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 Important magnetic properties and behaviors such as coercivity, remanence, 

susceptibility, energy product, and exchange coupling can be tailored by controlling the 

grain size, composition, and density of bulk magnetic materials.  At nanometric length 

scales the grain size plays an increasingly important role since magnetic domain behavior 

and grain boundary concentration determine bulk magnetic behavior.   This has spurred a 

significant amount of work devoted to developing magnetic materials with  nanometric 

features (thickness, grain/crystallite size, inclusions or shells) in 0D (powder), 1D 

(wires), and 2D (thin films) materials.  Large 3D nanocrystalline materials are more 

suitable for many applications such as permanent magnets, magneto-optical Faraday 

isolators etc.  Yet there are relatively few successful demonstrations of 3D magnetic 

materials with nanoscale influenced properties available in the literature.  

 Making dense 3D bulk materials with magnetic nanocrystalline microstructures is 

a challenge because many traditional densification techniques (HIP, pressureless 

sintering, etc.) move the microstructure out of the “nano” regime during densification.  

This dissertation shows that the Current Activated Pressure Assisted Densification 
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(CAPAD) method, also known as spark plasma sintering,  can be used to create dense, 

bulk, magnetic, nanocrystalline solids with varied compositions suited to fit many 

applications.   

 The results of my research will first show important implications for the use of 

CAPAD for the production of exchange-coupled nanocomposite magnets.  Decreases in 

grain size were shown to have a significant role in increasing the magnitude of exchange 

bias.  Second, preferentially ordered bulk magnetic materials were produced with highly 

anisotropic material properties.  The ordered microstructure resulted in changing 

magnetic property magnitudes (ex. change in coercivity by almost 10x) depending on the 

relative orientation (0° vs. 90°) of an externally applied magnetic field to the sample.  

Third, a dense magneto-optical material (rare earth oxide) was produced that rotates 

transmitted polarized light under an externally applied magnetic field, called the Faraday 

Effect.  The magnitude of the rare earth oxide Faraday Effect surpasses that of the current 

market leader (terbium gallium garnet) in Faraday isolators by ~2.24x. 
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Chapter 1: Introduction 
  

 The overall topic of this dissertation is the processing and characterization of 

magnetic nanocrystalline materials.  It contains seven chapters.  As detailed below, the 

first two chapters provide motivation and background for the work.  Chapter 3 provides 

details of the experiment, chapters 4-6 discuss the three main types of materials 

produced, and chapter 7 is the conclusion.   

 Chapter 2 includes the background information necessary to assimilate the results 

and discussion for each of the research projects contained herein.  The background topics 

include: 

 * The importance of grain size on grain boundary volume. 

 * Iron oxide material and magnetic properties 

 * Dysprosium oxide (Dy2O3) material properties 

 * Magnetism: source of, types, properties, and domains. 

 * Optical transparency and the magneto-optical Faraday effect. 

 * Sintering 
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 Chapter 3 introduces and details the experimental procedures necessary to 

conduct the research undertaken.  A Current Activated Pressure Assisted Densification 

(CAPAD)[1] laboratory device was used for the purpose of densifying nano-scale 

crystallite powder.  Samples prepared by CAPAD method material processing where 

characterized for: 

 * Density 

 * Microstructure 

 * Composition 

 * Preferred orientation 

 * Magnetic properties 

 * Optical transmission 

 

 My research has made advances in magnetic exchange coupled and 

microstructurally ordered nano-composites, as well as, nano-polycrystalline magneto-

optical materials.  These materials were produced under three projects contained in the 

following chapters: 

 Chapter 4: Magnetic exchange coupled nano-composites 

 Chapter 5: Magnetically anisotropic nano-composites 

 Chapter 6: Magneto-optical Faraday effect rare-earth oxide 

 A summary and concluding remarks are contained in chapter 7.  The summary 

will present an abbreviated review of the important findings reported for chapters 4,5, 
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and 6.  The conclusion will offer remarks on the impacts microstructure and composition 

has on the optical and magnetic properties of a material. 

1.1:  Magnetically exchange coupled nano-composites 

 The interaction threshold for magnetic interactions takes place at sub-micrometer 

(<10
-6

 m) length scales.  At these scales, the mutual collaboration between the short 

interatomic interactions with that of their cumulative behavior begins to break down and 

different magnetic properties emerge.  Interatomic magnetic interactions can be altered to 

yield larger scale tailorable magnetic properties.  The pairing of unlike magnetic 

materials within very close proximity to one another is one way in which interatomic 

magnetic interactions can be coerced.  Powder crystallites and thin film composites can 

be created that contain the interfaces between unlike magnetic materials necessary to 

produce the desired interatomic magnetic interactions.  Though successful in this regard, 

for applications that require much larger volumes of magnetically interacting 

components, powders and thin films are not viable solutions.  For example, ~4-4,000 lbs. 

of permanent magnetic material is required for individual automobiles or wind power 

generators [2].  Composite bulk magnetic materials may benefit from a nano-scale and/or 

cystallographically ordered microstructure. 

 First, magnetic properties could benefit from magnetic interactions between 

magnetic components across grain boundaries.  A decrease in grain size produces an 

increase in grain boundary volume.  For magnetic properties that are dependent on 

interactions across grain boundaries, decreases in grain size can lead to magnetic property 
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improvements.  The best results are found when the size of grains are in the 

„nano‟(<100nm) regime.   

 Second, the preferred orientation of crystallographic directions of magnetic 

components polarizes the magnetic response of the bulk composite material to an 

externally applied magnetic field (H).  This highly directional bulk magnetic behavior 

derived from an ordered microstructure is called bulk magnetic anisotropy.  Materials 

with bulk magnetic anisotropy exhibit higher magnetic property magnitudes along 

specific sample dimensions. 

 Producing bulk composite materials with a nano-scale microstructure 

(nanostructure) and/or preferential orientation is difficult with traditional densification 

methods.  In chapter 4, bulk iron oxide magnetic composites were produced exhibiting 

magnetic interactions (exchange coupling) between magnetic components from equiaxial 

nano-scale crystallite gamma iron oxide (-Fe2O3) powder.  The magnitude of exchange 

coupling as manifested in a horizontally shifted hysteresis loop is called exchange bias 

(Hex). Characterization of the microstructure morphology and lattice directions proved the 

relative crystallographic orientations of each grain were not ordered.    Chapter 5 is 

devoted to the production of iron oxide magnetic composites with an ordered 

nanostructure.  Magnetic characterization of these preferentially ordered composite 

materials demonstrated bulk magnetic anisotropy.  The materials produced in this project 

were densified from alpha iron oxide (-Fe2O3) with unequal crystallite dimensions (high 

aspect ratio). 
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1.2:  Magneto-optic Faraday Effect rare-earth oxide material 

 Materials that have a high magnetic response to external magnetic fields and 

transparency in the visible range are extremely rare. For example permanent magnets are 

usually opaque due to their narrow (or lack of) band gap while optically transparent 

materials are usually weak para- magnets or antiferro- magnets .  One possibility for the 

combination of magnetic and optical properties is to use rare earth ions in oxide 

structures.  The rare earth elements Dy, Tb, and Ho are known to be some of the most 

magnetically active elements and oxides in turn often have wide band gaps allowing for 

light transmission in the visible range. Despite these facts, the successful production of 

rare earth oxides (REO) with very high magnetic susceptibility and visible transparency 

has been limited by short comings in processing technology.  

 Most oxide materials used in optical applications are single crystals produced 

from melts. However single crystal growth is relatively time consuming and 

unfortunately not every composition can be grown from a melt. An alternative to single 

crystal growth is densification of oxide powders to produce optically transparent 

polycrystalline oxides. In practice however, polycrystalline oxides are rarely transparent 

because of residual porosity (pores are very efficient light scatterers). In order to recover 

transparency in a polycrystal, porosity must be extremely low. Notable successes in 

producing optically transparent oxides have been achieved for both structural [3, 4] and 

functional [5, 6] optical materials. These previous endeavors demonstrated  that 

traditional processing methods (pressure-less sintering, hot pressing) require long 

processing times and high temperatures to produce optically transparent materials[3-6].  
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 More recently Current Activated Pressure Assisted Densification (CAPAD) has 

been explored in order to reduce processing times and retain nanocrystalline grains [1] . 

Nanocrystallinity increases effective light transmission because of dramatically reduced 

scattering from nanoscale defects.  To date the majority of the efforts have been devoted 

to transparent structural ceramics. Magneto-optical oxides have not been addressed using 

CAPAD.  

 Besides elimination of porosity, densification of REOs has an added complexity 

because they undergo changes in crystal structure at elevated temperatures. Thus there 

are two major obstacles to densifying rare earth oxides to transparency: 1) they must be 

near full density to minimize light scattering by pores, 2) they cannot be processed at 

temperatures higher than their phase transition i.e. densification cannot be done at very 

high temperatures. The result is that it is improbable to produce transparent REOs by 

usual methods.  CAPAD is a method that circumvents both problems using precise 

control of temperature, pressure, and time. The key innovation in this work is the use of 

CAPAD to successfully densify REO at an optimum temperature producing transparency 

and high magnetic susceptibility. This processing procedure opens the door for a host of 

new nano-structured REOs with excellent magneto-optical properties. 

 In the end, the goal is to reduce the weight, space, and energy requirements in the 

application of a Faraday rotator element inside a present day Faraday isolator device.  

Improving the qualities of the Faraday rotator element material directly correlates to a 

reduction in either one or both of the applied magnetic field magnitude or length of the 

material required to produce the desired rotation of transmitted linearly polarized light.  
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The reduced weight, space, and energy requirements may also make it applicable in 

communications, data storage, and astronomy (telescopes and spectrometers). 
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Chapter 2: Background 

2.1:  Nano vs. micro grain size and grain boundary volume 

 Typically, particles begin displaying nano-scale effects when their dimensions are 

<100nm.  The reason for this has a geometric basis and can be rationalized by 

considering the number of atoms that are on the particle‟s surface compared to those in 

the volume.  In a spherical crystallite with a cubic lattice, the ratio of surface atoms, Ns, to 

volume atoms, Nv, is given by the relation [7]: 

  
  
 
   
   

 (eq. 2.1.1) 

 

where, s is the density of surface atoms, v is the density of volume atoms, r is the radius 

of the particle.  As an example, for a conceptual face centered cubic (FCC) particle with 

50% {100} and 50% {111} surfaces, Eq. 2.1.1 simplifies to [7]: 

  
  
 
      

 
 (eq. 2.1.2) 

 

Surface effects are typically overshadowed by bulk volume effects with particles 

>100nm.  Yet eq. 2.1.2 demonstrates that as r decreases, the ratio increases.  Therefore in 

nano-sized particles surface effects can become the dominant factor of particle behavior. 

 Polycrystalline materials are considered nano-materials when they have grain 

sizes below 100 nm.  When nano -particles, -clusters, or -powders are densified, then the 

regions between them are little more than .5 – 1.5 nm  [8].  These regions are called grain 
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boundaries.  They are less dense, about 80-90% of the crystallite density.  Together, the 

grain and grain boundary are considered to be a two-phase material [8].   

 Using d to symbolize average grain size (diameter) and  for grain boundary 

thickness, the following relation gives the concentration of grains Cg [8]: 

   (
 

   
)
 

 (eq. 2.1.3) 

 

that of the grain boundary Cgb: 

         (eq. 2.1.4) 

 

 For example, if the average grain size is 25nm and the grain boundary thickness, 

1nm, then the grain boundaries constitute about 11% of the bulk material.  But, if the 

average grain size were 10nm, then the percent of grain boundary constitution rises to 

25% [8].  Therefore, as average grain size gets smaller, the number of interfaces between 

grains improves and the role grain boundaries plays is more significant. 

 

2.2:  Background of materials studied 

2.2.1: Iron Oxide 

 Iron oxide compounds have had significant impacts on human history.  They exist 

in many forms, stoichiometries, and phases.  Originally, iron oxides were valued for their 

mystical magnetic properties and their use as a pigment.  Originating from Magnesia in 

Lydia, Asia Minor, the Greek philosopher Thales reported in 585 BC that pieces of iron 
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ore (magnetite; Fe3O4) had the strange power to attract iron filings.  Ancient Greek 

potters understood that iron fired under oxidizing conditions exhibited a red color 

(hematite, -Fe2O3); while in reducing ones produced black (magnetite, Fe3O4) [9]. 

 There are many known phases of iron oxides.  These phases have varying ratios 

of oxygen and iron atoms and/or atom arrangements within a unit cell.  Examples are: 

alpha (α), beta (β), delta (δ), epsilon (ε), and gamma (γ) having corresponding 

stoichiometries listed in Table 2.2.1.1. The most relevant phases -Fe2O3, -Fe2O3, and 

Fe3O4 are described below.  In the descriptions of the iron oxide projects to follow, these 

phases underwent the following transformations: 

 

       
〈     〉
(  )

    
⇒   

       
〈         〉

(   )

     
   
⇒   

     
〈     〉
(  )

 

 

 In iron oxides, there are iron and oxygen sublattices.  The nearest neighbor of any 

iron atom is an oxygen atom.  Electrons in iron 3d orbitals overlap those in oxygen 2p 

orbitals.  The 2p orbital of oxygen is filled.  As a result the pair of electrons that interact 

with a pair of iron 3d orbitals are negatively coupled.  Therefore the effective 

superexchange coupling between iron atoms is also negative.  The exchange coupling is 

strongest for Fe-O-Fe bond angles close to 180° and weakest close to 90°.  In Fe3O4, for 

tetrahedral (A) sites and octahedral (B) sites, the Fe-O-Fe (AB) bond angle is 125.2°, 

(AA) 79.6°, and (BB) 90° [10].  The large superexchange bond angle between tetrahedral 
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and octahedral sited iron ions describes the antiferromagnetic moment alignment of an 

inverse spinel ferrimagnet. 

 

Fe3O4 

 Fe3O4 has a face centered cubic (FCC) oxygen sublattice with divalent and 

trivalent Fe interstitial ions.    A representation of the lattice structure is given in Figure 

2.2.1.1.  A FCC lattice is comprised of tetra- and octa-hedrons.  Oxygen atoms form the 

vertices of these shapes.  Fe atoms are at the centers of tetra- and octa-hedrons. Trivalent 

Fe atoms (16/unit cell) are evenly divided between tetrahedral and octahedral interstitial 

sites, while divalent Fe atoms (8/unit cell) are only found in octahedral positions.  Fe3O4 

is commonly written in the form: Fe
+3

(Fe
+2

Fe
+3

)O3, following the convention A(B)O 

(A=tetrahedral interstitial site, B=octahedral interstitial site).  Divalent and trivalent Fe 

atoms constitute only 24 out of 96 possible tetrahedral and octahedral interstitial lattice 

sites [11].  If a surface of Fe3O4 terminates along a {111} plane, it will consist of either a 

layer of O (anions) or Fe (cations).  A layer terminating with octahedral Fe atoms will be 

composed of fully occupied and half occupied rows.  The bond length between Fe and O 

tetrahedral and octahedral interstitial sites are 1.87 Å and 2.06 Å respectively [12].  The 

atomic magnetic moments of trivalent iron are aligned antiferromagnetically in 

tetrahedral and octahedral interstitial positions.  Fe3O4 derives its ferrimagnetic (fM) 

behavior from parallel aligned divalent octahedral Fe atoms.  As a result, a unit cell of 8 

subcells has a magnetic moment of 4.1 B[11].  Fe3O4 has grain size dependent magnetic 
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properties that will be discussed in more detail later.  Nano-sized grains of Fe3O4 have 

critical diameters for superparamagnetism, single domain, and multi-domain types. 

 Like any magnetic material, the ordered alignment of Fe magnetic moments is 

disrupted with the addition of thermal energy.  Increasing the temperature of Fe3O4 

further disrupts the ordered alignment of Fe magnetic moments.  A temperature is finally 

reached when all of the Fe atomic magnetic moment directions become completely 

disordered.  This temperature transition is common to all ferro-/ferri- magnetic materials, 

and called the Curie temperature (TC) (see Figure 2.2.1.2).  The Curie temperature of 

Fe3O4 is ~585ºC [13]. 

 

The Verwey Transition (TV) of Fe3O4 

 The Verwey transition marks a change in magnetic properties as a consequence of 

a lattice structure change.  Below the transition temperature, the lattice structure is 

monoclinic, above it, cubic.  Grain size, defect concentration, stoichiometry, and 

stress/strain are all factors that modify the transition temperature.  For single crystal 

Fe3O4 the transition is accepted to take place at ~120K [14].  With the influence of the 

listed factors, the transition can occur between 82-130K [15].  For magnetism, the 

structure change also changes the magnetocrystalline anisotropy constant sign for the 

easy direction for magnetization [16].  The monoclinic easy axis is [100], while for the 

cubic structure, it is [111].  This transition can be seen in an abrupt change in 

magnetization as a function of temperature.  The sharp or shallow nature of the transition 
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depends on grain size distribution.  For Fe3O4, there is a signature change in 

magnetization recorded in a M v. T measurement [17]. 

 

-Fe2O3 

 γ-Fe2O3 shares subtle similarities and differences with Fe3O4.  Like Fe3O4, -

Fe2O3 is ferrimagnetic (fM) with similar critical grain sizes attributed to 

superparamagnetism, single domain, multi domain, and non-uniform surface spin 

structures [18].  Owing to their very similar structure, the tetrahedral and octahedral Fe-O 

bond lengths are nearly identical, 1.86 Å and 2.05 Å respectively [12].  Fe3O4 has an 

oxygen content of approximately 57%, while stoichiometric -Fe2O3 has 60%.  This 

might immediately imply that -Fe2O3 has more oxygen per unit cell, but this is not the 

case.  The higher oxygen content is relative to a decrease in Fe atoms in a unit cell. -

Fe2O3 contains 2.67 fewer Fe atoms per unit cell than Fe3O4[19].   -Fe2O3's higher 

relative oxygen composition makes it more oxidation resistant than Fe3O4.  It is often 

referred to as a cation deficient Fe3O4.  Cation deficiency occurs because of interstitial 

vacancies.  In -Fe2O3, typical interstitial vacancy sites are octahedrally located according 

to the formula Fe8[(Fe4/3[]8/3)12]O32 [20].  In certain circumstances, these vacancies can 

also be tetrahedrally located [12].  The cation deficiency is not enough to change the 

lattice structure from that of Fe3O4.  However, this means that the lattice structure is 

metastable and at elevated temperatures (>300°C), transforms to -Fe2O3. It does not 
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undergo the same thermally induced structural and magnetic transitions found at the 

Verwey transition (Tv) as in Fe3O4.  The Curie temperature of γ-Fe2O3 is ~600ºC [13]. 

 

-Fe2O3 

 -Fe2O3 consists of trivalent iron and oxygen sublattices.  The oxygen sublattice 

takes a hexagonal structure.  Hexagonal iron oxide contains no divalent or tetrahedral 

interstitially located iron ions.  The iron ion sublattice consists of alternating edge and 

face sharing octahedra.  Iron atoms fit in layers parallel to the basal plane in 2 of the 3 

possible octahedral sites [21].  Differing from that of Fe3O4, all iron atoms in -Fe2O3 

have a valence of +3.  The iron atomic magnetic moment orientation exists in two 

thermally activated configurations, parallel to the „c‟ (<~260K) or „a‟ (>~260K) lattice 

directions.  The transition between these two thermally activated (T=~260K) 

configurations is called the Morin transition (TM).  Below the Morin transition, -Fe2O3 

takes an antiferromagnetic character; and weak ferromagnet above it.  Similar to the 

order/disordered alignment of atomic magnetic moment directions in ferro-/ferri- 

magnets, called the Curie temperature; antiferromagnets suffer the same transition from 

order/disordered atomic moment alignment called the Neel temperature (TN). The Neel 

temperature of α-Fe2O3 is ~675ºC [13].  
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The Morin Transition (TM) of α-Fe2O3 

 -Fe2O3 has alternating planes of anti-parallel aligned atomic magnetic moments.  

The direction of these moments is not fixed in one orientation.  Below the transition 

temperature, (~260K), the spins align parallel to the hexagonal (0001) direction.  While 

above, as the magnetocrystalline anisotropy easy axis constant changes from positive to 

negative, the spins are imperfectly aligned parallel to the basal plane.  The term used to 

describe the imperfect, off axis spin direction is called 'canting'.  The spin canted 

structure has a normal component.  That normal component gives -Fe2O3 a weak 

ferromagnetic (WFM) property.  The transition from antiferromagnetic to weak 

ferromagnetism is called the Morin transition.  Like the Verwey transition, the Morin 

transition can take place within a temperature range or completely inhibited because of 

particle shape, crystallinity, or size.  Hunt et al. [16] claims that the Morin transition 

vanished with particle diameters less than 20nm.  Superparamagnetic (<30nm) -Fe2O3 

has a depressed Morin transition, which results in weak ferromagnetic ordering down to 

0K [22].   

 

2.2.2: Rare earth elements and dysprosium oxide (Dy2O3) 

 Rare earth ions (lanthanide group) have atomic numbers 57-71 (La-Lu).  With a 

few exceptions (Sm, Eu, Ce, Tb), most of the rare earths have a 3+ valence.  Every rare 

earth atom has the same electronic structure.  The 5d and 6s orbitals fill up first before the 

4f ones.  The 5d and 6s electrons form bonds with other atoms.  4f electrons are safely 

tucked behind the 5d and 6s orbitals.  The 4f unpaired electrons are where the atomic 
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magnetic moment is generated. This prevents them from being paired with external 

electrons, but also from magnetically coupling with neighboring atoms.  As a result, rare 

earth ions are typically paramagnetic.  Rare earth oxides have five structural polymorphs.  

From Figure 2.2.2.1 [23], rare earth oxides undergo different sequences of phase 

transitions as well as execute phase transitions at different temperatures.  Vertical 

extrapolation from the Dy label on the horizontal axis shows dysprosia (Dy2O3) 

undergoes this sequence of temperature dependent phase changes,  

 

 
〈     〉
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⇒    
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2.3:  Magnetism 

 Within a volume, atoms have nearest, and next nearest neighbors.  Different 

materials have different properties depending on the relation atoms have with their 

closest neighbors.  Atoms on the surface of a volume are missing some of their closest 

neighbors.  As a result, properties that depended on the atomic interaction between 

neighbors are changed.  In terms of magnetism, surface atoms can have misaligned 

atomic moments.  In low surface area to volume ratio bodies, the number of magnetically 

aligned atomic moments in a volume far outnumber misaligned surface atomic moments, 

diminishing their influence.  The ratio of surface to volume atoms plays a role in 

magnetic remanence, saturation, susceptibility, coercivity, and blocking temperature [24]. 
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2.3.1: Atomic sources of magnetism 

Effective atomic magnetic moment 

 The smallest magnetic unit (B), the Bohr magneton, is used to represent the 

magnitude of magnetic force produced by a single unpaired electron in an atom.  The 

total magnetic magnitude of an atom is determined not only by the total number of 

unpaired electrons, but also by the contribution to their moment by electron spin angular 

(S) and/or orbital angular (L) momentum.  For example, the effective atomic magnetic 

moment (eff) of most transition metal ions can be theoretically determined by electron 

spin angular momentum (S) alone. 

     √ (   )   (eq. 2.3.1.1) 

 

n is the number of free electrons.  Those of the rare earth persuasion must also include 

electron orbital momentum (L). Total angular momentum (J) is a function of both S and 

L (J=|L-S| or J=L+S). 

      √ (   )   (eq. 2.3.1.2) 

 

Common in both sets of atoms, the number of free unpaired electrons changes when other 

atoms are chemically bonded to them.  For example, using eq. 2.3.1.1, the effective 

magnetic atomic moments for two valences of manganese (III, IV) are 4.9    and 3.87 

   respectively.   
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Spin & orbital momentum (S,L,J) 

The „g‟ factor in eq. 2.3.1.2is given by: 

    
( (   )   (   )   (   ))

  (   )
 [25](eq. 2.3.1.3) 

 

J, the total magnetic angular momentum is comprised of both the magnetic orbital (L) 

and spin (S) momentums.  Different rules exist for different classes of atoms in the 

periodic table.  For transition metals, atomic magnetic moment is determined by electron 

spin (S) alone; while atoms in the lanthanide (rare earth) group require the combination 

of both electron orbital and spin momentums.  For  atomic numbers (Z) < 65, J=|L-S| and 

for those where Z > 64, J=L+S.  As a result, the greatest contribution to magnetic 

susceptibility will encompass the combined contributions of both orbit and spin 

momentums.  More specifically, those atoms where the sum (Z>64) of both orbit and 

spin determined J will produce materials with the greatest susceptibility ().  Magnetic 

susceptibility of paramagnetic materials is inversely proportional to temperature, 

increasing as T approaches 0K. 

 

2.3.2: Types of magnetism 

 Magnetism comes from the cooperative interaction between atomic moments and 

the energy that is imparted to them.  There are 5 types of magnetism: dia-, para-, ferri-, 

ferro-, and antiferro- magnetism.  Diamagnetism describes a condition of zero net 

moment and is due to a closed outer electron orbital shell [11].  Ionic solids can be 
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diamagnetic if their combination creates a closed outer electron shell [11].  A diamagnet 

obstructs the concentration of magnetic flux[11].  A paramagnet (PM) is a material 

containing atoms with unclosed orbital shells.  Though each atom possesses a directional 

effective atomic magnetic moment (eff), there does not exist short or long range order.  

In the absence of an applied magnetic field, paramagnets contain randomly aligned 

atomic moments.  Under an applied field, the atomic moments are no longer randomly 

oriented; instead they point in the same direction as the applied field.  Therefore, under 

an applied field, paramagnets can have strong net magnetic moments.  Paramagnet 

moments are also highly susceptible to thermal agitation.  An increase in thermal energy 

results in a decrease in magnetic susceptibility.  An inverse susceptibility versus 

temperature plot shows a linear relationship across paramagnetic temperatures. 

 Where diamagnets have zero net moment, and paramagnets have randomly 

oriented moments; ferri-, ferro-, and antiferro-magnets have parallel or antiparallel 

aligned atomic moments.  Like a diamagnet, an antiferromagnet (AFM) has zero net 

magnetic moment, but for a different reason.  Where a zero net moment is due to random 

orientation in paramagnets, it is due to antiparallel arrangement of equal atomic moments 

in antiferromagnets. 

 If an antiparallel arrangement consists of unequal atomic moments, then the sum 

of these moments will result in a nonzero net moment.  A material with this configuration 

is called ferrimagnetic (fM).  An atomic arrangement where all moments are parallel is 

ferromagnetic (FM).  Unlike a paramagnet the moments interact with each other causing 
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magnetization even when the applied field is removed.  Because of this ferromagnets can 

be permanently magnetized.  This is perhaps the most familiar magnetic material type. 

 Magnetic properties are consequently a function of temperature (thermal 

activation), grain size (thermal unblocking), composition, and lattice structure [16].  Even 

a ferromagnetic material will exhibit superparamagnetic behavior below 10nm.   

 

2.3.3: Magnetic properties of materials 

Magnetization (M) 

 Magnetization (M) is the cumulative sum of atomic magnetic moments (a.m.m.) 

that have rotated parallel to an applied magnetic field (H).  A H vs. M plot, called a 

hysteresis curve, is a visual representation of a materials response to a changing applied 

magnetic field (H).  An example of one is shown in Figure 2.3.3.1.  The apparent 

hysteresis curve has a few general forms relative to magnetism type (ferro-/ferri-, 

antiferro-, para- magnetism).  Typically, H vs. M data collection starts with a completely 

demagnetized sample (M=0). 

 For some magnetism types, AFM or PM, this occurs almost naturally.  In AFM, 

every a.m.m. pair are oriented antiparallel, their net moment together is zero.  Therefore 

the net magnetization of an AFM will usually be zero.  Structural defects and material 

properties can lead to initial non-zero magnetization.  In PM materials, the orientation of 

a.m.m. is dictated by thermal activation.  Typically at room temperature, a.m.m. in a PM 

are not cooperatively aligned, but instead are random.  This random orientation produces 
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a net magnetization result equal to 0.  On the other hand FM/fM materials have a.m.m. 

that do cooperatively align.  Groups of them aligned together form magnetic regions 

called domains.  If a FM/fM has been previously magnetized, many of the magnetic 

domains are oriented in the same direction, leading to M≠0.  Demagnetizing (M=0) a 

FM/fM can take two routes: (1) applying an alternating (polarity switching) external 

magnetic field that incrementally decreases in magnitude.  Once H=0 is reached, half of 

the magnetic domains will be oriented antiparallel to the other half.  The end result is a 

magnetization equal to 0; or (2) increase the temperature of the material above its Curie 

temperature in the absence of an applied magnetic field.  The a.m.m. will become 

thermally activated, and approximate the behavior of a PM.  Once the temperature is 

dropped below the Curie point, the a.m.m. will settle into the lowest energy orientation 

possible.  The lowest energy configuration for the whole of the bulk is M=0. 

 Figure 2.3.3.2 represents the increase of magnetization from a demagnetized state 

(M=0) of a typical FM/fM in response to an increasing applied magnetic field (H).  

Generally, the H vs. M response is not linear.  The rise in magnetization can either be 

rapid (dashed red line) or slow (solid red line) with increasing H depending on material 

properties and microstructure.  Grain size distribution, internal and external crystal 

defects, inter-grain magnetic interactions, and inter-phase chemical interactions can affect 

the magnetization of a sample [26].  Ultimately, the magnetization will reach a maximum 

(saturation magnetization (Ms), where the slope of the curve is 0.  The magnetic field 

needed to reach that point is called the saturating field (Hs).  AFM materials behave in a 

largely linear fashion (Figure 2.3.3.3).  The magnetization in an AFM material increases 
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with the increase in canting angle of the pairs of anti-parallel aligned a.m.m.  At times, 

defects, impurities, or microstructure can influence the hysteresis curve from complete 

linearity at low fields.  AFM materials can magnetically saturate, but exceptionally high 

saturating fields (>10T) are required to do so.  A.m.m. in PM materials quickly align with 

the applied magnetic field direction.  These a.m.m. precess about the H direction.  The 

projection of the a.m.m. on the applied magnetic field vector increases as H increases 

(Figure 2.3.3.4). 

 

Susceptibility (χ) 

 Susceptibility (χ) is a function of magnetization and applied field.  The general 

formula for susceptibility is =M/H, where M is the material's magnetization and H is 

applied field.  It is a measure of how easily a sample is magnetized.  Every material has 

susceptibility.  Paramagnetic materials have a positive susceptibility and diamagnetic 

ones are negative [16].  Susceptibility can be seen visually in the slope of a hysteresis (M 

vs. H) curve at certain applied fields.  For instance, the initial susceptibility (init) is the 

slope of the low field magnetization of a sample following a demagnetizing cycle 

(Figure 2.3.3.5).  Ferro- and ferri- magnetic materials have steep positive slopes, while 

weakly ferromagnetic and antiferromagnetic have shallow positive slopes. 

 With the exception of para- and dia- magnetic materials, many other magnetic 

properties are history dependent.  Typical „history‟ follows the applied magnetic field 

magnitude: 0+H-H+H.  The corresponding Figure 2.3.3.1 depicts the material 

property descriptions to follow. 
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Remanent magnetization (Mr) 

 Magnetic remanence (Mr) is the magnetization that remains following the 

reduction of the applied magnetic field from a saturated magnetic (Ms) condition.  Having 

high remanence values is important for use in permanent magnets.  The ratio of magnetic 

remanence to saturation (Mr/Ms) for this type of application is commonly greater than 

0.5.  The point where H=0 for the magnetic hysteresis (magnetization (M) versus 

externally applied magnetic field (H)) of the measured sample is labeled in Figure 

2.3.3.1. 

 

Coercivity (Hc) 

 Coercivity is the magnitude of the external magnetic field applied in an 

antiparallel sense to the external magnetic field direction that initially magnetically 

saturated the material, such that M=0 (see Figure 2.3.3.1).  Unlike saturation 

magnetization or Curie temperature, coercivity can be microstructure dependent.  The 

frontier of atomic magnetic moment reversal is the domain wall.  These domain walls, to 

be explained shortly, propagate through the body of polycrystalline magnetic materials 

and encounter „lapses‟ in crystallographic uniformity.  Grain/phase boundaries, 

impurities, and defects introduce lapses from crystallographic uniformity.  These lapses 

obstruct domain walls because they interrupt the uniformity of atomic moment reversal 

within the wall.  A higher external force (H) is necessary in these cases to push domain 

walls through these obstacles.  These higher externally applied magnetic fields are 

needed to demagnetize a material to the point where M=0, the central definition of 
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coercivity (Hc).  In polycrystalline materials, domain wall obstacles will have higher 

coercivities than those found in single crystals.  Therefore, polycrystalline materials that 

present more/less obstacles relative to the externally applied magnetic field direction will 

express a bulk anisotropic coercivity (Hc).   

 

Exchange Coupling and Exchange Bias (Hex) 

 Exchange coupling between atomic magnetic moments can also take place across 

interfaces such as grain/phase boundaries.  An example is presented schematically in 

Figure 2.3.3.6 with two adjacent grains.  These grains may be of identical or differing 

compositions.  If these grains (white vs. grey) represent compositional components of a 

composite material, then conditions can exist for magnetic interaction between magnetic 

components.  Exchange coupled magnetic components in a composite material creates a 

bulk behavior that is greater than the sum of the individual parts.  Figure 2.3.3.7 

conceptualizes this idea with the hysteresis curves of components (1) and (2) in a 

composite.  By themselves, component (1) has a higher remanence, while component (2) 

has a higher coercivity.  A bulk composite material composed of exchange coupled 

components will behave like a single phase material with the high remanence of one 

component and higher coercivity of the other.  The benefits of the interaction between 

magnetic components of a magnetic composite are evident in the figure of merit (energy 

product, BHmax) of a specific class of magnetic materials (permanent magnets). 

 Under specific temperature and applied magnetic field conditions, exchange 

coupling directions can be „biased‟.  Such that when magnetic reversal is attempted, there 
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is a shift in the measured hysteresis curve (       ).  The relative difference in ±Hc 

is called exchange bias (Hex).  Composites with exchange coupled components that 

exhibit exchange bias can be applied to permanent magnet material development.  

Further information regarding this specific application is contained in appendix A. 

 

2.3.4: Magnetic Domains 

Domain wall nucleation and motion 

 The process of atomic magnetic moment reversal is a cumulative effect of both 

innate material properties (anisotropy) and external forces.  These properties and forces 

predominate over a variance of length scales (Figure 2.3.4.1).  Materials with high 

anisotropy (K1) tend to have high coercivities (Hc) (eq. 2.3.4.1)[27], requiring higher 

activation energies to rotate the atomic magnetic moment from one lattice orientation to 

another.  

   
   
  

 (eq. 2.3.4.1) 
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Figure 2.3.4.2 shows octahedrally interstitial Fe ions in an inverse spinel lattice.  The 

green arrows show two adjacent easy directions.  Atomic magnetic moments can also 

orient themselves at directions intermediate to these “easy” directions.  The number of 

intermediate directions that exist between antiparallel domains is a function of the 

exchange force that is struggling to keep all of the atomic magnetic moments parallel 

with one another.  High exchange energies will therefore favor the smallest relative 

rotation from one atomic magnetic moment to another, hence long transitional spaces.  

The domain wall width (ex) given in eq. 2.3.4.2 [27] shows the interaction between 

atomic exchange stiffness (A) and anisotropy constant (K1). 

    √
 

  
 (eq. 2.3.4.2) 

 

When the size of a grain is on the same order of dimension as that of the transitional 

space (domain wall), the atomic magnetic moments that make up the body of the grain 

will not rotate in small relative directions, but all at once.  A large sum of energy is 

needed to perform whole domain rotation, which equates to a high coercivity value.  

Once the length dimension of a grain is over the width of a domain wall, it may nucleate 

and proceed to travel through the grain.  Figure 2.3.4.3 shows the domain wall having 

settled into an energy minima.  Impurities, defects, and grain boundaries contribute to the 

activation energy needed to move domain walls.  Inhibiting domain wall motion, means 

inhibiting atomic moment rotation which leads to higher coercivity values.  The domain 

wall blowup in Figure 2.3.4.3 shows the domain wall positioned between two reversed 
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domains.  Incremental rotation of atomic magnetic moments occurs within the dimension 

of the domain wall.  The relation of domain wall width and grain size contributes to the 

overall domain state of the grain. 

 Compounds with higher anisotropy constants have narrower (a few atoms thick) 

domain walls.  Narrow domain walls are easy halted with an encounter of an obstacle 

(defect, impurity, or grain boundary).  REFeB (RE = rare earth) permanent magnets 

derive their high coercive values from high anisotropy constants that show increased 

sensitivity to domain wall motion.  The effect results in a hard magnetic quality.  Wider 

domain walls (thousands of atoms) found in materials composed of compounds with 

lower anisotropy constants traverse these small and narrow obstacles more easily. 

 

Domain State 

 There are three basic domain states: single, pseudo-single, and multi domain 

(Figure 2.3.4.4).  If the collective magnetic moments of an entire crystal, particle, or 

grain have the same vector, then that volume is in a single domain state.  Crystals, 

particles, or grains that are smaller than the width of a domain wall will be single domain 

(a).  In grains larger than the width of a domain wall, the magnetic moments will align in 

a manner that minimizes magnetic potential energy.  Closed domains or surface 

terminated domains demagnetize the grain into a minimal energy state.  The 

demagnetizing nature of multi domains gives them a magnetization less than if they were 

all aligned.  In multi domains (c), the net magnetization is usually zero.  In cases where 

domain wall nucleation and movement are inhibited, complete demagnetization does not 
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take place.  This can result in an imbalance of anti-parallel domains within a grain.  The 

imbalance imparts a greater magnetization, called pseudo-single domain (b). 

 

2.4:  Optical Transparency 

 Materials offering high optical transmission are important for many applications.  

The two most important material properties that dictate material transparency are: band 

gap and impurities.  When an electron falls from an excited state, it emits the energy it 

took to reach it.  Typically, only band gaps greater than ~3 eV are required to produce 

emitted energy at visible light wavelengths.  The term, „impurities‟, is used in a general 

sense for anything that can absorb or scatter light.  Examples of these impurities are: 

pores (size and concentration), lattice defects and grain boundaries.  Figure 2.4.1 shows 

the scattering and absorption of wavelengths of light by pores in a polycrystalline 

material. 

 

2.5:  Magneto-optical Faraday effect 

2.5.1: The Faraday effect and magnetic dependencies 

 The magneto-optical Faraday effect [28] is a key property in optics technology. 

All materials have the capacity to rotate polarized light in response to a magnetic field.  

Kerr (1875) and Faraday (1845) explained the rotational effects upon reflection or 

transmission of the polarized light in the laws bearing their names.  Using the Faraday 

effect is the only way known to date to make a practical optical diode/isolator.  Figure 
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2.5.1.1 shows a simple schematic of a Faraday isolator.  The Faraday rotator element is 

positioned between two optical polarizers with a relative angle between them equal to 

45°.  The polarization of any light reflected back to the source has been rotated a relative 

90°.  The initial polarizer effectively blocks the returned light.  The effect refers to the 

rotation of linearly polarized light by a material permeated by an external magnetic field. 

The magnitude of the rotation (f) is given by:  

       (eq. 2.5.1.1) 

 

Where V is a material constant called the Verdet constant, H is the magnetic field, and l is 

the thickness of the material (shown schematically in Figure 2.5.1.2.   The direction (CW 

or CCW) of the rotation of polarized light is relative, between the vector of propagation 

of light and the applied magnetic field (H) (Figure 2.5.1.3).  Incident light (red) 

propagating parallel to H rotates CW to its vector.  Optical feedback (green), now 

antiparallel to H, rotates CCW to the optical feedback vector, which is CW to the incident 

light vector.  Rotation of linearly polarized light in this manner is called non-reciprocal.  

In Faraday effect optical diodes/isolators, V, H, and l are chosen to produce a 45° 

rotation.  This produces the optical feedback blocking demonstrated in Figure 2.5.1.1.  

Materials with larger Verdet (V) constants require smaller applied magnetic field (H) 

and/or shorter length (l). 
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 The Verdet (V) constant is a function of paramagnetic susceptibility (χ) given by 

the relation: 

       
   

  
 [29](eq. 2.5.1.2) 

 

Paramagnetic susceptibility () is related to the „g‟ factor (eq. 2.3.1.3) by: 

  
    (   )  

 

   
 (eq. 2.5.1.3) 

 

Where J is spin orbital momentum, N is the number of magnetic ions per mole, k is the 

Boltzmann constant, B is the Bohr magneton, and T is absolute temperature. 

By substituting the eff in eq. 2.3.1.2 into eq. 2.5.1.3, one gets: 

  (
 

   
)     

  (eq. 2.5.1.4) 

 

2.5.2: Materials used as Faraday elements 

 The most widely used, commercially available optically transparent paramagnet 

employed in Faraday elements in visible wavelengths is a single crystal oxide with the 

composition Tb3Ga5O12, known commonly as terbium gallium garnet (TGG). Terbium 

doped glasses are also often used.  Terbium doped glasses have Verdet constants ~-70 

radT
-1

m
-1

 @ 632.8nm and thermal conductivity ~0.7 Wm
-1

K
-1 

[30].  Although TGG is 

preferred because of its higher Verdet constant (-134 radT
-1

m
-1

 @ 632.8nm) and better 

thermal conductivity (7.4 Wm
-1

K
-1

) [30].  As a Faraday rotator element in an isolator 
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device, laser powers as high as 330W have been used [31].  Below 900nm, absorption in 

TGG increases.  By 532nm, absorption is 30 times greater than that at 1064nm.  The 

absorption edge of TGG is 390nm [31].   

 For higher power configurations, magneto-optical elements with higher thermal 

conductivities and lower absorption coefficients are required.  Yttrium aluminum garnet 

(YAG) has ¼ the absorption of TGG in the near infrared.  And gadolinium gallium garnet 

(GGG) also has low absorption, but within a wider wave range, 300nm to 7,000nm.  

Even though the Verdet constant of GGG is 1/6 that of TGG, its thermal conductivity is 7 

times highe r[31].  Materials for 1064nm operation: TGG, GGG, YAG.  In TGG there are 

24 Tb
3+

 ions per unit volume of 1879.08 Å
3
, giving a volume normalized magnetic 

moment of 0.124 B/Å
3
. 

 Because of their use for protecting laser sources, Faraday isolator devices are 

designed to protect laser sources over a wide range of applications.  Ranging from 

applications for small desktop units (0.5-10 W) (Figure 2.5.2.1 [32]) to those custom 

designed, large applications like LIGO (180W) (Figure 2.5.2.2 [33]). 
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2.6:   Sintering 

2.6.1:  Driving forces of pressureless sintering 

There are two driving forces for sintering: 

 1)  The reduction of total particle surface area by increasing particle size. 

(Coarsening) 

 2)  Replacing solid/vapor interfaces with grain boundaries, proceeded by grain 

growth. (Densification) 

Coarsening is particle growth without the reduction or elimination of porosity.  

Densification on the other hand describes the process of mass transfer mechanisms that 

contribute to pore reduction and elimination.  The relationship between these two 

competing sintering processes is illustrated in Figure 2.6.1.1 [34], which shows the 

relationship between grain size and relative density.  This figure illustrates the effects that 

coarsening only (x), coarsening+densification (y), and densification only (z) has on grain 

size versus relative density.  The line labeled „x‟ shows the predicted increase in grain 

size without the reduction of porosity inherent in coarsening.  Line „z‟ indicates a 

reduction in porosity with little increase in grain size.  It is only when a solid sample has 

reached high densities (>~98%) that increases in grain size commence.  When a 

combination of both coarsening and densification are present, the relationship shown by 

line „y‟ is present. 
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2.6.2:  Grain Growth 

 The attractive force between atoms is stronger as the distance between them gets 

shorter.  The same is true of parallel lattice planes.  The greater distance between 

consecutive, parallel densely packed lattice planes will be weakly bonded versus parallel 

planes of lower packing densities.  Crystal growth by the addition of successive layers of 

lattice planes is therefore expected to occur at a faster rate for layers with stronger 

interlayer bonds.  As these low packing density layers grow, the surface layers of the 

growing crystal are composed of higher packing density layers. 
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Chapter 3: Experimental Procedures 

3.1:  Densification of nanopowder into nanostructured bulk 

 Despite the material system, two common goals exist that stand like field goal 

posts in a football game.  If we can punt an experiment through these two common 

material features, we can advance our position and potentially walk away with a win.  

These two common material features are: (1) full density, and (2) nanostructure.  The 

simplest method to see these two features granted, are through the use of non-

agglomerated nano-crystallite powders.  These nano-powders may be obtained 

commercially or through collaboration with other laboratories.  Starting experiments with 

nano-sized (<100nm) powders yields smaller gaps between particles when initially 

compressed together.  The smaller volume of these gaps, decreases the time and energy 

needed to fill them via diffusion.  Ending up with a nano-structured bulk material with 

our synthesis process most often requires a nano-sized beginning.   

 Our approach for synthesizing bulk materials utilizes a Current Activated Pressure 

Assisted Densification (CAPAD) [1] laboratory apparatus.  High heating rates and short 

processing times are the hallmark qualities that make CAPAD processing of powders 

unique..  A measured quantity of powder (typically 2 grams) to be densified is first 

poured into a die (Figure 3.1.1 (a)).    Non-agglomerated powder is physically „fluffy‟ in 

consistency.  The „fluffy‟ consistency of the powder produces unstable gaps between 

loose clumps of crystallites in the die (Figure 3.1.2 (a)).  To assist the settling of powder, 

the side of the die is repeatedly tapped by hand.  Agitating the powder by repeatedly 

tapping the side of the die assists in filling these gaps.  The uneven powder surface first 
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levels out, and then settles (Figure 3.1.2 (b)).  The die and plunger assembly is composed 

of graphite (Figure 3.1.1 (b)).  This assembly is positioned between a pair of vertically 

oriented liquid cooled copper electrodes within a vacuum chamber (Figure 3.1.3).  The 

vertically aligned copper electrodes that emerge from within the vacuum chamber are 

themselves centered within an Instron 5584 materials testing system load cell (Figure 

3.1.4).  An electric current supplied between the copper electrodes meets some resistance 

when conducted through the graphite die and plunger assembly.  A thermocouple set into 

the die affords the monitoring of the magnitude of joule heating.  The thermocouple 

signal is used by a temperature controller to direct the power supplies providing the 

current to moderate said current to maintain any desired die temperature.  A simultaneous 

application of pressure, courtesy of the load cell, prevents runaway joule heating by 

improving the contact between die/plunger assembly and the liquid cooled copper 

electrodes.  It can also be timed to vary the rate of an applied pressure ramp.  The 

following description of a pertinent experiment further serves to fill in the details of the 

CAPAD process. 

 The typically nano-crystallite powder is poured into a graphite die with a 19mm 

inner diameter.  The die and powder assembly is positioned within the CAPAD custom 

built apparatus.  Under vacuum (10
-2

 torr), the powder is pre-conditioned by cold-

pressing at 71 MPa for 1 minute, then setting the pressure on the powder to 0 MPa.  Cold-

pressing the starting powder this way provides a consistent experimental starting 

condition.  
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 From this point, there are two common densification sequences that are followed.  

Figures 3.1.5 and 3.1.6 express the sequences of events to be described.  Common to 

both is the simultaneous application of both electric current and an increase of pressure at 

the start of the process.  The first pressure limit (pressure 1) that is reached usually takes 

~3 minutes.  In this time, no further increases of current are introduced.  The initial 

current is enough to maintain a “slow” and steady heating rate (~60-100 °C/min).  In the 

single pressure ramp sequence, this first pressure is held constant throughout the duration 

of the experiment.  Once the first pressure is reached, incremental increases in the applied 

current per unit time create an increased heating rate.  For voltage controlled 

experiments, increases of 0.25V/20s. are common; and for current controlled 

experiments, increases of 132A/20s. are typical.  Depending on the need, altering the 

incremental increases in voltage or current has the effect of producing heating rates that 

can be controlled to be anywhere between 200°C/min and 600°C/min.  Once the desired 

temperature is reached, voltage/current is moderated either manually or automatically 

with a temperature controller.  For experiments that require a second pressure ramp, the 

load cell can be instructed to increase the pressure a second time. 

 Once the die and plunger assembly has cooled to room temperature it may be 

removed from the CAPAD chamber, and the sample extracted from the die.  The 

densification process is now complete.  Figure 3.1.7 shows typical bulk sample 

proportions of a completely densified material following the densification procedure. 
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3.2:  Methods for characterizing sample density 

An initial rough estimate of density was made using a simple cylinder volume 

versus mass calculation.  Another method of density measurement was performed using 

the Archimedean method.  For this method, samples are immersed in deionized water.  

The sample was positioned on top of a small tray attached to a digital scale.  Each sample 

was weighed dry and wet.  To keep porous samples from taking in the surrounding liquid 

and thereby distorting the results, each sample was covered with parafilm heat shrink 

material.  In the end, sample weight dry, sample weight wet, phase density, and parafilm 

weight were used to measure overall sample density. 

sample

iron oxide

sample

sample parafilm
parafilm

m

V V

D
D

 



 

(eq. 3.2.1) 

 

Each sample was measured three times, and the values averaged. 

 

3.3:  Methods for characterizing microstructure  

 The densified samples were characterized using a Philips XL30 FEG scanning 

electron microscope.  Fracture surfaces of the sample were imaged to determine the 

morphology and grain size of the samples.   

 Images were loaded into Adobe Photoshop CS3 including a set of plug-ins called 

Fovea Pro version 4 by Reindeer Graphics.  Next, on a separate layer, red lines were 

drawn across the grain.  The chosen path for each line depended on the approximate 
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visibly apparent largest diameter of the grain from grain boundary edge to grain boundary 

edge.  Additionally on another layer, a blue line was drawn along the length scale present 

on the micrograph (Figure 3.3.1).  The length scale was set for the image using Fovea 

Pro's filter IP*Measure Global > Calibrate Magnification.  Following this, the filter 

IP*Measure Features> Measure Regions was applied to the red lined layer.  The Measure 

Regions filter proceeds to measure the length of every line and output the values into a 

comma separated value text file.  The length data could now be used. 

 A custom MATLAB program was written to be a replacement for the previous 

method of characterization.  Images were loaded into the custom program, whereby they 

were loaded into a designed graphical user interface (GUI).  The aspect ratio of the 

original image was not changed when displayed within the GUI.  Next, using a written 

calibration procedure, a line is drawn by the user along the length of the scale bar within 

the image.  The user inputs the scale bar length in units of nanometers.  The custom 

program uses this information to translate lengths in pixels into units of nanometers.  

Using simply keyboard commands and mouse actions, lines are intended to be drawn 

across the longest diameter.  Each drawn line is uniquely identified, registered with both 

a visible number printed on the lines midpoint (Figure 3.3.2) and invisible corresponding 

number maintained within the program‟s database of lines.  Once all of the lines have 

been drawn, the user finishes the analysis by executing a command that creates a comma-

delimited text file containing information for each line drawn.  The comma-delimited text 

file name includes the computed average grain size for that image.  Finally, a screen 

dump captures the image and the user overlaid drawn lines as a jpeg image file for future 
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reference.  The results of this new custom MATLAB program where compared with the 

previous method to guarantee accuracy. 

 

3.4:  Methods of material composition determination 

3.4.1:  Observation of composition by x-ray diffraction 

 Due to the interaction with an x-ray and an atom, the path of the x-ray is changed. 

And the change in direction from the incident path is called diffraction.  As x-rays 

penetrate a material, they diffract off differing atomic layers.  If the incident x-rays are in 

phase and remain in phase after diffraction their coincidence is called constructive 

interference.  If the diffraction results in out of phase x-rays, it destructively interferes 

with adjacent x-rays.  Unique incident angles produce constructively interfered x-rays.  

The relationships between lattice plane distance, x-ray wavelength, and incidence angle 

can be seen in the Bragg Law, first determined by W.L. Bragg: 

2 sinn d   (eq. 3.4.1.1) 

 

  Where d is the planar spacing,  is the wavelength of incident x-rays, and  is the 

angle off the horizontal.   

 Texturing is the preferential crystal growth of specific crystal planes.  A high 

degree of atomic positioning control is usually required to produce it.  As a result, texture 

in a polycrystalline bulk sample is uncommon and is usually a controlled parameter in the 

research of thin films. 
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 Besides the position of a peak with respect to 2θ, the intensity of that peak is 

dependent on five factors.  They are: 

1) Lattice structure 

2) Multiplicity 

3) Lorentz-polarization factor 

4) Absorption 

5) Temperature 

 X-ray absorption and distortion at room temperature are minute enough to 

consider their contribution insignificant.  Polarization is a 2θ dependent factor that‟s 

present because the incident beam is unpolarized.  The polarization factor is combined 

with the Lorentz contribution.  Peak intensity and shape are taken into account with the 

Lorentz factor as a function of θ.  The lattice structure factor (Fhkl) is a ratio between the 

amplitudes of x-rays scattered by atoms in a unit cell versus a single electron.  X-rays 

scattered by atoms are determined by the atomic scattering factor (f).  All atoms with 

identical atomic numbers will have identical atomic scattering factors.  The vector sum of 

atomic scattering factors is the structure factor, expressed [35]: 

0

exp 2 ( )
n N

hkl n n n n

n

F f i hu kv lw




  
 

(eq. 3.4.1.2) 

 

 The multiplicity factor is a scalar that is equal to the number of different planes in 

the same family that will make an equal contribution to diffraction due to their identical 

inter-plane spacing.  It changes depending on the crystal system. For example, in 
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tetragonal crystals the  (001) and (100) planes do not have the same spacing.  Yet in cubic 

{111} and {100} families, multiplicities of each family are 8 and 6 respectively.   

2
2

2

1 cos 2

sin cos
I F p



 

 
  

   

(eq. 3.4.1.3) 

 

 X-ray diffraction profiles of the densified iron oxide samples and initial powders 

were captured using a Bruker D8 Advance diffractometer.  For powdered samples, the 

powder was placed on a zero background plate.  To measure smaller amounts of powder, 

a second method was used.  Approximately 1cm x 1cm square was etched out of a 

microscope slide.  Powder was inserted into the etched square and pressed flat with 

another microscope slide.  Pressing the powder produced both a flat surface for improved 

x-ray diffraction reception by the detector and increasing the powder density slightly to 

improve the x-ray intensity to noise ratio. 

 Once the raw data was collected, it was compared with material composition 

standards.  These standards were downloaded from the Inorganic Crystal Structure 

Database (ICSD) [36].  ICSD is copyright by the National Institute of Standards and 

Technology (NIST). 

 To determine composition, Powdercell v2.4 software was used.  Powdercell 

undergoes an iterative process of increasing and reducing peak heights and peak shifts 

from the standard to the raw data.  It can use least squares fit analysis using Lorentzian, 

Gaussian, and pseudo-Voigt functions for peak profile modeling.  Due to trial and error, 
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instructing Powdercell to use a “pseudo-voigt1” refinement gave the most consistent 

results when contrasted to the XRD profiles. 

 

3.4.2:  Interplanar angles within the hexagonal crystal system 

 Equation 3.4.2.1 [37] calculates the angle () between two hexagonal lattice 

planes (h1,k1,l1) and (h2,k2,l2). 
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 (eq. 3.4.2.1) 

 

Where a and c are the lattice parameters of a hexagonal crystal system. 

 

3.5:  Evidence of preferred orientation 

3.5.1:  Observation of preferred orientation by scanning electron microscopy 

 A scanning electron microscope (SEM) does not have the magnification power 

necessary to see lattice directions, a transmission electron microscope (TEM) is needed.  

Under some growth conditions, a scanning electron micrograph can provide the 

microstructure morphology information necessary to infer preferred orientation.  Though 

not conclusive in and of itself, it provides a convincing visual aid supplementing the 

more definitive approaches for proper determination of lattice orientation.   
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3.5.2:  Observation of preferred orientation by x-ray diffraction 

 Figure 3.5.2.1 represents x-ray diffraction of a single crystal in a theta-theta 

diffractometer.  In a theta-theta diffractometer, the sample remains stationary and both 

the x-ray source and detector rotate about a fixed point (sample position).  By simple 

geometry, x-rays diffracted by a plane family are at a maximum when both the angle 

bisector of the incident and diffracted x-rays and the normal to the diffraction plane are 

collinear.  Figure 3.5.2.2 shows a plane family with the plane normal non-collinear with 

the angle bisector of the incident and diffracted x-rays.  This configuration does not meet 

the geometrical conditions for constructive interference, and diffracted x-rays will not be 

recorded by the detector.  The configurations described by the previous two figures 

explain why polycrystalline materials with preferred orientation are represented by XRD 

spectra with peaks having increased/decreased peak intensities relative to randomly 

ordered polycrystalline ones.  Randomly ordered polycrystalline materials will have XRD 

spectra as shown in (Figure 3.5.2.3).  According to eq. 3.5.3, the recorded peak intensity 

(I) is directly related to the plane family multiplicity (p), Ip.  In general, plane families 

with higher symmetry (higher multiplicity) will generate higher relative peak intensities.   

 

3.6:  Procedures for magnetically characterizing materials 

 A superconducting quantum interference device (SQUID) was used for magnetic 

characterization.  The Quantum Design XL MPMS permits temperature measurement 

between 1.9K-400K, and a maximum applied field of ±7 Tesla.  Using the reciprocating 

sample option (RSO) sample transport, the magnetization absolute sensitivity is 1 x 10
-8

 



44 

 

emu @ 2,500 Oe.  The change in magnetic moment could be measured against 

temperature and applied field.  Measurements that were done included temperature as the 

independent variable and magnetic moment the dependent one.  To characterize each 

densified sample, field cooling (FC), zero field cooling (ZFC), and hysteresis were 

measured.  Each procedure included different timings of applied field, temperature, and 

magnetic measurement.  Material magnetization (M) can be measured as a response to 

temperature (T) and/or an externally applied magnetic field (H).  Holding H constant and 

varying temperature in a specific sequence produces FC and ZFC curves.  Inversely, 

holding T constant and varying H provides magnetic hysteresis behavior. 

 Samples for measurement were prepared from the densified bulk.  Pieces were 

broken from the main body of the bulk.  The piece was inserted into a clear plastic straw.  

The diameter of the straw matches perfectly with the sample insertion probe for the DC 

and RSO magnetization measurements.  Sample preparation for MPMS measurement is 

illustrated in Figure 3.6.1.  Before each measurement took place, the inserted sample was 

centered within the superconducting coil array. 

 

3.6.1:  Magnetization (M) versus temperature (T) 

 The MPMS can measure magnetization as a function of temperature and constant 

applied magnetic field (H) as mentioned previously.  Figure 3.6.1.1 and 3.6.1.2 present 

typical M v. T sequences for FC and ZFC.  Note the difference in timing of the applied 

magnetic field (H) and the timing of the data recording.  FC attempts to measure 

magnetization (M) from a magnetically saturated state and determine the effects of 
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temperature, from high (300K) to low (2K).  ZFC begins from a demagnetized state at 

high temperature and cools the sample under zero applied magnetic field.  The idea is to 

let thermally activated moment rotations to orient themselves in the least energy costly 

position possible.  Then, from this state, apply a magnetic field and warm the sample 

from low temperature.  Then the effect that thermal activation plays in magnetization will 

be fundamentally displayed.  Figure 3.6.1.3 shows example data of FC/ZFC curves of 

8nm -Fe2O3 densified at 900°C subjected to an applied magnetic field of 100 Oe.  As 

can be seen, the temperature dependence of magnetization is radically different regarding 

the application of a magnetic field relative to the cooling or warming of a magnetic 

sample. 

 

3.6.2:  Magnetization (M) versus externally applied magnetic field (H) 

 Another measure of the magnetic properties of a material is to test the material‟s 

magnetic response (M) to an externally applied magnetic field (H), while holding 

temperature (T) constant.  Figure 3.6.2.1 shows a typical application of an M v. H 

sequence, in similar fashion to that demonstrated for M v. T previously.  Starting from a 

demagnetized state, the magnetic sample being tested is subjected to incremental 

application of changing external magnetic field.  The sequence follows the progression of 

H from: 0 Oe  +H  -H  +H.  From 0 Oe  +H, the M v. H curve is called the 

initial magnetization.  Following this, +H -H  +H represents the upper and lower 

hysteresis curves that complete the characterization of the magnetic material‟s response 

to externally applied magnetic fields.  Figure 3.6.2.2 uses the same illustration used in 
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the previous figure overlaid with the labels of magnetic properties: Xinit, Ms, Mr, BHmax, 

±Hc, and Hex.  Hysteresis figures are usually broken into 4 quadrants.  Referring back to 

Figure 2.3.3.1 shows how the sequence represented in Figure 3.6.2.2 translates to a 

graphic representation of M v. H (hysteresis). 
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Chapter 4: Magnetic exchange coupled nano-composites 
 

 -Fe2O3 nanopowder (8nm and 40nm average crystallite size (ACS)) were 

obtained commercially from Alfa Aesar.  Figure 4.1.1 (a) shows XRD of the starting 

powders confirmed to be -Fe2O3 composition.  The difference in peak widths between 

the 8nm and 40nm powders is notable.  The wider peak widths in the 8nm XRD spectra 

indicate average crystallite sizes smaller than the 40nm spectra.  Part (b) of Figure 4.1.1 

contains scanning electron micrographs of the 8nm and 40nm -Fe2O3 nanopowders.  

Obtaining clear crystallite features were difficult in the 8nm ACS powder.  The small 

purported crystallite size, non-conductive nature of the material (-Fe2O3), and the 

agglomerated condition of the powder contributed to the imaging difficulties.  The larger, 

non-agglomerated nature of the 40nm ACS powder made scanning electron micrograph 

imaging of crystallite features clearer (Figure 4.1.1 (b)).   

 

4.1:  Procedures  

4.1.1: Densification 

 The CAPAD technique described in chapter 3 was used to consolidate both 8nm 

and 40nm -Fe2O3 powders.  The powder is loaded into the die/plunger assembly as 

described in chapter 3 and illustrated in Figure 3.1.1.  The powder was subjected to one 

pressure ramp (106 MPa) and variations in densification temperature (300ºC-900ºC) over 

a time period of 500s.  The timing and sequencing of these parameters are shown 

schematically in Figure 3.1.5.  From the start of the densification procedure, the pressure 
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increased at 35.3MPa/min from 0 MPa to 106 MPa in 3 minutes.  During the initial 3 

minutes, 0.25V increases every 20 seconds produced a temperature rate increase between 

~60-100ºC/min.  Starting temperatures were routinely <50ºC. 

 

4.1.2: Magnetic characterization 

 Magnetic measurements were conducted in a field-cooled (FC) environment by 

heating the samples to 350K, subjecting them to an applied field of 1T, and cooling them 

to the target measuring temperature.  To avoid the training effects associated with 

exchange bias materials, magnetic measurements at each measured temperature were 

separated by alternating field demagnetization (500 Oe) at 350K. 

 

4.2:   Results 

4.2.1: Density 

 The results of the Archimedean method are shown in Figure 4.2.1.1 for both 8nm 

and 40nm derived ones.  8nm samples also increased in density when the processing 

temperature was increased from 500°C to a maximum at 800°C.  Thus the increase was 

more gradual with only one temperature were a decrease had taken place, 625°C.  In 

40nm samples, density increases from 300°C and reached a maximum of ~95% at 700°C.  

There are two instances where the rise in density was disturbed.  A sharp decrease in 

density took place at two temperatures, 500°C and 600°C. 
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4.2.2: Composition 

 The series of iron oxide transformations can be easily seen with a phase 

composition analysis of the XRD data.  Individual XRD profiles for and -Fe2O3 

(hexagonal), -Fe2O3 (cubic), and Fe3O4 (cubic) are displayed in Figure 4.2.2.1.  Figures 

4.2.2.2 and 4.2.2.3 are waterfall plots of XRD profiles of samples processed at different 

temperatures from 8 nm and 40 nm powder respectively.  A profile of the original powder 

is also plotted for comparison.  These XRD profiles of 8nm and 40nm densified samples 

show the emergence and disappearance of iron oxide polymorphs.  For 40nm at 300°C, 

the major peak of -Fe2O3 is emergent indicating the process of transition from -Fe2O3 

phase to -Fe2O3 has started.  By 500°C, the process of transformation appears to be 

complete with the disappearance of -Fe2O3 peaks.  At 625°C, the re-emergence of Fe3O4 

Bragg peaks appears at 30.1°.  Subsequent increases of densification temperature result in 

a reduction of intensity of -Fe2O3 (hexagonal) symmetry peaks and the increase of 

Fe3O4 (cubic). 

 The results of the XRD profile analysis with Powdercell can be seen in Figure 

4.2.2.4.  Comparison of composition shows that 8nm densified samples appear to 

undergo the -Fe2O3 (hexagonal) to Fe3O4 (cubic) transition at 25°C lower than 40nm 

densified samples.  For 8nm and 40nm, at temperatures of 750°C and 900°C respectively, 

≥90% transformation to cubic phase was complete. 
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4.2.3: Microstructure characteristics 

 Observations of the SEM micrographs reveal that there are differences that exist 

between materials densified from 8nm and 40nm powders.  Within each set, changes in 

grain size can be seen with processing temperature.  Additionally, samples densified in 

low temperatures show more porosity.  SEM images shown in Figure 4.2.3.1 (a-j) 

demonstrate the visible differences in grain size between 40nm derived samples (a-e) and 

those from 8nm derived samples (f-j). 

 At a given temperature, the grain sizes of the 40nm derived samples are larger 

than those processed from 8nm powder.  The grain size distribution is also different.  

Interestingly from Figure 4.2.3.1 we can verify the existence of clusters of sub-50nm 

grains within the entire experimental temperature range of 8nm derived samples.  

Clusters of sub-50nm grains appear to be distributed at random throughout. 

 Image analysis of SEM micrographs confirms grain size generally increases with 

increasing densification temperature.  The results of the image analysis are shown in 

Figure 4.2.3.2 (a-e) for 40nm derived samples and Figure 4.2.3.3 (a-e) for 8nm derived 

samples as a size distribution.  Figure 4.2.3.3 (e) shows there are a good representation 

of grains <50nm for 8nm at 900°C.  Whereas for 40nm at 900°C, the representation of 

grains <100nm is virtually nonexistent (see Figure 4.2.3.2 (e)).  All of the grain size 

characterizations are best summarized in Figure 4.2.3.4.  As shown, a smaller starting 

powder crystallite (8nm) resulted in smaller average grain sizes than larger ones (40nm) 

at comparable temperatures.  As a result, many more 8nm samples produced average 

grain sizes less than 100nm. 
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4.2.4: Evidence of exchange coupling 

 When examining the hysteresis curves of the samples, it becomes apparent that 

the hysteresis loops were shifted horizontally in the negative direction.  The shift is 

evidence of magnetic coupling between grains of different magnetic structure.  A term 

most commonly used for this type of magnetic exchange coupling is exchange bias (Hex).  

Figure 4.2.4.1 shows two pairs of samples for both 8nm and 40nm samples with 

comparable compositions (-Fe2O3(AFM):Fe3O4(fM)). 8nm derived samples have larger 

exchange bias values than those processed from 40nm powder.   

 

4.3:  Discussion 

 Nanocomposites are normally made with the combination of two or more 

separately synthesized materials.  Fine, nanometric control over composition and 

distribution of component materials in a nanocomposite are possible, but usually not 

without a significant amount of effort.  In this work, magnetic nanocomposites have been 

fabricated utilizing the metastability of -Fe2O3.  Changes in composition and grain size 

are reflected in differing magnetic properties.  The first of these affected properties 

centers around temperature dependent magnetic transitions.  If magnetic properties were 

due solely to bulk composition, one would expect one set of expected results for a 100% 

volume fraction antiferromagnetic material and another set of results for a 100% volume 

fraction of ferrimagnetic materials.   
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Where PC is the composite property, XA and XB the volume fractions of components A 

and B, PA and PB representing the properties of components A and B. 

   (  )(  )  (  )(  ) (eq. 4.3.1) 

 

 High temperature processing of the nanopowders transformed the metastable -

Fe2O3 during densification to a more energetically stable polymorph, -Fe2O3.  The x-ray 

diffraction results (Figure 4.2.2.4) provide evidence of this transformation.  Fe3O is also 

evident in the XRD results.  An oxygen reduced -Fe2O3 or -Fe2O3 produces Fe3O4; an 

iron oxide with cubic symmetry, but with a lower oxygen ratio.  Graphite at high 

temperatures is known to be highly reducing in the CAPAD process. Therefore the 

graphite die used in processing of our materials is responsible for the phase transition 

seen in the XRD waterfall plot taking place at experimental temperatures >600°C in both 

8nm derived and 40nm derived samples (see Figure 4.2.2.2 and Figure 4.2.2.3). 

 

Evidence of magnetic coupling and exchange bias 

 -Fe2O3 and -Fe2O3/Fe3O4 share a topotactic interface along the (111) plane.  

Our nanocomposites contain multiple magnetic phases with very small grain sizes and 

therefore a particularly high concentration of interfaces.  Interfaces where one side 

composed of -Fe2O3 (AFM) borders that of Fe3O4 (fM) suggests the possibility of 

exchange coupling between them.  A sign of exchange coupling, called exchange bias 

(Hex), is witnessed in horizontally shifted hysteresis loops.  Examination of the hysteresis 
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curves of 8nm and 40nm samples reveals that the curves are shifted toward negative 

fields i.e. exchange coupling is indeed present.  The degree of exchange bias can be 

characterized by the exchange field, Hex.  Figure 4.2.4.1 plot the Hex versus measurement 

temperature for samples processed at different temperatures.  Exchange bias is typically 

seen in thin films and nanopowders.  It should be noted that the values of Hex reported 

here are not as high as those found in thin films at low temperatures.  However they are 

comparable to advanced film materials at room temperature [38]. 

 The accepted model for exchange bias [39] is that of an antiferromagnetic (AFM) 

phase pinning the ferrimagnetic (fM) moments at the interface requiring a higher field to 

reverse magnetization and therefore shifting the hysteresis loops.  Exchange bias is seen 

mostly in materials with nanometer length scales.  This explains why typical composite 

materials (that have micrometer sized grains) do not have exchange coupling effects.  It 

also explains why the Hex of 40nm derived samples tends to be lower than those of the 

8nm derived samples.  8nm samples having significantly smaller grain sizes simply have 

more AFM/fM interfaces in a given volume. 

 Differences in Hex of the samples densified at different temperatures can be 

rationalized by considering the conditions necessary for a strong coupling.  Ideally, the 

AFM material is relatively thick compared to the fM one.  In this situation, the AFM 

structure is well established and the FM layer can be easily affected.  Thus not only is a 

conducive ratio of AFM/fM phases necessary, but they should be of a proper thickness.  

From grain size measurements and composition analysis it is evident that the composition 

of both grain size and composition varies with processing temperature.  The highest Hex 
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measured in this work was for a 8nm derived sample processed at 650°C, while for 40nm 

samples it was 675°C.  These samples must have the most conducive combination of 

AFM/FM ratio and thickness. 

 Analysis of the bulk magnetic domain state using a Day plot (see Figure 4.3.1) of 

the 8nm 650°C sample also showed it had the highest SD/SPM behavior below 131K and 

PSD behavior above it.  It is reasonable to conclude that 650°C displayed the highest 

exchange bias due to the 80/20 ratio of -Fe2O3 to Fe3O4.  In experiments with 40nm 

densified samples, 675°C showed the highest exchange bias.  Though lacking the SPM 

domain state (see Figure 4.3.1) the 8nm 650°C sample showed, compared to other 40nm 

samples, the 675°C 40nm sample had SD and PSD behaviors respectively below and 

above 101K.  2K hysteresis measurements were not conducted for 40nm samples, so any 

conclusions concerning low temperature exchange bias cannot be surmised.   

 Typical exchange bias behavior in other materials shows high values at low 

temperature that decreases with an increase in temperature.  By contrast, both 8nm 

derived and 40nm derived samples have exchange bias values that increase as room 

temperature is approached.  This discrepancy with other results is likely due to the more 

complex structure of the oxide phases in this study.  While a precise model for this 

temperature dependence is not known at this time, it is suggested that the Morin 

transition plays a key role.  The rearrangement of moments of -Fe2O3 at temperatures 

higher than the Morin transition (~260K) are more conducive than below the TM yielding 

higher exchange fields. 
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Chapter 5: Magnetically anisotropic nano-composites 
  

 In contrast to the first project in chapter 4 which used -Fe2O3 nano-powder,-

Fe2O3 powder provided by Prof. O. Graeve at Alfred University was densified.  X-ray 

diffraction of the starting powder in Figure 5.1 is compared alongside x-ray diffraction 

spectra for -Fe2O3 from the ICSD database (ICSD 24004).  Peak location and intensity 

matches closely with the powder crystallographic spectra for hexagonal -Fe2O3 (ICSD 

24004).  One difference between the two datasets are in the relative intensities of the 

(104) and (110) peaks.  Figure 5.2 shows how the powder was first prepared for XRD 

characterization (a), and the comparison between both the recorded spectra and ICSD 

24004 between 32º-37º (b).  The difference between them in the range 2=32º-37º shows 

a contrast between the relative intensities of the (104) and (110) peaks.  In the powder 

spectra, the 100% peak is the (110) plane, whereas in the ICSD standard 24004, it 

represents about 70% intensity.  Figure 5.3 is an SEM micrograph of a high aspect ratio 

powder of -Fe2O3.  It looks to be composed of thin rectangular plates that are “nano” in 

scale, and thin enough to be electron transparent at 30kV.  The unequal rectangular 

dimensions of the individual crystallites will be referred to as “high-aspect ratio”.  Table 

5.1.1 shows the average powder particle dimensions for the short and long axis, followed 

by the corresponding long/short axis ratio. 
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5.1:  Procedures 

5.1.1: Densification 

 A similar synthesis procedure as outlined in section 3.1 was followed.  Agitation 

of the powder by repeated tapping the side of the die had added significance, to be 

described later.  For these experiments, there was only one pressure ramp (Figure 3.1.5). 

Total experiment times varied from 400s. to 600s.  Longer experimental times were 

normally necessary for higher temperature experiments.  Once maximum target 

temperature was reached, the temperature was held between 2-3 minutes before cooling 

commenced through the cessation of current through the CAPAD instrument (as 

illustrated in Figure 3.1.3).  The experimental parameters for the experiments are 

provided in Table 5.1.1.1.  Four samples were made from four target temperatures: 

600°C, 800°C, 900°C, 1000°C.  Each sample will be referred to by the following naming 

convention: “IO-<processing temperature>” (ex. “IO-600C”). 

 

5.1.2: Magnetic Characterization 

 Magnetic characterization was performed under two conditions, the externally 

applied magnetic field (H) either: 1) parallel, or 2) perpendicular to the applied load (P) 

direction in the CAPAD.  Figure 5.1.2.1 shows the applied load direction (P) supplied by 

the CAPAD oriented perpendicular to the circular „face‟ of the coin-shaped sample.  It 

also illustrates H applied parallel to P, and H applied perpendicular to P for measuring 

magnetic anisotropy. 
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 Samples were magnetically characterized utilizing the M v. T and M v. H 

sequence examples described in section 3.6 under experimental procedures of magnetic 

characterization. 

 

5.2:  Results 

5.2.1: Density 

 It is expected for relative density of a sample produced by CAPAD to increase 

with increasing densification temperature.  Measurement of relative density for samples 

IO-600C, IO-800C, IO-900C, and IO-1000C are shown in Figure 5.2.1.1.  The relative 

density values were measured using the weight and geometry of the finished sample and 

compared to the density of -Fe2O3 (5.26 g/cm
3
).   

5.2.2: Composition 

 Figure 5.2.2.1 shows four XRD spectra of the „face‟ surfaces of IO-600C, IO-

800C, IO-900C, and IO-1000C.  The peak intensities for all samples were normalized 

against the maximum intensity of the 100% measured peak.  Samples densified at these 

four different temperatures all show peaks that coincide with that of -Fe2O3, but with 

variations in intensities when compared with that of the standard (ICSD 24004).  For IO-

600C, peaks are centered on -Fe2O3 positions.  In IO-800C, there has been significant 

growth in the intensity of the (006) basal plane as well as the (10_10).   IO-900C peaks 

are also -Fe2O3 aligned but show further preferred orientation at (006) and (10.10) 

planes.  For IO-1000C, though diminutive in magnitude in Figure 5.2.2.1, the (006) 
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plane is clearly disproportional to all others.  The normally 100% peak (104) of -Fe2O3 

is close to 10% of the (006) plane.  

 

5.2.3: Microstructure Characteristics 

 SEM micrographs of IO-600C, IO-800C, IO-900C, IO-1000C are presented in 

Figures 5.2.3.1, 5.2.3.2, and 5.2.3.3, and 5.2.3.4 respectively.  IO-600C, IO-800C, IO-

900C micrographs are displayed with identical magnifications (80,000x).  The grain sizes 

shown for IO-1000C were large enough to require a relatively low magnification 

(10,000x) to view them.  This made the capturing of a micrograph at the same 

magnification as the others (80,000x) not optimal. Some of the grains look elongated in a 

micrograph of IO-600C (Figure 5.2.3.1), the apparent low density of the sample makes 

determination of the long axis order difficult to determine.  IO-800C,IO-900C, and IO-

1000C by contrast give clear visual indications of high aspect ratio grains.  By 

comparison, Figure 5.2.3.5 and 5.2.3.6, show 900°C micrographs for both 8nm and 

40nm -Fe2O3 densified equiaxial powders.  These micrographs do not show the same 

grain morphology and order as those of the densified -Fe2O3 powder. 

 Grain size characterization of SEM micrographs produced the results in Figure 

5.2.3.7.  Both short and long axis dimension increase slightly with an increase of 

densification temperature until 1000°C; at which point the dimensions increase by more 

than one order of magnitude.  From 600°C to 900°C, the relative ratio of long/short grain 

axis remains unchanged at ~3.0.  At 1000°C, the long axis growth begins to outrace that 

of the short, bringing the relative ratio up to a little over 4.0. 
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   The (104) lattice plane is the most significant peak in the ICSD 24004 powder 

diffraction profile.  For this reason, the peak intensities of all other planes were 

normalized to the (104) for each sample temperature, for example: I(hkl)/I(104).  Unity 

represents the intensity of the (104) lattice plane.  Values below 1 represent peak 

intensities smaller than the (104) lattice plane intensity.  Values above 1 represent peak 

intensities higher than the (104).  Figure 5.2.3.8 plots the relative peak intensities of 

samples densified at different temperatures versus each lattice plane‟s degree angle 

deviation from the hexagonal basal plane (006) of -Fe2O3.  The deviation angle from the 

basal (006) plane was calculated using eq. 3.4.2.1.  Since the (104) is the 100% peak in 

powder diffraction spectra, almost all of the lattice planes represented for each 

densification temperature appear as fractional values (<1).  The reference powder pattern 

for -Fe2O3 (ICSD 24004) is also plotted for comparison.  These reference points are 

represented by open black squares.  The data in Figure 5.2.3.8 show that the basal (006) 

plane and others within ~42º of it ((10_10), (018), (116)) having relative peak intensities 

greater than those present  in powder diffraction spectra (ICSD 24004).  As densification 

temperature of the samples increases, so does the relative intensity.  For IO-1000C, both 

the (006) basal and (10_10) planes display relative peak intensities many times higher 

than the (104) plane, 8.3 and 1.8 respectively.  Also in Figure 5.2.3.8, lattice planes with 

angle divergence from the basal (006) plane greater than 45º showed decreases in peak 

intensity as compared to powder diffraction spectra. As processing temperatures rise from 

600ºC, relative peak intensities of those lattice planes fall.  Some of the lattice planes 

with divergence angles greater than 45º were: (012), (113), (214), (110), and (300). 
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 IO-800C was characterized by XRD in along two orthogonal surfaces, the top 

„face‟ surface and the cross section of the samples.  The results of these two scans are 

aligned vertically in Figure 5.2.3.9.  The blue spectra at the top of Figure 5.2.3.9 was 

taken coplanar with the top „face‟ surface of the sample.  The purple spectra at the 

bottom, was taken along the cross section. 

 

5.2.4: Magnetic anisotropy 

 In order to quantify possible magnetic anisotropy in processed oxides, magnetic 

properties were measured along different directions.  One piece from each sample was 

extracted, and then carefully mounted for magnetic characterization.  The sample was 

removed after the first measurement, re-oriented and re-measured.  These two 

measurements per sample changed the relative direction of the externally applied 

magnetic field (H) either parallel or perpendicular to the applied load direction (P) of the 

sample.  Orientation of the sample within the MPMS straw sample holder was gauged by 

visual inspection, thus, it is estimated that the two orientations, 0° (parallel) and 90° 

(perpendicular) to the applied load direction (P) varied by little more than ± 10°.  The M 

v. H data that was collected for the samples shows starkly contrasting behavior.  These 

results are found in Figure 5.2.4.1, 5.2.4.2, 5.2.4.3, and 5.2.4.4, representing samples IO-

600C, IO-800C, IO-900C, and IO-1000C respectively.  The perpendicular aligned piece 

of IO-600C demonstrates a comparatively linear response to an applied magnetic field 

relative to the parallel aligned one.  Though the slope of the perpendicular one is 

shallower than the parallel, it exhibits a greater horizontally shifted hysteresis indicative 
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of exchange coupling.  The parallel oriented piece of IO-600C has a hysteresis that is 

more open than the perpendicular, presenting higher coercivity (Hc) and remanence 

values (Mr).  Matching the discovery of exchange coupling present in the perpendicular 

aligned piece, the parallel one shows an apparent magnetic field induced magnetic 

transition at ~ ±8,000 Oe.  At 800°C, at low fields, the slope is steep for the parallel 

orientation versus the perpendicular.  The slopes of both hysteresis curves above 0.5 

Tesla, exhibit a non-magnetically saturated state.  Between the two hysteresis curves, 

another significant difference is the starkly different open and closed nature of the curves.  

The parallel hysteresis orientation is extremely narrow, with both the upper and lower 

hysteresis arms almost on top of one another from -2T to +2T.  For perpendicular 

orientation of H to the applied load direction, the hysteresis curve does not close until 

~±1.5T.  At 900°C, the low field slope of the perpendicular piece ascends rapidly.  The 

slope that follows into high fields is nonzero.  In contrast, the parallel IO-900C piece is 

open at low fields and closed at higher ones.  The result is an increase in coercivity of the 

parallel over the perpendicular oriented piece.  Similar to the perpendicular, the parallel 

also shows the same non zero slope at high fields.  For IO-1000C, the parallel orientation 

produces lower coercivity (Hc) values while the perpendicular has higher remanence 

(Mr).  The saturation magnetization (Ms) of the perpendicular orientation is 

approximately 3x that of the parallel.  There is also a difference by a factor of 2.7 in the 

remanent magnetization (Mr) between samples prepared where both were positioned 

parallel to the applied magnetic field (H). 
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5.3:  Discussion 

 Take the case of a uniaxial applied external load on a non-spherical particle.  The 

external load applies a force and torque on each particle.  Assuming an initial random 

particle orientation relative to the uniaxial load direction, translation and rotation of the 

non-spherical particle minimizes surface force and torque.  If free to move and rotate 

(low volume density), non-spherical particles will orient themselves with their long axes 

perpendicular to the applied load direction.  The initial compression of the plungers by 

hand; followed by the pre-pressing of the powder in the CAPAD initiates the long axes 

alignment of non-spherical particles perpendicular to the uniaxial load direction.  The 

starting powder was confirmed to be -Fe2O3 in composition with short/long axis 

crystallite dimensions of 50nm and 215nm respectively (long:short – 4.3:1).   

 Figure 5.3.1 shows the result of the importance of the powder loading sequence 

described in chapter 3.  Part (a) of the figure shows the XRD spectra of -Fe2O3 powder 

that has been poured then pressed.  The resulting compact produced a XRD spectra 

different in peak intensity than one in which the powder had been agitated prior to 

pressing (b).  The relative peak intensities between XRD spectra of the non-agitated 

powder (a) with the ICSD 24004 spectra (c) appear qualitatively equal.  When the 

powder is agitated, the intensity of the (110) peak decreases.  The relative reduction of 

intensity of the (110) peak indicates a reduction in the preference of this plane in the 

pressed compact of agitated powder.  XRD spectra of agitated/non-agitated powder, 

powder diffraction of ICSD 24004, and IO-600C are presented in Figure 5.3.2.  Part (a) 

shows the proposed powder long axis crystallite orientation within the die.  The basis for 
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this proposition lies with the similarity between the two highest intensity XRD peaks 

((104), (110)) of -Fe2O3.  A horizontal dashed line is drawn from the (110) peak of the 

powder compact, across to the XRD spectra of both ICSD 24004 and of IO-600C. Non-

agitated powder exhibits qualitatively similar peak ratios with a randomly ordered 

powder diffraction pattern as exemplified by ICSD 24004.  In contrast, part (b) illustrates 

the effect agitation of the high aspect ratio powder has on the ordering of the long axis of 

the high aspect ratio powder crystallites.  The affect that crystallite ordering has can be 

seen in the reduced peak intensity of the (110) peak.  The reduced (110) peak intensity in 

agitated powder compacts more closely resembles the intensity ratios between (104) and 

(110) peaks in lower temperature densified sample (ex. IO-600C).  Figure 5.3.2 

demonstrates the important role that powder preparation has on the resulting preferred 

orientation of the densified products.  Having both high aspect ratio crystallite powder 

and agitation of the powder prior to the prepressing step of the densification process is a 

method for producing ordered microstructures in CAPAD processing.  The preferred 

orientation present in the agitated powder compact closely imitates the preferred 

orientation in the IO-600C.  Continued evolution of relative peak intensities were evident 

with increases in densification temperature above 600ºC. 

 Beginning with the lowest densification temperature (600°C), Figure 5.2.3.8 

showed each sample had the greatest representation of preferred crystallographic 

orientations of the basal plane and those closest to it <22°.  Another SEM micrograph 

(Figure 5.3.3) of IO-1000C not only shows the long axis direction, but also the relative 

orientation to the sample „face‟ surface, visible in the diagonal in the upper right hand 
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corner of the image.  The image was rotated to position the sample surface edge 

horizontally.  The result is the parallel orientation of the long axis of the underlying 

microstructure with that of the sample surface (Figure 5.3.4).  X-ray diffraction of the 

sample surface showed a strong preference for basal plane orientation.  It is therefore 

reasonable to connect the relative long axis orientation of the SEM micrograph with 

similar sample orientation for XRD spectra to conclude the grain long axis is, or very 

nearly, that of the hexagonal basal (006) plane.  And it appears that many of the other 

grains are aligned in a similar manner.  XRD of the lower temperatures (800°C and 

900°C) show similar preferred orientation of the basal plane of -Fe2O3.  Likewise, the 

grain long axis present in Figures 5.2.3.2 and 5.2.3.3 are also oriented perpendicular to 

the applied load direction (P).  In IO-800C, the basal plane (006) and those close to it, 

(018) and (10_10), are preferred and those planes normal to the basal plane, (110) and 

(300), are not.  If this is correct, an XRD spectra taken across the sample cross section 

ought to yield preferred orientation in the (110) and (300) planes, and a significant 

reduction in intensity of the basal plane and those closely associated with it ((006), (018), 

(10_10)).  Figure 5.2.3.9 demonstrates this point, indicating the presence of preferred 

orientation throughout the bulk sample. 

 Figure 5.2.2.1 shows the evolution of crystallographic directions (lattice planes) 

as processing temperature increases.  In powder diffraction spectra of -Fe2O3 (ICSD 

24004), the 100% peak is the lattice plane (104).  For samples IO-600C, IO-800C, and 

IO-900C, the (104) plane is also the 100% peak.  But with each incremental increase in 

processing temperature, the relative intensity between peaks appears to change.  
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Specifically, the relative intensity of the (104) peak is decreasing against the basal plane 

(006) and those planes ((018), (10_10)) within 22 degrees of it.  But the most prominent 

shift in relative intensities between these sets of peaks takes place between 900ºC to 

1000ºC.  At 1000ºC, qualitatively, the intensity of the basal (006) plane now dwarfs the 

(104) plane.  These observations indicate slow grain growth along directions most 

parallel to the basal (006) plane between 600ºC to 900ºC; with possible rapid grain 

growth along the (006) direction between 900ºC and 1000ºC (evidenced in IO-1000C 

data).  As explained in chapter 2, section 2.6: Sintering, mass transfer mechanisms that 

are responsible for densification contribute less to grain growth and more to pore 

reduction.  Once porosity has been eliminated, grain growth commences.  This behavior 

was demonstrated in Figure 2.6.1.1, line „z‟.  Figure 5.3.5 shows the relation between 

grain axis length and relative density for IO-600C, IO-800C, IO-900C, and IO-1000C.  It 

clearly demonstrates the process of densification from 600ºC to 900ºC, followed by grain 

growth at 1000ºC.  Between 900ºC and 1000ºC, in respect to qualitative observation, 

grain growth was predominantly in the basal (006) plane. 

 Coercivity (Hc) is affected by factors that either help or inhibit magnetic moment 

rotation in response to an externally applied magnetic field (H).  Features such as grain 

boundaries, impurities, and defects inhibit domain wall motion, and hence improve 

coercivity (Hc).  For example, from Figure 5.2.3.7, for samples IO-600C, IO-800C, IO-

900C, the relative aspect ratio of long/short axis is ~3.0, and is ~4.2 in IO-1000C.  

Therefore domain walls propagating across the short axis will encounter grain boundaries 

at least 3x‟s more often than along the long axis.  In Table 5.3.1, Hc is larger for H 
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parallel to P (Hc0) than H perpendicular to P (Hc90) for three (IO-600C, IO-900C, IO-

1000C) of the four samples.  The one exception is the sample IO-800C.  It actually 

produces a coercivity that is almost one order of magnitude greater (1389 Oe vs. 141 Oe) 

in the H perpendicular to P (Hc90) direction than the other. 

 A general representation for the relationship between coercivity (HC) and grain 

size (d) for many materials is [40]: 

   (
 

 
)
 

 (eq. 5.3.1) 

 

For grain size dependent domain structures, n is between         .  Figure 5.3.6 

parts (a) and (b) are an attempt to find grain size dependence with coercivity (HC) using 

the model in eq. 5.3.1.  Part (a) shows HC data collected when H was applied parallel to 

P.  Part (b) shows HC data collected when H was applied perpendicular to P.  Both parts 

(a) and (b) contain sample data for HC vs. the average grain short and long axes 

dimensions.  In parts (a) and (b), sample IO-800C appears to be an outlier. In a previous 

study, Fe3O4 crystallites dispersed in a non-magnetic matrix found that       [40].  In 

figure 5.3.6 (a), the dashed lines were generated using eq. 5.3.1 and      .  The fit of 

the model to the data suggests there is a possible grain size dependence (short and long 

axes dimensions) for samples IO-600C, IO-900C, and IO-1000C when H is applied 

parallel to P.  Figure 5.3.7 (a) is a possible domain structure for H applied parallel to P in 

high aspect ratio nanostructured composites.  Not conforming to the model, IO-800C 

appears to indicate other factors are responsible for changes in HC.  When H was applied 

perpendicular to P (figure 5.3.6 (b)), IO-600C, IO-800C, IO-900C, and IO-1000C also 
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did not conform to the model, but instead, largely demonstrated a parabolic fit (dashed 

lines – without IO-800C).  Indicating HC is dependent on other factors besides grain size 

when H is perpendicular to P.  

 A few factors that could inhibit atomic magnetic moment reversal (domain wall 

movement) are: pores, grain boundaries, and magnetic coupling (between AFM/fM 

atomic moments).  Given the differences in density among the samples (figure 5.2.1.1), 

porosity may be contributing to non-conformance with the HC - grain size model (eq. 

5.3.1).  If grain boundaries are involved, then the high aspect ratio nature of the 

nanostructure (figure 5.2.3.7) would provide a different number of obstacles versus the 

direction of domain wall propagation (parallel vs. perpendicular to P).  In chapter 4, 

magnetic coupling between AFM/fM materials contributed to exchange bias, an unequal 

magnitude between -HC and +HC.  Figure 5.3.7 (b) proposes a possible schematic of 

coupling of magnetic moments across long axes grain boundaries.  Given that the 

structure is preferentially ordered toward the basal plane (006) of α-Fe2O3 along the grain 

long axis, H would also be parallel to it.  If ferrimagnetic atomic magnetic moments were 

coupled to the (006) planes along the long axis grain boundaries, the conditions 

(composition and collinear orientation of AFM/fM easy directions) could be present for 

exchange bias (Hex).  In chapter 4, it was an 80:20 composition of α-

Fe2O3(AFM):Fe3O4(fM) with an average grain size of 60nm (figure 4.2.4.1) that 

provided the highest exchange bias.  Similarly, the particular grain size and composition 

found in IO-800C might be more favorable for exchange bias than that found in the other 

three samples (IO-600C, IO-900C, IO-1000C).  Figure 5.3.6 (a) showed the relationship 



68 

 

between coercivity and grain size exists.  But to support the premise of exchange bias due 

to magnetic coupling between AFM/fM phases of iron oxide, evidence for fM Fe3O4 

needs to be determined. 

 Unfortunately, XRD does not indicate the existence of Fe3O4 in the samples.  

XRD does have its shortcomings.  It is not a truly bulk measurement.  Penetration depth 

of the diffracted x-rays is typically not more than 1 micron.  And for materials which are 

highly preferentially oriented, cubic (Fe3O4) peaks might easily be masked by those 

coincident 2 hexagonal (-Fe2O3) ones.  Fortunately, there is a signature of Fe3O4 that 

can be measured in a „bulk‟ sense, the temperature dependent phase transition of Fe3O4 

called the Verwey transition (~125K).  Measuring magnetization below and above the 

Verwey temperature will delineate a measurable difference in magnetization.  Below TV, 

Fe3O4 is monoclinic, having lower symmetry results in fewer easy directions of 

magnetization.  Above TV, Fe3O4 transitions to a cubic lattice structure with the higher 

symmetry and higher number of easy directions of magnetization.  As a result, below TV 

magnetization will be low, with a typically sharp increase in magnetization above 125K 

(TV).  FC measurements are „bulk‟ type magnetic measurements that were performed at a 

constant applied magnetic field of 1,000 Oe.  Figures 5.3.8, 5.3.9, 5.3.10, and 5.3.11 are 

magnetization (M) versus temperature (T) data for samples IO-600C, IO-800C, IO-900C, 

and IO-1000C.  Most of the samples were measured with H both parallel or perpendicular 

to P, with the exception of IO-800C.  FC measurementsofIO-800C, IO-900C, and IO-

1000C bear the trademark increases in magnetization as a function of temperature 

representative of Fe3O4.  For sample IO-600C, despite added attention given to collecting 
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data points around TV, a clear transition is not apparent.  Further magnetic evidence using 

the rule of mixtures (described in section 4.3 and written in eq. 4.3.1) further supports the 

inclusion of Fe3O4 in the total composition of the samples. 

  
  (        )(        )  (          )(      ) (eq. 5.3.2) 

 

 Ms* was taken from hysteresis values at +2T.           is the mass saturation 

magnetization of -Fe2O3 (0.4 emu/g) [13] and        is the mass saturation 

magnetization of Fe3O4 (90 emu/g) [13].  The results are presented in Table 5.3.2.  The 

range of Fe3O4 % composition spans between 0.5 to 9.4 dependent on densification 

temperature and orientation of H.  These values derived from hysteresis measurements 

support the separate FC measurement indications of the inclusion of Fe3O4 that isn‟t 

represented in XRD spectra. 

 In Chapter 4 titled “Magnetic exchange-coupled nano-composites”, exchange 

coupling between -Fe2O3 and Fe3O4 was responsible for exchange bias (Hex), the 

magnitude of horizontal hysteresis shift.  As mentioned earlier, IO-800C had coercivity 

(Hc) values with reverse trends from the other three samples (IO-600C, IO-900C, IO-

1000C).  IO-800C coincidently also has the highest exchange bias magnitude (186 Oe) of 

all four samples.  It is at least 4x‟s higher than the second highest, IO-600C at 44 Oe.  

Exchange bias is the stabilization of easily rotated magnetic moments in one material, 

Fe3O4 for example, exchange coupled to magnetic moments that require more force to 

rotate, via -Fe2O3.   
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 Finally, at room temperature (300K), the highest exchange bias in iron oxide 

nano-composites with randomly ordered crystallographic orientations in the previous 

chapter was ~30 Oe.  In the preferentially ordered microstructure of the iron oxide 

composites presented in this chapter; the highest exchange bias (186 Oe) was ~6 times 

greater than that of the randomly oriented microstructure (~30 Oe).  The ability to control 

the magnetic anisotropy of the bulk material comes as a consequence of the methods and 

procedures detailed: 

 1) High aspect ratio nano-crystallite powder. 

 2) Agitation of the powder within the die before the insertion of the top graphite 

plunger.  This step initiates the beginning of an ordered microstructure within the bulk 

material. 

 3) Prepress powder within completed die/plunger assembly, with the aid of a 

mechanical hand press or load cell. 

 4) High heating rate (>200°C/min.) reduces grain coarsening and promotes 

densification (reduction of porosity). 

 5) Simultaneous application of pressure to induce grain boundary sliding. 
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Chapter 6: Magneto-optical Faraday Effect rare-earth oxide  
 

 As mentioned earlier in section 2.5.2, the state of the art optically transparent 

paramagnet employed in Faraday elements in visible wavelengths is a single crystal oxide 

with composition of Tb3Ga5O12 known commonly as terbium gallium garnet (TGG). 

Terbium doped glasses are also often used although TGG is preferred because of higher 

Verdet constant and better thermal conductivity. The Verdet constant of Dy2O3 is ~2.25 

[41] times higher than that of TGG at this wavelength. I believe that it is also the highest 

measured in a large material that is transparent in the full optical range. 

 Figure 6.1 shows Dy2O3 processed at 1100°C placed on top of printed lettering. 

The lettering is clearly visible through the sample demonstrating the transparency of the 

material. Figure 6.2 is a picture of Dy2O3 densified at 1100°C, suspended from an 

ordinary permanent magnet, demonstrating the high magnetic susceptibility of Dy2O3 at 

room temperature. Light with three different colors (violet (405nm), green (532nm), and 

red (650nm)) passes through the sample, demonstrating that it is transparent to a wide 

range of optical wavelengths. 

 

6.1:  Procedures 

6.1.1:  Densification 

 Commercially available rare earth oxide (REO) Dy2O3 powder with reported 

crystallite size of 40 nm were used.  Figure 6.1.1.1 is an SEM micrograph of the source 

99.9% pure Dy2O3 powder (item#: NP-Dy2O3) from MTI Corp.  The morphology of the 
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powder does not appear to be spherical.  Instead, the crystallites look like long, thin 

sheets.  The length and width dimensions are not on the order of 40nm.  Other SEM 

micrographs captured at an accelerating voltage of 30kV appear to show electron 

transparency of these sheets, a potential indication that one size dimension of the powder 

crystallites is <50nm.  XRD spectra of the powder confirmed the correct composition to 

be C-Dy2O3 (Figure 6.1.1.2). 

 The densification procedure followed the double pressure ramp sequence 

described under section 3.1 titled “Densification of nanopowder into nanostructured 

bulk” and illustrated again in Figure 6.1.1.3.  The first pressure ramp, at a rate of 35.3 

MPa/min reached 106 MPa after 3 minutes.  The heating rate at this time was 60°C/min.  

The heating rate was increased to ~200 °C/min by applying increases in voltage to the 

CAPAD of 0.25V every 20 seconds.  The second pressure ramp of 141 MPa was reached 

in 60 seconds.  After the prescribed holding time was reached, the cooling rate was set to 

130°C/min by reducing the voltage by -0.25V per 30s. to reduce the sample splitting 

effects of thermal shock.  The target temperatures for this processing study ranged 

between 1000°C and 1200°C. 

 

6.1.2: Magnetic Characterization 

 Small sample masses were required for measurement owing to Dy2O3‟s higher 

susceptibility and saturation magnetization than iron oxide.  Pieces were broken from the 

bulk sample and measured for desired weight.  These pieces were then mounted as shown 

in Figure 3.6.1 to resist movement of the sample during measurement.  M v. H hysteresis 
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measurements were conducted in line with the M v. H sequence described in chapter 3: 

Experimental Procedures, illustrated in Figure 3.6.2.1. 

 

6.1.3: Optical Transmission and Refractive index characterization 

Optical Characterization Preparation 

 The densified samples are polished in two steps:  1) metallographically using SiC 

polishing paper down to 1200 grit, and 2) slurry erosion with 500 nm Al2O3 .The 

intensity light transmitted (IT) through the sample,  was measured using a photodiode in 

contact with the sample using varying wavelengths. Absorption coefficients,  were 

calculated from these measurements using the relations:  

  
  
 (    )     (eq. 6.1.3.1) 

 

  (
   

   
)
 

 (eq. 6.1.3.2) 

 

where Io is incident light, R is reflectance and n is the refractive index. The refractive 

index of our samples was measured using an ellipsometer (UviselFUV2000 ). 

6.1.4: Magneto-optical Characterization 

 Magneto-optical characterization was performed using a custom laboratory 

apparatus.  Dr. N. Amos and Prof. S. Khizroev were instrumental in magneto-optical 

measurements.  Measurements of the Dy2O3 samples using the custom laboratory device 
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called a MOKE, which stands for Magneto Optical Kerr Effect.  The Kerr effect is the 

rotation of polarized light upon reflection on a magnetic surface.  Dy2O3 samples required 

measurement of the rotation of linearly polarized light upon transmission through a 

magnetic material.  The custom configuration of the MOKE permitted this type of 

measurement. 

 Two measurement techniques were utilized in order to verify the Verdet constant 

of the new material. The first technique entailed the transmission of linearly polarized 

light at an angle of 0° through the sample and then cross-polarizing the light with another 

polarizer (the analyzer) at 90°. A power meter was used to accurately determine the cross 

polarization angle of the analyzer. The analyzer was mounted on a rotating stage with 

sub-1° accuracy. After a magnetic field of ~1.8 T (measured with a gauss meter near the 

sample) was applied to the sample, the analyzer was rotated until a minimum power of 

the transmitted light was detected by the power meter. The change in the analyzer‟s angle 

was noted as the Faraday rotation for the applied magnetic field. The Verdet constant (V) 

was calculated by solving for V in Equation 1.  

 The second approach was conducted using the Photoelastic Modulator (PEM)-

based Focused Magneto-Optical Faraday Effect system [42].  For this analysis, 

commercially available flint glass with a known Verdet constant was measured with the 

same parameters as the new material. The measurements were then normalized to the 

initial power (magnetic field ~ 0 T) at the detector‟s side and to the thickness of each 

specimen. Since flint glass is diamagnetic and the new material is paramagnetic, a phase 

shift of 180° was applied to the flint glass measurements so that a direct comparison 
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between the two specimens is made readily visible. A linear function was fitted for each 

graph and the Verdet constant was extrapolated based on the slope difference between the 

new material and the flint glass. 

 In both setups, linearly polarized light with a wavelength of 632.8 nm was 

initially focused by a long-range (250 mm) focusing lens on the sample. The transmitted 

light was then collected via an infinity-corrected objective with numerical aperture of 

0.35.  The objective was suspended in air inside the exit pole of the electromagnet. The 

pole‟s soft magnetic material screened the objective from the adverse effect of the 

parasitic Faraday rotation. 

 

6.2:  Results 

 Average grain size and density are a function of densification temperature and 

time.  Minimizing grain growth and increasing density of materials is the hallmark of 

materials processed with the CAPAD technique.  Strict control over temperature and time 

affords the capability to conduct a processing study.  Dy2O3 was processed at incremental 

temperatures (1000°C, 1050°C, 1100°C, 1150°C, 1200°C) and selectively targeted 

holding times between 5 to 60 minutes (300s. – 3600s.).  An initial series, maintaining 

holding time constant (300s.) while varying temperature were conducted first and 

characterized.  These results prompted further variations in time and temperature which 

will be discussed further. 
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6.2.1: Density 

 For each sample in the processing study, relative density was measured by 

geometry of the sample and material density (C-Dy2O3 = 8.76 g/cm
3
).  A bubble plot 

(Figure 6.2.1.1) contains relative density information, labeled at the very center of each 

data point. The same shaded region that demarcated the nano-/non-nano- scale 

microstructure also delineates the edge of 100% relative density. For samples with 

holding times held constant at 300s., the density increases from 1000°C to 1100°C, and 

but falls slightly at 1200°C. 

 

6.2.2: Composition 

 Phase changes were observed using x-ray diffraction. Figure 6.2.2.1 (a-c) shows 

XRD patterns of samples produced at (a) 1000°C, (b) 1100°C, and (c) 1200°C. The 

1000°C shows only peaks (2 ≈ 29°,31.5°,33.7°) from cubic symmetry (C-Dy2O3), while 

1100°C shows some signs of peaks (2 ≈ 30.5°,32°) with hexagonal symmetry (A-

Dy2O3) and in the 1200°C sample the second phase peaks are better defined. 

 

6.2.3: Microstructure Characterization 

 SEM micrographs were of fracture surfaces of densified Dy2O3.  Figures 6.2.3.1-

6.2.3.5 are scanning electron micrographs of the initial series of Dy2O3  densified at 

1000°C, 1050°C,1100°C,1150°C,and 1200°C, each held at their respective target 

temperatures for 300 seconds.  The microstructure shown in these images contains grains 
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that are roughly spherical in shape.  A quick visual inspection of the images with the 

respective scale bars reveals grain sizes <100nm in all but the 1200°C degree sample.  

The bubble plot unifying both average grain size and density with variances in 

temperature and holding time are represented in Figure 6.2.1.1.  The aspects of density 

will be described shortly.  In regard to average grain size, both bubble size and color are a 

function of temperature and holding time.  Data points filled with any shade of red (light-

dark) represent grain sizes <100nm.  The shaded region in the figure roughly separates 

the samples which produced nano-scale (<100nm) grains and those which did not.  The 

few most notable samples were those at two time extremes: 1100°C @ 300s. and 1000°C 

@ 3600s. 

 

6.2.4: Magnetic Characterization 

 Figure 6.2.4.1 is the result of magnetic characterization showing M v. H (300K) 

relationship of Dy2O3 densified at 1100°C for 300s. holding time.  A linear magnetization 

response to an applied magnetic field is emblematic of paramagnetic behavior. 

 

6.2.5: Optical transparency 

 Samples were polished (described earlier), placed on a light table over a specially 

prepared template (see Figure 6.2.5.1 for complete template graphic), and photographed 

with a digital camera.  The new figure (Figure 6.2.5.2) provides qualitative examination 

of optical transparency utilizing the same temperature and hold time axis as that found in 
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Figure 6.2.1.1.  At 1000°C (300s. and 2700s hold times), the AMPS Lab logo‟s edges are 

not well defined.  The letters that constitute “Bourns COE UC Riverside” are not legible.  

At 3600s. hold time, a 1000°C sample for the first time shows both distinctive AMPS 

Lab logo edges as well as legible text.  The clarity of the AMPS Lab logo and the 

associated text improve with increasing temperature (1050°C, 1100°C) and increasing 

holding time (300s. to 3600s.).  Yet while the clarity is improving, opaque black spots 

emerge and appear to grow with increasing temperature and holding time.  At 1150°C 

and 300 s. holding time, the definition of the AMPS Lab logo appears to degrade.  By 

1200°C, the clarity is notably decreased from that at 300 s. hold time at 1100°C. 

 Three samples were chosen for characterizing % total optical transmission.  These 

three had identical hold times (300s.) and were densified at 1000°C, 1100°C, and 

1200°C.  Four wavelengths (457nm, 488nm, 514nm, 632.8nm) were measured and 

presented in Figure 6.2.5.3.  Samples densified at 1000°C and 1200°C show optical 

transmission at the chosen four wavelengths at under 5%.  The sample densified at 

1100°C demonstrated optical transmission between 24% and 45%.  Using eq. 4.7.3.1 and 

eq. 4.7.3.2, absorption coefficients were determined at the same four wavelengths.  The 

results of the calculations are shown in Figure 6.2.5.4. 

 

6.2.6: Magneto-optic Characterization 

 Two measurement techniques were utilized in order to measure the Verdet 

constant of the most transparent sample, Dy2O3 densified at 1100°C with 300s. hold time. 

By means of the polarizer-sample-analyzer arrangement, a Faraday rotation of ~21° was 
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measured when a magnetic field of 1.84 T was applied to the Dy2O3 material with a 

thickness of 0.64 mm. The calculated Verdet constant using this approach is -311 rad/Tm.  

Figure 6.2.6.1 shows that Verdet constant of Dy2O3 is significantly greater than the one 

exhibited by the flint glass specimen. The slope is 15 times greater and the V for flint 

glass (Schott SF-57) at 632.8 nm is 20.1 rad/Tm [11] showing that V of the new material 

is -302 rad/Tm.  These results produced the published value of 300 ± 5% rad/Tm @ 

632.8nm [41] for the Verdet constant of Dy2O3 densified at 1100°C for 300s. hold time. 

 

6.3:  Discussion 

 Figure 6.3.1 overlays a qualitative representation of optical transparency over a 

double y-axis figure of average grain size and relative density as a function of 

densification temperature.  Each of these samples had the sample holding time (300s.).  

As noted earlier, average grain size increases with increasing densification temperature.  

But for samples densified at or below 1100°C, the microstructure is truly „nano‟ 

(<100nm) in scale.  Nano-crystallinity is retained because of the relatively short 

processing times of less than twenty minutes. It is worth noting that densifying materials 

to full density by traditional methods requires times on the order of hours to days which 

would destroy nano-crystallinity.  The low temperature preservation of the nano-scale 

microstructure in our method inherently produces transparent samples in minutes rather 

than hours or days using conventional sintering methods at higher temperatures.  Our 

findings are in line with previous on CAPAD processing of nano-crystalline powders to 

transparency, i.e. relatively low temperatures are necessary for the retention of nano-
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crystallinity [9].  For the sample that is qualitatively the most transparent has both a nano-

scale microstructure and has the highest density of the five samples.  Normally one would 

expect the density to continually increase with temperature until fully dense.  The 

apparent decrease in measured density after 1100°C could potentially be due to a phase 

change.  Part (a) of Figure 6.2.2.1 shows the 2 range of the two most prominent C-

Dy2O3 peaks.  At 1100°C, the emergence of two short, broad peaks begin to emerge 

around the small central peak of C-Dy2O3.  These peaks become more pronounced and 

independent in the Dy2O3 sample densified at 1200°C.  Previous work on Dy2O3 [43] has 

shown phase changes occurring at significantly higher temperatures than observed here. 

The difference in phase change temperatures is likely due to differences in oxygen partial 

pressure and/or impurities in the powder.  Figure 6.3.2 is a backscatter electron 

micrograph of Dy2O3 densified at 1200°C showing darker spots ~1 micron in diameter.  

The use of electron dispersive spectrometry (EDS) on these spots determined there were 

concentrations of Cl atoms in them.  Figure 6.3.3 shows that A-Dy2O3 and HoOCl 

contain diffraction peaks intermediate to those of C-Dy2O3 within the 28°-35° 2 range.  

Ho has similar atomic radii to Dy.  An ICSD profile could not be found for DyOCl.  

HoOCl was therefore chosen as an example of a XRD profile similar to DyOCl.  Holsa 

(2002), et. al.[44] used Reitveld refinement and determined the lattice parameters of 

tetragonal REOCl.  Comparison (DyOCl-HoOCl) of the „a‟ and „c‟ parameters were 

(3.90763Å – 3.89037Å) and (6.61477Å -6.59514Å) respectively.  Therefore, XRD 

spectra of HoOCl and DyOCl are not significantly different.  Figure 6.3.3 also includes 

the A type Dy2O3.  This is in apparent conflict to the phase transformation claimed in 
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section 2.2.2 and illustrated in Figure 2.2.2.1.  The source of the ICSD profile of A-

Dy2O3 claims it to be of a high temperature hexagonal crystal structure, and hence 

labeled „A‟ in accordance with the lower temperature A type (hexagonal) phase of other 

REOs such as Eu2O3.  ICSD 160213 for A-Dy2O3 is the best profile available 

representing a hexagonal high temperature phase of Dy2O3.  

 The effect of the impurity phase on the optical properties is dramatic.  

Translucency in the low temperature sample is caused by porosity while at 1200°C the 

impurity phase causes increased light scattering. The decreased transparency in Dy2O3 

produced at 1200°C demonstrates the importance of processing temperature. The effect 

of processing temperature on optical properties can be appreciated more quantitatively in 

Figures 6.2.5.3 and 6.2.5.4.  Figure 6.2.5.3, plots the percent transmission vs. 

wavelength (in visible range) for samples processed at three different temperatures. 

Figure 6.2.5.4 shows the corresponding absorption coefficient calculated using eq. 

6.1.3.1 and eq. 6.1.3.2 and a measured refractive index (n=2). The transmission data 

shows significant transmission in the visible range for the sample processed at 1100°C, 

while the two other samples are significantly less transparent. The absorption coefficient 

of the 1200°C sample is about 9 times higher than that of the most transparent sample 

(1100°C) at 632.8 nm.  For comparison, the absorption coefficient of Dy2O3 in this 

research was ~10 cm
-1

, the absorption coefficient of single crystal TGG is 0.0015 cm
-

1
[30]. 

 The relative difference in Verdet constants between Dy2O3 (-300 ± 5% rad/Tm @ 

632.8nm) and TGG (-134 rad/Tm @ 632.8nm) is significant.  The ratio between these 
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two is 2.24 ±0.11.  Which means, according to eq. 2.5.1.1, a reduction of the product 

(   ) by a factor of 2.24 ±0.11, means a reduction in the required externally applied 

magnetic field (H) and/or the length (l) of the Faraday rotator material (Dy2O3).  This 

satisfies the focal goal of this research.  But it remains to be seen, where the source of this 

ratio between the Verdet constants originates.  Eq. 2.5.1.2 indicates a linear relationship 

between the paramagnetic susceptibility of a material and its Verdet constant. 

      
    

 
      
    

 (eq. 6.3.1) 

 

 Hence, a parity in the relative ratios of paramagnetic susceptibilities and Verdet 

constants of Dy2O3 and TGG was pursued.  From eq. 2.5.1.4: 
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  (eq. 6.3.2) 

 

The paramagnetic susceptibility is a function of the square of the effect magnetic moment 

(eff) of the individual ion.  Cancelling 3kT and normalizing the number of atomic 

magnetic ions per unit cell volume produces: 
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  (eq. 6.3.3) 

 

 The experimentally acquired effective magnetic moment for Dy
3+

 and Tb
3+

 is 10.5 

B[25] and 9.74 B[25] respectively.   There are 32 Dy
3+

 ions (NDy) per unit cell of C-
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Dy2O3 with a unit cell volume of 1214.77 Å
3
, giving an effective atomic magnetic 

moment for the structure of 0.280 B/Å
3
. In TGG there are 24 Tb

3+
 ions (NTb) per unit 

volume of 1879.08 Å
3
, giving a total moment of 0.124 B/Å

3
. 

      
    

                    
      
    

      (eq. 6.3.4) 

 

The high Verdet constant of Dy2O3 compared to TGG can be rationalized in terms of 

effective magnetic moments (eff) of the two structures, and the implications they have in 

determining magnetic susceptibility.  The ratio of Verdet constants of Dy2O3 and TGG is 

derived from measurement.  The ratio of magnetic susceptibilities also includes values 

derived from measurement (such as effective magnetic moments for Dy and Tb) that 

were in turn different from their theoretical values.  For example, the theoretical eff  of 

Dy
3+

 is 10.64 B and 9.72 B for Tb
3+

.  Also, the equation for paramagnetic susceptibility 

() is theoretical.  So it is possible that values for the Verdet constant ratio 2.24 ± 0.11 

with that of the magnetic susceptibility ratio 2.40 are different because of the relative 

differences between experimental versus theoretically derived values. 
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 The effective magnetic moment per Dy ion can be experimentally determined 

from both the molar susceptibility derived from the M v. H curve in Figure 6.2.4.1 and 

the expression: 

     √
       
   (   )

 (eq. 6.3.5) 

 

Where k is the Boltzmann constant, T is absolute temperature,     is molar 

susceptibility, NDy is the number of Dy ions per mole, and B is the Bohr magneton.  The 

effective magnetic moment (eff) for Dy in a densified sample of Dy2O3 is then 10.2 B.  

Use of this value generates a magnetic susceptibility ratio between Dy2O3 and TGG equal 

to 2.27, which is within the relative error determined for the Verdet constant ratio of 

2.24±0.11.  Therefore, the Verdet constant measurements make sense in regards to the 

paramagnetic susceptibility differences between Dy2O3 and TGG. 
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Chapter 7: Summary and Conclusion 

7.1:  Summary 

 In summary, grain size and composition were controlled to produce bulk nano-

composite iron oxide materials with intrinsic magnetic interactions (exchange coupling).  

Optimal conditions for exchange coupling were different for 8nm and 40nm equiaxial 

crystallite -Fe2O3 powder. Changes in composition and grain size produced maximum 

exchange bias (Hex) at room temperature of 30 Oe and 22 Oe for 8nm and 40nm 

respectively.  An 80:20 compositional ratio of -Fe2O3:Fe3O4 produced these maximal 

values.  Between them, 8nm average grain sizes were ~3 times smaller than 40nm 

samples.  The increased interfaces inherent in nano-scale microstructures led to the 

higher 8nm exchange bias (Hex) value.   

 Further improvement of exchange bias (~6 times) was advanced through the near 

collinear ordering of the crystallographic orientations (preferred orientation) of individual 

grains.  The use of powder crystallites with high aspect ratio length (length/width=~3) 

dimensions provided the route by which preferred orientation in 3D, bulk samples was 

achieved.  The ability to control bulk magnetic anisotropy was apparent by the magnetic 

hysteresis behavior at each densification temperature.  X-ray diffraction of two sample 

surfaces (cross-section and face normal to load direction) at 800°C, revealed the 

consistency of the ordered microstructure throughout the thickness of the sample.  

Quantitative assessment of phase composition was difficult to determine by x-ray 

diffraction of these samples.  Magnetic characterization led to the indication of mixed 



86 

 

phase composition, up to 10% Fe3O4 in the 1000°C sample.  Exchange bias (Hex) in this 

system reached 186 Oe at 300K.   

 Temperature, time, heating/cooling rate, and pressure were leveraged to produce 

transparent dysprosia (Dy2O3) in a bulk form.  The parameters (temperature=1100°C, 

time=300s, pressure=141 MPa) that affected the highest density, produced a bulk sample 

that had a total transparency equal to between 25-45%.  At 1100°C, any phase 

transformation (monoclinic (B-type) or hexagonal (A-type)) of C-Dy2O3 away from a 

cubic lattice was avoided.  Further investigations of transparent Dy2O3 did identify 

impurity elements that, once removed, may further improve the total transparency beyond 

45%.   

7.2:  Conclusion 

 Materials whose microstructure is in the nano-scale can take advantage of the 

optical and magnetic advantages it induces.  To that end, it‟s common for either powder 

crystallites or thin films microstructures to be created with nano-scale dimensions.  But, 

some important applications such as permanent magnets and Faraday rotators require 

materials that are “bulkier” than either powder or thin films can become. Using high 

heating rates, short processing times, and pressure permitted the production of 3D, bulk 

magnetic materials possessing a nano-scale microstructure.  This technique is not 

restricted to iron oxide, or magnetic materials alone.  Perhaps preferentially ordered 

materials can be made with other anisotropic material properties (thermal conductivity, 

piezo-electric, optical properties, etc…). 
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 CAPAD‟s capabilities allow it to be used as a tool to produce 3D, bulk 

nanocomposites with magnetically interacting components.  The magnitude of interaction 

(exchange coupling) can be controlled through densification parameters.  Once more, the 

microstructure can be ordered to produce these effects anisotropically.  I have laid the 

groundwork for further development in this area utilizing CAPAD as a tool for making 

these materials. 

 Amorphous or nano-scale microstructures can be created by rapid quenching of 

melted material.  But to have done so with Dy2O3 would have descended its lattice 

structure through phases would not have been conducive to optical transparency.  By 

densifying Dy2O3 powder from room temperature, the trappings of cooling from a melt 

were avoided, and retained the original cubic (C-Type) structure of the source Dy2O3 

powder.  To the best of my knowledge, no one has applied Dy2O3 as a Faraday rotator 

element.  The magnitude of Dy2O3‟s Verdet constant (V632.8nm=-300+-5% rad/Tm) makes 

it capable to compete with the most widely commercially available material, TGG 

(V632.8=-134 rad/Tm).  And, to the best of my knowledge, no one can produce an 

optically transparent sample of bulk Dy2O3 in as little as 13 minutes and without the aid 

of impurities. 
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Appendix A 

 The data points in quadrant II trace the magnetization (M) or magnetic flux (B) 

reduction of a magnetic material under an oppositely poled externally applied magnetic 

field (H).  Figure A.1 shows an example of quadrant II hysteresis data overlaid with the 

resulting energy product of each data point.  Where the energy product is maximum, is 

termed the „BHmax‟ of the magnetic material.  The value is visually represented by a 

rectangular area underneath the hysteresis data curve.  Materials with higher remanences 

(Mr) or coercivities (Hc) will have higher corresponding energy products (BHmax).  

Technically there can also be a MHmax, but it is a term that is not commonly used in 

industry or academia.  The energy product is a figure of merit value that represents the 

amount of energy necessary to effectively demagnetize a magnetic material from a 

magnetically saturated state.  This particular property is routinely used to characterize the 

desirability of permanent magnetic materials.  Figure A.2 shows the relative BHmax 

values for alloys and metal oxide materials developed from 1900-2000[45].  The 

enhanced energy product that is produced as a result of magnetically interacting 

components of a composite material is illustrated in Figure A.3.  Composites with 

exchange coupled components that exhibit exchange bias behavior can be utilized to 

generate larger energy products that non-exchange biased composite materials.  This idea 

is represented in Figure A.4. 
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Figure 2.2.1.1:  Cubic lattice structure of Fe3O4. 

 
Figure 2.2.1.2:  Decrease of saturation magnetization (MS) with an increase in 

temperature (T).  The point where MS=0 is the Curie temperature (TC).   
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Figure 2.2.2.1:  Phase diagram of rare earth oxides and temperature. 

 
Figure 2.3.3.1: Hysteresis curve showing the magnetic response (magnetization M) of a 

material to an externally applied magnetic field (H).  Various magnetic material 

properties are labeled. 
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Figure 2.3.3.2:  Initial magnetization of a fM/FM material from a demagnetized state. 

 
Figure 2.3.3.3:  Initial magnetization of an AFM material showing a non-saturating slope 

(X=M/H) at high field (HF). 
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Figure 2.3.3.4:  Initial magnetization of a PM material showing a non-saturating slope 

(X=M/H). 

 
Figure 2.3.3.5:  Initial susceptibility (Xinit) of two sample initial magnetization curves of a 

demagnetized sample. 
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Figure 2.3.3.6:  Magnetic exchange interaction between grains across an interface 

(grain/phase boundary). 

 
Figure 2.3.3.7:  Single phase composite hysteresis curve as the result of exchange 

coupling between t two magnetic components (1) and (2). 
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Figure 2.3.4.1:  Magnetic forces and the length scale over which they interact. 

 
Figure 2.3.4.2:  Two easy magnetic directions of Fe3O4. 
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Figure 2.3.4.3:  Domain wall schematic showing moment reversal within the wall, and 

energy maxima required to move domain walls from one energy minima to another. 

 

Figure 2.3.4.4:  Magnetic domain types: (a) single domain, (b) pseudo-single domain, (c) 

multi-domain. 
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Figure 2.4.1:  Scattering and absorption of light by pores in a polycrystalline material. 

 
Figure 2.5.1.1:  Simple schematic of a Faraday isolator device. 
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Figure 2.5.1.2:  The Faraday Effect: the degree of linearly polarized light rotation (θf) as a 

function of applied magnetic field (H), Verdet constant (V), and length (l) of the material 

light traverses. 

 
Figure 2.5.1.3:  Schematic of the relation between applied magnetic field (H) and light 

transmission direction. 
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Figure 2.5.2.1:  Desktop Faraday isolator device for low power (0.5W) laser source. 

 
Figure 2.5.2.2:  LIGO 180W. 
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Figure 2.6.1.1:  The effect that driving force mechanisms has on the relationship between 

grain size and relative density of materials. 
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Figure 3.1.1: Powder within graphite plunger/die assembly. 

 
Figure 3.1.2: CAPAD apparatus schematic. 
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Figure 3.1.3:  CAPAD apparatus schematic. 

 Figure 3.1.4:  CAPAD device centered within Instron 5584 load cell. 
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Figure 3.1.5: Single pressure ramp densification sequence. 

 
Figure 3.1.6: Double pressure ramp densification sequence. 
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Figure 3.1.7:  Coin-sized bulk dimension of finished sample. 

 
Figure 3.3.1:  Grain size characterization of SEM micrographs using the Photoshop 

method. 
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Figure 3.3.2:  Grain size characterization of SEM micrographs using my custom 

MATLAB program. 

 
Figure 3.5.2.1:  Single crystal x-ray diffraction with collinear diffraction plane normal 

and incident/diffracted x-ray angle bisector. 
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Figure 3.5.2.2:  Single crystal x-ray diffraction with non-collinear diffraction plane 

normal and incident/diffracted x-ray angle bisector. 

 
Figure 3.5.2.3:  XRD spectra of a randomly oriented polycrystalline material.  Higher 

symmetry plane families (higher multiplicity) generate higher peak intensities. 
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Figure 3.6.1: (a) straw cross section. (b) straw cross section with folded edge to secure 

sample to be measured. (c) orientation of sample relative to applied field direction. 

 
Figure 3.6.1.1:  Typical field cooling (FC) sequence of M v. T, with H constant versus 

time. 
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Figure 3.6.1.2: Typical zero field cooling (ZFC) sequence of M v. T, with H constant 

versus time. 

 
Figure 3.6.1.3:  Data example of FC and ZFC collected using described FC/ZFC 

sequences. 
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Figure 3.6.2.1:  Typical hysteresis sequence showing variation of H with time. 

 
Figure 3.6.2.2:  Identical hysteresis sequence with labeled magnetic properties that are 

recorded with variation of H. 
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Figure 4.1.1:  (a)  X-ray diffraction of 8nm and 40 nm average crystallite size (ACS) γ-

Fe2O3 nanopowder from Alfa Aesar.  (b)  Scanning electron micrographs of 8nm and 

40nm ACSFe2O3 nanopowder. 

 
Figure 4.2.1.1:  Relative bulk density of 8nm and 40nm powder densified samples. 
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Figure 4.2.2.1:  XRD profiles of three iron oxide phases: Fe3O4, γ-Fe2O3, α-Fe2O3. 

 
Figure 4.2.2.2:  XRD waterfall of 8nm samples prepared at temperatures from 500°C to 

900°C. 
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Figure 4.2.2.3:  XRD waterfall of 40nm samples prepared from temperatures between 

300°C to 900°C. 

 
Figure 4.2.2.4:  8nm and 40nm phase composition as a function of densification 

temperature. 
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Figure 4.2.3.1:  SEM micrographs of 40nm (a-e) and 8nm (f-j) samples at increasing 

densification temperature. 
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Figure 4.2.3.2:  Grain size distribution of characterized SEM micrographs of 40nm 

samples. 
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Figure 4.2.3.3:  Grain size distribution of characterized SEM micrographs of 8nm 

samples. 
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Figure 4.2.3.4:  Average grain size determined by SEM micrograph characterization for 

8nm and 40nm densified samples. 

 
Figure 4.2.4.1:  Exchange bias (Hex) for pairs of 8nm, 40nm samples that exemplify the 

importance of grain size and composition to the property. 
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Figure 4.3.1:  Day plot of 8nm/40nm sample pairs. 
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Figure 5.1:  XRD spectra of the starting source powder.  The spectra indicates it is 

consistent with an α-Fe2O3 composition. 

 

Figure 5.2:  (a) preparation of the high aspect ratio powder for XRD characterization.  (b) 

Relative intensity differences between (104) and (110) planes of high aspect ratio α-

Fe2O3 powder and ICSD 24004 between 2θ values 32º-37º. 
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Figure 5.3:  Scanning electron micrograph of the starting source α-Fe2O3 powder. 

 

Figure 5.1.2.1:  Schematic of the densified sample within the die/plunger assembly.  

Figure illustrates the applied load direction (P) (black arrow) supplied by the CAPAD 

during the densification procedure and the applied magnetic field (H) (purple arrow) 

applied during measurement relative to the coin-shaped „face‟ surface (outlined green). 
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Figure 5.2.1.1:  Relative density of samples IO-600C, IO-800C, IO-900C, IO-1000C (α-

Fe2O3 densified powder). 
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Figure 5.2.2.1:  XRD spectra of the four samples: IO-600C, IO-800C, IO-900C, IO-

1000C.  The XRD spectra for ICSD 24004 α-Fe2O3 is displayed at the bottom for 

comparison. 
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Figure 5.2.3.1:  Scanning electron micrograph of sample IO-600C. 

 

 
Figure 5.2.3.2:  Scanning electron micrograph of IO-800C. 
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Figure 5.2.3.3:  Scanning electron micrograph of IO-900C. 

 

 
Figure 5.2.3.4:  Scanning electron micrograph of IO-1000C. 
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Figure 5.2.3.5:  Scanning electron micrograph of densified -Fe2O3 (8nm) powder at 

900°C. 

 

 
Figure 5.2.3.6:  Scanning electron micrograph of densified γ-Fe2O3 (40nm) powder at 

900°C. 
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Figure 5.2.3.7:  Short/long axis grain dimensions and Long/short axis ratio as a function 

of densification temperature. 

 

 
Figure 5.2.3.8:  Figure representing the relative intensity ratio between specific lattice 

planes with (104) (vertical axis) versus the relative angle between each lattice plane with 

the (006) basal plane (horizontal axis).  The relative density for the powder diffraction 

pattern ICSD 24004 is plotted (black open squares) for reference. 
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Figure 5.2.3.9: XRD spectra along orthogonal planes of IO-800C. 

 

 
Figure 5.2.4.1:  Two hysteresis curves of IO-600C, each measured with either the 

externally applied magnetic field (H) aligned either parallel or perpendicular to the 

applied load (P) direction of the sample. 
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Figure 5.2.4.2:  Two hysteresis curves of IO-800C, each measured with either the 

externally applied magnetic field (H) aligned either parallel or perpendicular to the 

applied load (P) direction of the sample. 

 

 
Figure 5.2.4.3:  Two hysteresis curves of IO-900C, each measured with either the 

externally applied magnetic field (H) aligned either parallel or perpendicular to the 

applied load (P) direction of the sample. 
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Figure 5.2.4.4:  Two hysteresis curves of IO-1000C, each measured with either the 

externally applied magnetic field (H) aligned either parallel or perpendicular to the 

applied load (P) direction of the sample. 

 

 
Figure 5.3.1:  XRD spectra of high aspect ratio α-Fe2O3 powder prepared using two 

methods: (a) α-Fe2O3 powder poured into die/plunger assembly and prepressed; (b) α-

Fe2O3 powder poured into die/plunger assembly, then agitated, and finally prepressed. 
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Figure 5.3.2:  (a) schematic diagram of random orientation of powder crystallites in un-

agitated powder and the XRD spectra that is produces. (b) schematic diagram of ordered 

powder crystallites when subjected to an agitating force (A.F.).  Ordering of the 

crystallites produces changes in relative peak intensity of XRD spectra. 

 

 
Figure 5.3.3:  Scanning electron micrograph of IO-1000C.  The sample surface edge runs 

diagonal across the upper right hand corner of the image. 
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Figure 5.3.4:  Rotation of Figure 5.3.3 to orient the sample surface horizontally.  In this 

orientation, the applied load (P) direction is aligned vertically. 

 

 
Figure 5.3.5:  Grain axis length versus measured relative density of IO-600C, IO-800C, 

IO-900C, IO-1000C samples. 
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Figure 5.3.6:  Coercivity (HC) versus inverse grain size (1/d) dimension (short and long 

axes) for IO-600C, IO-800C, IO-900C, and IO-1000C with H applied (a) parallel to P, 

and (b) perpendicular to P.  Inset figure, coercivity (HC) versus grain size (d) dimension 

(short and long axes). 

 

 

Figure 5.3.7:  (a) Domain wall formation when H is applied parallel to P.  (b)  Magnetic 

exchange coupling across grain boundaries along the long axes. 
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Figure 5.3.8:  Magnetization (M) versus temperature (T) plots under field cooling (FC) 

conditions and an applied magnetic field (H) of 1,000 Oe for IO-600C. 

 

 
Figure 5.3.9:  Magnetization (M) versus temperature (T) plots under field cooling (FC) 

conditions and an applied magnetic field (H) of 1,000 Oe for IO-800C. 
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Figure 5.3.10:  Magnetization (M) versus temperature (T) plots under field cooling (FC) 

conditions and an applied magnetic field (H) of 1,000 Oe for IO-900C. 

 

 
Figure 5.3.11:  Magnetization (M) versus temperature (T) plots under field cooling (FC) 

conditions and an applied magnetic field (H) of 1,000 Oe for IO-1000C. 
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Figure 6.1:  Dy2O3 densified at 1100°C, mechanically polished and photographed over a 

transparency laid on a light table. 

 

 
Figure 6.2:  Dy2O3 densified at 1100°C dangles below a pair of cylindrical permanent 

magnets.  The sample is held suspended over the table top due to the force of its magnetic 

attraction to the permanent magnets.  From behind, three pen lasers transmit violet 

(405nm), green (532nm), and red (650nm) through the sample. 
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Figure 6.1.1.1:  SEM micrograph of „40nm‟ average crystallite size (acs) Dy2O3 powder 

provided by MTI Corp. 

 

 
Figure 6.1.1.2:  XRD spectra of Dy2O3 powder received from MTI Corp. as compared to 

ICSD 96208 (C-Dy2O3). 
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Figure 6.1.1.3:  The sequence of applied pressure and temperature over the duration of an 

experiment. 

 

 
Figure 6.2.1.1:  Bubble plot representing the processing study for Dy2O3.  Size and color 

of each data point represent average grain size.  The number and the center of each data 

point is the relative density of the sample.  The position of each data point represents both 

the temperature and holding time at that temperature for each experiment. 
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Figure 6.2.2.1:  XRD spectra and photographic qualitative evidence of transparency for 

(a) 1000°C, (b) 1100°C, and (c) 1200°C densified and mechanically polished 

Dy2O3samples. 

 

 
Figure 6.2.3.1:  Scanning electron micrograph of Dy2O3 (40nm ACS) densified at 

1000°C. 
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Figure 6.2.3.2:  Scanning electron micrograph of Dy2O3 (40nm ACS) densified at 

1050°C. 

 

 
Figure 6.2.3.3:  Scanning electron micrograph of Dy2O3 (40nm ACS) densified at 

1100°C. 
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Figure 6.2.3.4:  Scanning electron micrograph of Dy2O3 (40nm ACS) densified at 

1150°C. 

 

 
Figure 6.2.3.5:  Scanning electron micrograph of Dy2O3 (40nm ACS) densified at 

1200°C. 
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Figure 6.2.4.1:  M v. H hysteresis for Dy2O3 densified at 1100°C. 

 

 

Figure 6.2.5.1:  Template graphic used for qualitative observations of optical 

transparency of Dy2O3 samples. 
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Figure 6.2.5.2:  Using the same hold time and temperature relationships as that found in 

Figure 6.2.1.1, photographs of mechanically polished samples over a light table 

transparency (Figure 6.2.5.1) are arranged according to their hold time and temperature. 

 

 
Figure 6.2.5.3:  % total optical transmission of three Dy2O3 samples densified at 1000°C, 

1100°C, and 1200°C, over multiple wavelengths (457nm, 488nm, 514nm, 632.8nm). 
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Figure 6.2.5.4:  Absorption coefficient as a function of wavelength for three Dy2O3 

samples densified at 1000°C, 1100°C, and 1200°C. 

 

 
Figure 6.2.6.1:  Faraday rotation versus externally applied magnetic field for both Dy2O3 

densified at 1100°C and flint glass (Schott SF-57).  The slope of these lines directly 

reflect the Verdet constants of these two materials. 
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Figure 6.3.1:  Double y axis figure relating densification temperature of Dy2O3 to both 

average grain size and relative density.  Arranged horizontally, photographs of 

mechanically polished samples positioned in respect to the temperatures related to the 

data points. 
 

 
Figure 6.3.2:  Backscatter electron micrograph of the polished surface of Dy2O3 densified 

at 1200°C.  Strong contrast differences in the image reflect differences in composition. 
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Figure 6.3.3:  XRD spectra of ICSD database profiles for C-Dy2O3 (ICSD 96208), 

HoOCl (ICSD 76171), and A-Dy2O3 (ICSD 160213) between 28° and 35° 2. 
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Figure A.1:  Quadrant II of a magnetic hysteresis curve (blue line) and the corresponding 

energy product (black line). 

 

 
Figure A.2:  Energy product (BHmax) of magnetic alloys and metal oxides between 1900 

and 2000. 
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Figure A.3:  Increased energy product (BHmax) of a single phase component versus the 

energy products of each of the individual components. 

 

 
Figure A.4:  Increased energy product of a single phase magnetic composite material 

exhibiting exchange bias (Hex). 
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Table 2.2.1.1:  Iron oxide phases. 
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Powder Short axis (nm) Long axis (nm) Long/Short axis ratio 

-Fe2O3 50 215 4.3 

Table 5.1:  Average powder crystallite dimensions. 

Sample 

Label 

Target 

Temperature 

(°C) 

Applied Load 

(KN) 

Total 

Experiment 

Time 

(s.) 

Time held at 

Target 

Temperature 

(s.) 

IO-600C 600 30 500 ~120 

IO-800C 800 30 400 120 

IO-900C 900 30 600 ~120 

IO-1000C 1000 30 580 180 
 

Table 5.1.1.1:  Experimental parameters for -Fe2O3. 
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Magnetic 

Property 

HC90 

Oe) 

HC0 

(Oe) 

HC90/HC0  Hex90 

(Oe) 

Hex0 

(Oe) 

Hex90/Hex0 Hex90-Hex0 

(Oe) 

Sample         

IO-600C 181 300 0.60  -66 -22 3.00 -44 

IO-800C 1,389 141 9.85  -186 -0.5 372.00 -186 

IO-900C 39 227 0.17  -0.5 -4 0.13 4 

IO-1000C 5 15 0.33  0 0 - 0 

 

Table 5.3.1:  Tabular data of magnetic properties (Hc, Hex) relative to applied magnetic 

field (H) direction either perpendicular (90°) or parallel (0°) to the applied load (P) 

direction. 

 

Sample Label % -Fe2O3 

H applied 90° to P 

% -Fe2O3 

H applied 0° to P 

IO-600C 100 100 

IO-80C 99.9 99.5 

IO-900C 98.7 98.6 

IO-1000C 90.6 97.2 

 

Table 5.3.2:  Calculated % composition of α-Fe2O3 using the rule of mixtures relation and 

Ms* values taken from hysteresis measurements for IO-600C, IO-800C, IO-900C, and 

IO-1000C samples. 
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