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Abstract 

Our laboratory has reported functional metal oxides, e.g., epsilon iron oxide 

(ε-Fe2O3) exhibiting a large coercive field over 25 kOe and millimeter wave absorption 

property, and lambda titanium oxide (λ-Ti3O5) exhibiting external-stimuli-induced phase 

transitions at room temperature. In this work, to investigate the electronic structures and 

optical properties of functional metal oxides, first-principles calculations and optical 

measurements were conducted. The calculated electronic structure and the measured 

optical absorption spectrum of ε-Fe2O3 showed that ε-Fe2O3 has a wide band gap and 

exhibits light color. Furthermore, first-principles calculations and optical measurement 

of Al- and Ga-substituted epsilon iron oxides, ε-Al0.5Fe1.5O3 and ε-Ga0.5Fe1.5O3, were 

carried out. The obtained results showed that Al- and Ga-substitution enlarged the band 

gap and lightened the color of ε-Fe2O3. 

The crystal structure of ε-Fe2O3, Al- and Ga-substituted epsilon iron oxides 

used in the periodic structure calculations, are orthorhombic in the Pna21 space group 

and have four cation sites (A–D site). A–C sites are octahedral sites, and D site is a 

tetrahedral site. In ε-Fe2O3, Fe3+ ions occupy A–D sites. For the calculations of 

ε-Al0.5Fe1.5O3 and ε-Ga0.5Fe1.5O3, the crystal structure with D site substituted by Al3+ or 

Ga3+ ions were used. First-principles calculations were conducted using Vienna Ab 

initio Simulation Package (VASP). The exchange-correlation functional was 

approximated with the generalized gradient approximation. The Hubbard U was taken 

into account in order to describe the Coulomb repulsion of Fe3d orbitals. U−J value of 

5 eV was selected. The basis set was regulated by a cutoff energy of 520 eV, and the 

k-mesh was set to 7×5×5. 

 Crystal structures were obtained by X-ray diffraction (XRD) and Rietveld 
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analyses. The magnetic properties were measured by superconducting quantum 

interference device magnetometer (SQUID). Optical spectra were measured by UV-vis 

spectrometer using highly dispersed polymer solutions of epsilon iron oxides, which 

were prepared by mixing the powder sample and an organic solvent containing 

polyurethane, polyvinyl chloride, toluene and methylethylketone. 

 

First-principles calculations and optical measurement of -Fe2O3 

Density of states of ε-Fe2O3 showed that O2p band is located below the Fermi 

energy (EF) in the valence band, and Fe3d occupied band is located below the O2p band. 

Fe3d unoccupied band is located above the EF. The band structure of ε-Fe2O3 suggested 

that ε-Fe2O3 has a band gap of 2.0 eV for down-spin transition and 2.4 eV for up-spin 

transition. By calculation of transition moments, this down-spin transition were 

assigned the transitions from the 4 top energy states in the valence band to the 6 bottom 

energy states in the conduction band. FeD site and neighboring O sites were mainly 

contributed to 4 top energy states in valence band, and FeC site was mainly contributed 

to 6 bottom energy states in conduction band. The calculated results well reproduced the 

observed spectrum. The observed optical spectrum showed that ε-Fe2O3 has a weak 

transition with a gap of 2.4 eV and a strong transition with a gap of 2.9 eV. These results 

indicated that ε-Fe2O3 exhibits a light color with a large band gap. 

 

Al- and Ga- substitution effects on epsilon iron oxide for optical absorption 

 Fe3+ ions of ε-Fe2O3 can be substituted by Al3+ ions and Ga3+ ion, which Al3+ 

and Ga3+ ions selectively occupy the tetrahedral D sites. In this work, first-principles 

calculations and optical measurements of Al- and Ga-substituted epsilon iron oxides 



iii 
 

were conducted.  

 Density of states of ε-Al0.5Fe1.5O3 showed that O2p band is located below the 

EF in the valence band, and Fe3d occupied band is located below the O2p band. Fe3d 

unoccupied band is located above the EF. Al2p band and Al3d band are located below 

and above these bands, respectively. The band structure of ε-Al0.5Fe1.5O3 indicated that 

this material has a band gap of 2.5 eV for down-spin transition and 2.6 eV for up-spin 

transition. The band gaps were enlarged from ε-Fe2O3 by Al-substitution. This 

enlargement can be explained as follows. Comparing the band structures of ε-Fe2O3 and 

ε-Al0.5Fe1.5O3, 4 down-spin states of the valence band and 4 up-spin states of the 

conduction band near the EF disappeared by Al-substitution of D site. This 

disappearance enlarged the band gap. The charge density maps showed that the 

down-spin state of valence band top is mainly contributed by D site. Optical spectrum 

of ε-Al0.5Fe1.5O3 was calculated. Compared with the calculation result of ε-Fe2O3, the 

absorption peak of ε-Al0.5Fe1.5O3 shifts to a higher energy by 0.1 eV, and the absorption 

is inhibited by half above 500 nm, which indicate that the present material has a higher 

transparency than ε-Fe2O3. 

In order to confirm the calculation results, optical measurements of 

Al-substituted epsilon iron oxides, -AlxFe2-xO3 (x = 0.48, and 0.66), were conducted. 

XRD patterns and Rietveld analyses showed that these materials have an orthohombic 

structure with space group of Pna21, and Al3+ ions mainly occupied D site. The 

magnetic measurements showed a magnetic hysteresis loop at 300 K. 

The UV-vis spectra of -AlxFe2-xO3 (x = 0.48, and 0.66) were measured. 

Absorption coefficients are lower than ε-Fe2O3. The observed spectra agree well with 

calculation results. Therefore, Al-substitution lightens the color of the ε-Fe2O3 based 
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magnet. 

In addition, Ga-substitution effect was investigated using first-principles 

calculations and UV-vis spectrum. Ga-substitution also lighten ε-Fe2O3 with same 

mechanism as Al-substitution. 

In this work, optical absorption of ε-Fe2O3 was investigated. First-principles 

calculations indicated that ε-Fe2O3 has a wide band gap and D site is mainly contributed 

to this transition. Furthermore, UV-vis spectrum of -Fe2O3 was measured. These results 

showed that this ferrite magnet exhibits high transparency. In addition, first-principles 

calculations of ε-Al0.5Fe1.5O3 were carried out. The electronic structure was calculated 

by substituting Fe3+ ions of the tetrahedral D sites to Al3+ ions. The calculated results 

indicated that the band gaps were enlarged due to disappeareance of the energy states 

originated from teterahedral D site. Furthermore, UV-vis spectra of -AlxFe2-xO3 (x = 

0.48, and 0.66) were measured. The absorption coefficient were reduced by 

Al-substitution. Therefore, Al-substitution lightens the color of -Fe2O3. In addition, 

Ga-substitution also lighten the color of -Fe2O3 with the same mechanism as 

Al-subsitutuion. 
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Chapter 1 Introduction 

 

1.1. Functional metal oxides 

Transition metal oxides consist of transition metal atoms and oxygen atoms. 

They exhibit various physical properties, such as metal-semiconductor phase transition 

and ferromagnetic-paramagnetic phase transition, and exhibits various colors from 

colorless to brilliant colors, derived from p, d electrons of the transition metal and/or p 

electrons of oxygen atoms [1-5]. Our laboratory has reported several functional metal 

oxides [6-12], e.g., epsilon iron oxide (ε-Fe2O3) exhibiting a large coercive field over 25 

kOe and millimeter wave absorption property. In this study, I studied the color of 

epsilon iron oxide (ε-Fe2O3), which is one kind of ferrite. 

 

1.2 Ferrite magnets 

 Iron oxides often exhibit ferromagnetism and typical iron oxides show deep 

color like red, dark brown, or black (Figure 1-1) [3-8, 13-18]. In this section, Fe3O4 and 

Fe2O3 are described in detail. 

 

1.2.1 Fe3O4 

Fe3O4, which is called magnetite, is obtained as natural mineral. Fe3O4 is 

known as the magnet used for the first time by mankind [3, 19]. The color of Fe3O4 is 

black. The crystal structure was reported in 1915, and it is the first mineral material to 

which X-ray crystal structure analysis was applied [20, 21]. The crystal structure is 

inverse spinel structure and the lattice constant is a = 8.39 Å. Fe3O4 × 8 = Fe24O32 atoms 

are contained in the unit cell [22]. Fe3O4 contained divalent and trivalent Fe ion. The 
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charge states of Fe3O4 can be written as Fe2+
1 Fe3+

2O4, that is, one third of Fe ion have 

divalent charge states and two thirds of Fe ion have trivalent charge states. Fe3O4 has 

octahedral sites and tetragonal sites, and it can be written as Fe3+ [Fe2+Fe3+] O4. The 

inside of the bracket is an octahedral site and the outside of the bracket is a tetrahedral 

site. Fe2+ is contained only in the octahedral site, whereas Fe3+ is contained in both the 

octahedral site and the tetrahedral site. 

 Fe3O4 exhibits ferrimagnetism with a Curie temperature (TC) of 850 K. In the 

inverse spinel crystal structure, the tetrahedral site is called A site and the octahedral site 

is called B site. Below TC, the spins of A sites and those of B sites are antiparallel. The 

magnitudes of the magnetization of the two sites are different from each other, resulting 

in ferrimagnetism. In Fe3O4, transition appears in electrical conductivity and magnetic 

susceptibility around 120 K. This transition is called Verwey transition [23].  

 

1.2.2 γ-Fe2O3 

 γ-Fe2O3 is called maghemite. The color of γ-Fe2O3 is brown or reddish brown. 

The crystal structure is very similar to magnetite. The difference is that all Fe ion of 

maghemite takes 3+ charge states. As a result of this difference, defects are included in a 

part of Fe sites. There are several reports on the crystal structure of γ-Fe2O3, depending 

on how defects are arranged (Figure 1-2) [24-28]. As the cubic crystal structure, the 

space group Fd3തm and the lattice constant a = b= c = 8.33 Å is reported. In the case of 

this crystal structure, Fe3+ ions of 21 and 1/3, and lattice defect of 2 and 2/3 are 

contained. It is expressed by a composition of Fe8[Fe13.3□2.67]O32, where the square 

(□) represents defects. In this case, all tetrahedral sites are arranged by Fe3+ ion, 

however, Fe3+ and defects are randomly occupied in octahedral sites. On the other hand, 
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as a structure in which defects are ordered, a tetragonal space group has been reported, 

which the crystal structure is P41212. In this case, the unit cells are three times as large 

as cubic structure along c axis, and the lattice constants are a = 8.33 Å and c = 25.01 Å. 

γ-Fe2O3 exhibits ferrimagnetism at room temperature, and increasing the 

temperature causes transform to α-Fe2O3 at 700 - 800 K. 

 

1.2.3 α-Fe2O3 

α-Fe2O3 is called hematite. α-Fe2O3 shows red color as a feature and is widely 

used as red pigments. The crystal structure of α-Fe2O3 is a corundum structure of space 

group R3തc, hexagonal or rhombohedral crystal structure (Figure 1-3) [29-32]. The 

lattice constants of hexagonal crystal structure are a = 5.034 Å and c = 13.75 Å. All Fe 

sites are composed of octahedral sites. 

α-Fe2O3 shows paramagnetic character above 956 K. On the other hand, below 

956 K, α-Fe2O3 exhibits magnetism called weak ferromagnetism [33-36]. Furthermore, 

α-Fe2O3 shows phase transition at 260 K (called Morin temperature), and becomes 

antiferromagnetic state. Between 956 K and 260 K, the sublattice magnetization is not 

completely antiparallel. They tilt about 0.1 ° or less. Therefore, α-Fe2O3 exhibits weak 

ferromagnetism. On the other hand, below 260 K, this spin becomes completely 

antiparallel, so it becomes antiferromagnetism. 

 

1.2.4 ε-Fe2O3 

Epsilon iron oxide is found by Forestier et al. in 1934 and named as epsilon 

phase by Von R. Schrader et al. in 1963 [37, 38]. In 1998, the crystal structure was 

suggested by E. Tronc et al. At this time, the crystal structure was orthorhombic Pna21 
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with lattice parameter a = 5.095 Å, b = 8.789 Å, c = 9.437 Å (Figure 1-4) [39]. Fe3+ ion 

has four cation sites. FeA, FeB and FeC sites are octahedral sites, and FeD site is 

tetrahedral site. The formula in the unit cell is Fe16O24 and each Fe site is contained four 

times, therefore, the proportion of tetrahedral sites in the unit cell is 25%.  

In 2004, our group synthesized single phase of ε-Fe2O3 by chemical synthesis 

method combination of reverse micelle method and sol-gel method [6]. First of all, 

reverse micelle containing iron nitrate aqueous solution and barium nitrate aqueous 

solution, and reverse micelle containing aqueous ammonia solution are prepared in 

octane and butanol solvent. Then, by mixing these reverse micelle, hydroxide 

nanoparticles were prepared. By adding tetraethyl orthosilicate, hydroxide nanoparticles 

were covered with glass. After removing the solvent, the precipitate was dried, and was 

sintered in air. Sintering at 900 °C and 1100 °C, γ-Fe2O3 and α-Fe2O3 were obtained 

respectively, however, at 1000 °C, ε-Fe2O3 was obtained. Transmission electron 

microscope (TEM) showed that this material was rod-shaped nanoparticles. Fourier 

transformation of the HRTEM images showed that the rod direction of this material is 

the a-axis direction. Our group Sakurai et al. reported the precise atomic coordinates by 

Rietveld analysis of the X-ray diffraction pattern in 2005 [40]. The space group is an 

orthorhombic Pna21, and the lattice constants are a = 5.1019(3) Å, b = 8.7807(6) Å, c = 

9.4661(5) Å.  

While γ-Fe2O3, and α-Fe2O3 are abundant in nature, β-Fe2O3 and ε-Fe2O3 are 

obtained only in the laboratory. In 2009, Sakurai et al. reported the mechanism of 

generation the ε-Fe2O3 [41]. γ-Fe2O3, ε-Fe2O3, β-Fe2O3, and α-Fe2O3 can be prepared by 

synthesis method using mesoporous silica with only changing the sintering temperature. 

Synthesis is done as follows. First of all, mesoporous silica with small holes penetrated 
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iron sulfate or ferrocenecarbaldehyde was prepared. They were sintered at different 

temperatures in the air. As the sintering temperature was increased, γ-Fe2O3, ε-Fe2O3, 

β-Fe2O3, and α-Fe2O3 were obtained in turn. In this report, particle size threshold of 

phase transition were existed, i.e., the transition from γ-Fe2O3 to ε-Fe2O3 is about 8 nm, 

from ε-Fe2O3 to β-Fe2O3 is about 30 nm, and from β-Fe2O3 to α-Fe2O3 is about 50 nm in 

the synthesis method using iron sulfate. The surface energy play an important role in 

those transition. When describing the bulk part and the surface part separately, the 

Gibbs free energy (ܩ) can be written as follows. 

ሺ݅ሻܩ ൌ ୆ሺ݅ሻܩ	 ൅	൬
6 ௠ܸ

݀
൰ܩୗሺ݅ሻ 

Where, ܩ୆ is bulk Gibbs free energy, ܩୗ is surface Gibbs free energy, ௠ܸ is molar 

volume, ݀ is diameter, and ݅ represents each phase (α, β, γ, and ε). If the Gibbs free 

energy of each phase satisfied following relationships, the particle size dependency of 

Gibbs free energy can be describe as Figure 1-5. 

ሻߛ୆ሺܩ ൐ ሻߝ୆ሺܩ ൐ ሻߚ୆ሺܩ ൐  ሻߙ୆ሺܩ

and 

ሻߛୗሺܩ ൏ ሻߝୗሺܩ ൏ ሻߚୗሺܩ ൏  ሻߙୗሺܩ

Figure 1-5 showed that each phase has moderate particle size in order to obtain those 

phases. This results are consistent with the fact that ε-Fe2O3 was only obtained as 

nanoscale. 

 ε-Fe2O3 have received increased attention due to interesting properties [42-52]. 

For example, ε-Fe2O3 exhibits huge coercive field value over 25 kOe and saturation 

magnetization value 15 emu/g (Figure 1-6). The origin of magnetism of ε-Fe2O3 is 

considered as follows. Among the four Fe sites, A site and D site have negative 

sublattice magnetization, and B site and C site have positive sublattice magnetization. 
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Because the value of sublattice magnetization at D site is slightly smaller than the other 

sites, the positive magnetization of the B site and the C site cannot be canceled out by 

the negative magnetization of the A site and the D site in total. Therefore, ε-Fe2O3 

exhibits ferrimagnetism. In addition, ε-Fe2O3 can be absorbed the high frequency 

millimeter wave such as 182 GHz, since ε-Fe2O3 is insulator and exhibits huge coercive 

field value [43]. 

 Fe3+ ions of ε-Fe2O3 can be substituted by other trivalent cations, i.e., Al3+, 

Ga3+, In3+, Rh3+ and so on [7, 53-64]. Al3+ ion and Ga3+ ion can selectively replace the D 

site (Figure 1-7). By substitution of Al3+ (d0 S = 0) or Ga3+ (d10 S = 0), the sublattice 

magnetization at D site decreases, and the saturation magnetization values of ε-Fe2O3 

increase. On the other hand, the coercive field values decreases as the amount of Al3+ 

ion or Ga3+ ion substitution increases. Rh3+ can selectively replace the C site. By 

Rh-substitution, hybridization of the orbit becomes stronger. Therefore, the coercive 

field values are increased. Since the frequency of the electromagnetic waves absorption 

is related to coercive field values, this value can be controlled by metal substitution 

from 35 GHz to 222 GHz. As shown in these examples, various physical properties can 

be controlled by metal substitution of ε-Fe2O3. 

 

1.3. Transparent magnets 

Typical magnetic materials show deep color. For example, metal magnets 

reflect visible light and show silver color. On the other hand, it is considered that the 

magnetic materials exhibiting light-color or transparency can widen the usage of 

magnets. There are several reports on transparent magnetic materials [65-67]. Since 

ferrites are magnetic material and have a band gap, they are good candidate for 
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transparency magnets. It is known that a ferrite having a large particle size shows a deep 

color due to scattering of light, however, if the particle size is reduced, scattering of 

visible light can be suppressed, and the color becomes lighter. In 1992, R. F. Ziolo et al. 

reported that composite material which contain γ-Fe2O3 nanoparticles and polymer 

exhibit highly transparency [67]. 

 

1.4. Objective 

The objective of this theses is to investigate the color of epsilon iron oxide. The 

origin of the color was clarified by first-principles calculations and UV-vis absorption 

measurement. Furthermore, the effects on optical absorption by metal-substitution were 

investigated. Al- and Ga-substituted epsilon iron oxides were investigated using 

first-principles calculations and UV-vis spectra. 
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Figure 1-1. The color of iron oxides. Left is α-Fe2O3, center is Fe3O4, 

and right is γ-Fe2O3 [14]. 

Reproduced by permission from John Wily & Sons, Inc.: R. M. Cornell, 

and U. Schwertmann, Wiley-VCH Verlag GmbH & Co. KGaA (2003) 
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Figure 1-2. Crystal structure of -Fe2O3. (a) Cubic crystal structure and (b) tetragonal 

crystal structure [24, 25]. 

Reproduce with permission from Springer, C. Pecharromán, T. González-Carreño, 

J. E. Iglesias, Phys. Chem. Minerals, 22, 21-29 (1995). Copyright 1995, 

Springer-Verlag. 
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Figure 1-3. Crystal structure of -Fe2O3. (a) Rhombohedral crystal structure and 

(b) hexagonal crystal structure [29]. 

Reprinted with permission from L. Pauling, and S. B. Hendricks, J. Am. Chem. 

Soc., 47, 3, 781-90 (1925). Copyright 1925 American Chemical Society. 
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Figure 1-4. Crystal structure of -Fe2O3. Blue octahedral, green octahedral, orange 

octahedral, red tetrahedral, and gray balls indicate FeA site, FeB site, FeC site, FeD 

site, and oxygen atom, respectively [39].  
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Figure 1-5. Schematic illustration of phase stabilities among Fe2O3. Red, 

blue, yellow, and green lines indicate Gibbs free energy of -Fe2O3, -Fe2O3, 

-Fe2O3, and -Fe2O3, respectively [41]. 

Reprinted with permission from S. Sakurai, A. Namai, K. Hashimoto, and S. 

Ohkoshi, J. Am. Chem. Soc., 131, 18299-18303 (2009). Copyright 2009 

American Chemical Society. 
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Figure 1-6. Magnetic hysteresis loop of-Fe2O3 [8].  
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Reproduced by permission from Nature Publishing Group, a division of Macmillan 

Publishers Ltd: S. Ohkoshi, A. Namai, T. Yamaoka, M. Yoshikiyo, K. Imoto, T. Nasu, 

S. Anan, Y. Umeta, K. Nakagawa, and H. Tokoro, Sci. Rep., 6, 27212/1-10 (2016). 

Copyright 2016, Nature Publishing Group. 
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Reprinted with permission from A. Namai, S. Sakurai, M. Nakajima, T. Suemoto, K. 

Matsumoto, M. Goto, S. Sasaki, S. Ohkoshi, J. Am. Chem. Soc., 131, 1170–1173 (2009). 

Copyright 2009 American Chemical Society. 

Reproduced by permission from John Wily & Sons, Inc.: S. Ohkoshi, S. Kuroki, S. Sakurai, K. 

Matsumoto, K. Sato, and S. Sasaki, Angew. Chem. Int. Ed., 46, 8392-8395 (2007). Copyright 

2007, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Figure 1-7. Amount of (a) Al- and (b) Ga-substitution dependency for occupancy of each 

cation sites in -AlxFe2-xO3 or -GaxFe2-xO3. Blue, green, orange, and red marks indicate the 

occupancies of A, B, C, and D sites, respectively [43, 57]. 
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Chapter 2 First-principles calculations and optical measurement 

of ε-Fe2O3 

 

本章については特許申請のため、また、雑誌等で刊行予定のため、非公開。 
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Chapter 3 Al-substitution effect on epsilon iron oxide for optical 

absorption 

 

本章については特許申請のため、また、雑誌等で刊行予定のため、非公開。 
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Chapter 4 Ga-substitution effect on epsilon iron oxide for optical 

absorption 

 

本章については特許申請のため、また、雑誌等で刊行予定のため、非公開。 
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Chapter 5 Summary and Prospective 

 

In this study, I clarified the optical absorption properties of epsilon iron oxide 

using first-principles calculations and UV-vis spectra. 

In chapter 2, first-principles calculations of ε-Fe2O3 showed that ε-Fe2O3 has a 

wide band gaps and the absorption around 560 nm assigned transitions from O sites 

neighboring FeD site to FeC site. Furthermore, highly dispersed polymer solution of 

ε-Fe2O3 was prepared. The UV-vis spectrum of this solution confirmed the calculation 

results, and these results revealed that ε-Fe2O3 is a light-colored magnetic material. 

In chapter 3, first-principles calculations of ε-Al0.5Fe1.5O3 was performed, in 

order to investigate the effect of Al-substitution for optical absorption. First-principles 

calculations are conducted using the crystal structure with Fe D site selectively 

substituted by Al3+ ion. The first-principles calculations suggested that the band gaps of 

ε-Fe2O3 enlarged by Al-substitution because the absorption around 560 nm in ε-Fe2O3 

disappeared by Al-substitution. Furthermore, UV-vis spectra of ε-AlxFe2-xO3 (x = 0.48, 

and 0.66) confirmed the calculation results, and clarified that Al-substitution lightens 

the color of ε-Fe2O3.  

In chapter 4, Ga-substitution effect on ε-Fe2O3 for optical absorption was 

investigated. Ga-substitution also lightens the color of ε-Fe2O3, with the same 

mechanism of Al-substitution.  

In this thesis, it is clarified that the color of ε-Fe2O3 magnetic material is light, 

and furthermore, the color becomes lighter by Al- or Ga-substitution. For the further 

development of even lighter-colored magnets, it is important to design the materials 

using first-principles calculations because first-principles calculations can predict the 
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suitable atoms and substitution sites for develop light-colored magnets.  
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