octahedrally coordinated so that all models
assume fully tetrahedral coordination of cobalt and an appropriate number of manganese octahedra
according to stoichiometry. This follows from the analysis results discussed previously that show
octahedral coordination of manganese and from the nature of an inverse-type MCO spinel. Also,
out-of-plane manganese spectra of most MCO-region samples show indications of multiple bond
lengths due to the shape of their nearest-neighbor oxygen scattering path peaks. Figure 5.9 shows
a spectrum showing a single Mn-O bond length along with two spectra showing multiple Mn-O
bond lengths.

The nearest neighbor oxygen peaks are found within the range of about 1 to 2 A. The
general shape of a single-length scattering path is a single peak with a shoulder on its left side,
while a peak that appears widened or misshapen appears in the case of multiple scattering paths.
The peak for x = 0.34 depicts a single bond length while the peak for x = 0.21 is mishappen and
contains signal from multiple bond lengths. x = 0.58 displays two peaks within the 1 to 2 A radial
range and is the clearest indication of multiple bond lengths in MCO-region samples. Multiple
lengths appearing in out-of-plane manganese spectra would come about in the case of mixed Mn>"
and Mn*" character since Mn>" octahedra will distort to longer bond lengths due to JT distortion
alongside undistorted Mn>* octahedra. Thus, the existence of multiple bond lengths in out-of-plane
manganese spectra shows the octahedral coordination of manganese cations in MCO-region

samples.
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Figure 5.9 Transformed XAS EXAFS plots of out-of-plane manganese spectra for three MnxCos.

xO4 samples.

Similar to how fitting was performed for Co304, two Co-O bond lengths were assumed to
exist in MCO-region samples- one for tetrahedral coordination and one for octahedral. This
follows from the idea that additional manganese occupies octahedral coordination in the spinel
structure thereby allowing a dual-coordination cobalt structure to persist as it does in Co304. Co-
O bond lengths determined for MCO-region samples are shown in Table 5.5 along with those
determined for CMO. Bond lengths of MCO-region samples did not significantly deviate from
those determined in Co304 despite the addition of manganese, particularly in the case of in-plane
cobalt spectra. This reflects the similar shapes of Co-region XAS spectra between samples. The
fact that cobalt bond lengths are relative close between samples indicates that MCO-region
samples maintain a similar cobalt polyhedra fine structure to that of Co30Os. This leaves manganese
cations to drive the majority of material property changes as a function of stoichiometry. The

reason for an increased bond length of 1.94 A in x = 1.02 and x = 1.10 is not known but these
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higher-manganese stoichiometry samples show phase segregation while the lower manganese
samples are single-phase. Cobalt bond lengths in CMO samples are higher than those of MCO-
region samples (ranging from 1.96 A to 1.98 A), and a length of 1.94 A could follow from a
stoichiometry transition from MnCo204 towards CoMn>O4 in which Co-O lengths increase.

Fitting for Mn-O bond lengths was performed using models that placed manganese cations
in octahedral coordination only, and results are shown in Table 5.5. Bond lengths could be
determined for all in-plane manganese spectra, but most out-of-plane spectra could not be fit due
to spectra showing multiple bond lengths. Mixed valence character between Mn** and Mn*" in
samples is a likely contributor to multiple bond lengths through JT distortion stretching Mn>*
octahedra but not Mn**, although phase segregation causing other structural changes in the sample
lattices may also contribute. Fitting cobalt spectra for multiple Co-O bond lengths was achievable
because the ratio of tetrahedral cobalt to octahedral cobalt was known based on sample
stoichiometry, and scattering paths could be weighted properly. However, there was no way to
determine the ratio of Mn** to Mn*" cations using methods within the scope of this study and thus
scattering paths would never be weighted properly.

Mn in-plane spectra were able to be fit in a straight-forward manner and showed consistent
bond lengths between the values of 1.89 A and 1.90 A for all samples regardless of stoichiometry
or phase behavior. This is interesting considering the vast differences in out-of-plane spectra in
which multiple bond lengths are present due to samples possessing both Mn** and Mn*" character.
This means that both types of octahedra have relatively close in-plane bond lengths regardless of
their out-of-plane lengths, although this may be due in part to lattice strain. The theoretical bond
lengths based on ionic radii for Mn*" and Mn*" octahedra are 1.91 A and either 1.96 A (low spin)

or 2.025 A (high spin), respectively [58]. Therefore, these experimental bond lengths determined
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in EXAFS fitting make sense in the case of Mn*" octahedra, but not in the case of Mn>" octahedra.
However, JT distortion acts to distort Mn** octahedra and lead to bond lengths that are longer out-
of-plane and shorter in-plane. Bond lengths associated with distorted Mn** octahedra were already
determined from EXAFS fitting of CMO in which fits of in-plane manganese spectra gave Mn-O
lengths between 1.91 A and 1.92 A. This explains why in-plane spectra of MCO-region samples
with mixed Mn** and Mn*" character can be fit with a single bond length. This also follows from
the fact that all in-plane manganese XAS spectra have similar shapes regardless of stoichiometry
or valence character.

There is one MCO-region sample, x = 0.76, that does not show multiple bond lengths in
its out-of-plane manganese spectrum and can be fit in a straightforward manner. This sample
shows in-plane and out-of-plane bond length values of 1.90 A and 1.91 A, respectively, both of
which correspond closely to theoretical bond lengths for Mn*" [58]. This indicates, as other
analyses of this study do, that this single-phase sample exhibits primarily Mn*" character and no
Mn**. While its stoichiometry is Co-rich, this MCO-region sample shows no mixed valence
character and may exemplify what ideal MnCo204 would look like in terms of cation valence,

namely a manganese valence state of 4+.
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Table 5.5 Bond lengths determined by EXAFS for MCO-region samples and CMO samples.

Sample Coin-plane () | Co out-of-plane (A) | Mnin-plane (A) | Mn out-of-plane (A)
MnxCo03.4x04, Tetra. Octa. Tetra. Octa. Tetra. Octa. Tetra. Octa.
X = Coord. | Coord. Coord. Coord. | Coord. | Coord. Coord. Coord.
2.08 1.98 - 1.96 - - 1.92 - 2.23
1.99 1.97 - 1.96 - - 1.91 - 2.22
1.86 1.97 - 1.96 - - 1.91 - 2.23
1.10 1.92 1.91 1.90 1.94 - 1.89 - Multiple
1.02 1.92 1.91 1.94 1.92 - 1.89 - Multiple
0.84 1.91 1.90 191 1.91 - 1.90 - Multiple
0.76 1.92 1.90 1.92 1.90 - 1.90 - 1.91
0.52 1.91 1.90 1.92 1.90 - 1.90 - Multiple
Co304 191 1.90 1.92 1.91 - - - -

5.5 Further Discussion

All analyses suggest that manganese in the MCO-region samples of this study are
octahedrally coordinated but also show mixed manganese valence character between Mn*" and
Mn*". While other studies of MCO report mixed valence character as well [51,53—55], an ideal
spinel should generally show single valence states for each cation meaning that mixed-valence
character is a reflection of defects in the material. OOP XRD c-lattice parameters steadily increase
with the addition of manganese indicating the action of JT distorted Mn>" octahedra. Co-region
XANES pre-edge peaks show consistent high intensity indicating that tetrahedral sites are
occupied by cobalt cations leaving manganese to occupy octahedra. The appearance of a pre-edge
feature in out-of-plane Mn-region XANES spectra indicates Mn*" octahedra in MCO-region
samples, since CMO also shows this feature and contains only Mn>*" octahedra. Transformed
EXAFS spectra for out-of-plane manganese spectra show multiple nearest-neighbor oxygen bond
lengths which most likely comes from the simultaneous occupation of octahedral sites with both

Mn** and Mn*" cations. This octahedral coordination of manganese also confirms the inverse-type
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spinel nature of MCO and stoichiometry-varied samples from Co0304 to Mn-rich MCO. While
Mn** may not be the ideal manganese valence for single-phase MCO, the fact that samples show
this character allows the octahedral coordination of manganese to be observed in this study,
primarily through the act of JT distortion.

It was discussed earlier that phase segregation trends with increasing Mn-content in MCO-
region samples. As phase segregation has been observed in the material before [12,59], this
supports the suggestion that a stable single-phase version of ideal MnCo204 may be difficult to
synthesize or does not exist entirely. However, a possible contributing factor to phase segregation
in these samples are varying oxygen conditions during sample growth. Figure 5.10 shows oxygen
pressures during growth as a function of stoichiometry, with samples’ phase behavior also
indicated. It can be seen that phase segregation trends with increasing manganese content, however
segregation also trends with oxygen pressure used during growth. All multi-phase samples were
grown at oxygen pressures below 2.5E-5 Torr while only single-phase samples were grown at
oxygen pressures ~3.0E-5 Torr. This indicates that phase segregation may have taken place due to
insufficient oxygen reactivity during sample growth. If this is true, the mechanism may be in the
formation of mixed-valence samples with both Mn*" and Mn*" in octahedral sites. Mixed-valence
character was seen in most samples grown below 2.5E-5 Torr oxygen pressure, and insufficient
oxygen reactivity would act to reduce cation valences due to the lower number of of O% atoms in
the material. Mn>* and Mn*" octahedra show significantly different out-of-plane bond lengths due
to JT distortion effects, and these differently shaped polyhedra lead to opposing tetragonal and
cubic crystal structures, respectively. If multiple manganese valences form during growth, separate
regions comprised predominately Mn>" and Mn*" may concurrently form and naturally cause phase

segregation due to physical incompatibilities between tetragonal and cubic structures.
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Figure 5.10 Oxygen pressure during sample growth as a function of MnxCo3.xO4 stoichiometry.

Single-phase samples are marked in blue while multiphase samples are marked in orange.

From the findings of this study, it cannot be stated with certainty that a single-crystalline
phase of MnCo,04 exists or what its properties would be. The sample closest to this stoichiometry
is the MnyxCo03xO4 sample x = 1.02 which shows both phase segregation and mixed-valence
character between Mn>" and Mn*'. However, a key sample in this study is the single-phase MCO-
region material with x = 0.76 and shows solely Mn*" character with no Mn**. In this sample, out-
of-plane manganese XANES shows no indication of a pre-edge feature associated with Mn*" as
CMO spectra show. EXAFS fitting shows near-identical Mn-O bond lengths for both in-plane and
out-of-plane polarization spectra, the values of which correspond closely to Mn*" octahedra. First
derivative XAS also suggests the sample shows predominately Mn** character. The fact that the
sample of this study that shows only Mn*' character was also grown at relatively higher oxygen
pressures is no coincidence. The higher oxygen reactivity during growth helped to prevent the

reduction of manganese cations from Mn*" to Mn>" as seen in most other MCO-region samples.
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OOP XRD also shows that the c-lattice parameter of sample x = 0.76 is far lower than those of
other MCO-region samples. This is because the (004) spinel diffraction peak is convolved with
the MAO substrate peak, meaning the film’s c-parameter is slightly higher than the substrate’s
value of 8.083 A. Lower lattice parameters have been reported previously for ideal MCO [134—
136] with values trending as low as 8.09 A. This suggests that the sample x = 0.76 is closer in
lattice parameter to true, single-phase MCO than the other MCO-region samples of this study
which show greater lattice parameters. It was discussed earlier how these other MCO-region
samples show higher c-lattice parameters due to the effects of JT distortion and polyhedral
stretching of octahedral Mn>". Thus, Mn*' seems to be the characteristic valence of ideal MCO
while Mn*" represents valence state defects. These defects then act to drive the material into larger
lattice parameters through JT distortion, and potential phase segregation in the case simultaneous
Mn*" and Mn** character.

While sample x = 0.76 is Co-rich, its single-phase, single-valence and smaller lattice
parameter suggests that ideal MnCo204 does have a stable single-crystalline phase with a
manganese valence of Mn*". Additionally, XPS and XAS shows a trend in cobalt valence from
mixed 2+ and 3+ towards Co?" with increased manganese stoichiometry for MCO-region samples.
Also, a Co®" valence is required for the purposes of charge balancing in the case of Mn*" cations.
This indicates that alongside Mn*" octahedra, ideal MCO would have Co?* character with cobalt
occupying tetrahedral sites. In this way, Mn?", Mn>" or Co** reflect valence state defects in the
material that may come about due to insufficient oxygen conditions during synthesis of MCO. This
would mean that studies showing mixed-valence character or phase segregation [12,51,53—-55,59]
involve non-ideal MCO and should be reviewed with this in mind. Surprisingly, MCO is not

known to be a 4-2 spinel in literature and this seems to be the first study to report this.
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A transition from ideal MnCo0,04 (Mn*" and Co*") towards CoMn2O4 (Co*" and Mn>")
would see the replacing of Co?" octahedra with Mn** octahedra in the spinel structure, along with
the reduction of other Mn*" octahedra into Mn** in order to maintain charge balancing. While
MCO appears to possess a cubic crystal structure with non-JT-active Mn*" octahedra, CMO
exhibits a tetragonal structure due to its distorted Mn*" octahedra. Due to the incompatibility
between cubic and tetragonal c-lattice parameters, the transition in stoichiometry from MCO
towards CMO and replacing of Mn*" with Mn>" in octahedral sites would see material structures
that likely do not have a stable single phase. Instead, the coexistence of Mn*" and Mn>" may lead
to regions of cubic and tetragonal structure that would favor phase segregation over a homogenous
structure.

Future studies involving MCO and the cobalt-manganese spinel system could involve the
synthesis of MCO-region samples at higher oxygen reactivity, using OOP XRD to determine c-
lattice parameters and check for phase segregation, and performing XAS experiments to check for
mixed-valence character and confirm Mn*" valences through EXAFS fitting. Lower lattice
parameters would follow from the absence of JT-active Mn** octahedral defect sites, and bond
lengths that are similar in both in-plane and out-of-plane polarization spectra indicate undistorted
manganese spectra that are occupied by Mn*'. An investigation of the transition from MCO to
CMO could involve the successful synthesis of Mn-rich MCO and Co-rich CMO to identify the
stoichiometries where samples show phase segregation due to incompatible cubic and tetragonal
structures.

5.6 Conclusion
This study is the first to synthesize and study MCO-region samples using MBE, and one

of the only studies of MCO oriented towards thin films. The samples studied include ideal
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stoichiometry MnCo204 and MnxCo3xO4 with x-values ranging from 0 to 1.28. The samples show
increasing c-lattice parameters and phase segregation tendencies with additional manganese
content. Cobalt valence character also trends towards Co2+ from mixed 2+ and 3+ with increasing
manganese. While most samples suggest mixed manganese valence between 3+ and 4+, Mn>"
character likely represents valence state defects in MCO-region samples with Mn*' being the
proper valence. This means the single-phase valence states of MnCo0204 are likely Mn*" and Co**
as opposed to Mn?" and Co>" like most other spinels would show. Mn>" character in MCO-region
samples is likely due to insufficient oxygen reactivity during growth. While Mn>" is likely an
improper valence state in MCO, it allowed for the observation of manganese cations in octahedral
coordination predominately through the effects of JT distortion of Mn** octahedra. It is this JT
distortion of Mn*>* octahedra that contributes to the large increases in c-lattice parameters of MCO-
region samples. Mixed manganese valence between 3+ and 4+ also likely incites phase segregation
in MCO-region samples, where Mn*" and Mn** octahedra are associated with incompatible cubic
and tetragonal crystal structures, respectively. For this reason, MCO-region samples that show
proper Mn*" valence states with minimal Mn>" defects would lead to single-phase cubic spinel

structures with octahedrally coordinated Mn*" along with Co*" cations.
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Appendix:

Appendix 1: RHEED and AFM of the (a,c) 16 nm MFO sample and (b,d) 21 nm Fe3O4 sample.
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Appendix 2: XRD of MFO and Fe304 both before and after catalysis experiments were performed

on the samples (missing one before-catalysis measurement).
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Appendix 3: XPS O Is region spectra of all MFO samples while under vacuum. All spectra

appropriately shifted to place O 1s peaks to 530 eV.
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Appendix 4: XPS (a) Fe 2p and (b) Mn 2p region spectra of the 16 nm MFO sample before and

after catalysis experiments were performed. Fe** and Mn?" valence states remain unchanged.
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Appendix 5: XPS O 1s region spectra of all CMO samples while under vacuum. All spectra

appropriately shifted to place O 1s peaks to 530 eV.

Co1+xMn2xO4 Sample Thickness (A)
x =0.04 127
x=0.14 84
x =0.23 104
x=0.24 120

Appendix 6: Cox+1Mn2xO4 sample thicknesses. All were determined with RBS data except for the

case of x = 0.24 which was determined with XRR data. These thicknesses were used to fit

spectroscopic ellipsometry data.
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Appendix 7: XPS O 1s region spectra of all MCO samples while under vacuum. All spectra

appropriately shifted to place O 1s peaks to 530 eV.
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