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General Introduction 
 

 

G.1  Background 

There is no other era than today when people have recognized the importance and significant 

influence of ‘information’.  Thanks to the recent developments in the internet and mobile 

phone system, people can know what is happening in the world anytime-anywhere, and 

communicate their families or friends immediately even if they live abroad.  Digital 

multimedia, in which information is represented by the assemble of discrete value such as “0” 

or “1” bit, can avoid noises and deterioration of recorded information in contrast to previous 

analog system.  This enables one to enjoy much clearer and beautiful music, pictures, movies 

and so on.  There is no questions that today’s information technology has contributed to the 

better quality of human life.   

Up to the present, the enormous efforts have been dedicated to these developments in 

information technology by researchers and manufacturers, and they have often overcome the 

problems in their products and technologies.  For example, in semiconductor field, the 

well-known ‘Moore’s Law’, in which the integration density of transistor tends to double in 

almost every 18 months, sometimes has faced the limit of increasing the integrate density and it 

has been said that it is impossible to maintain further growth.  However, thanks to the 

manufactures’ great efforts to create advanced microfabrication processes including 

photolithography and dicing finer year by year, Moore’s Law could endure up to now. 

In addition to the improvements in manufacture engineering fields, much exertion also has 

been made to find or create novel materials and phenomena which enable devices to handle 

much more information and have further added value.  Among various kinds of them, today’s 

solid-state physics in metal oxides, especially transition-metal oxides, has attracted considerable 

attention of researchers all over the world.  So far, many interesting and/or useful materials and 

phenomena from a point of view of applied physics have been found, and some of them have 

been already in practical use in the field of electronics.  For example, indium-tin-oxide (ITO) 
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is widely utilized as transparent conductive films in flat-screen televisions and display panels of 

various kinds of electronic devices including computers, mobile phones, video game machines, 

and so on [1, 2].  Ferroelectric materials such as BaTiO3, Pb(Zrx, Ti1−x)O3 and LiNbO3 are 

utilized as capacitors as well as piezoelectric sensor such as actuators and speakers.  In 

addition, an attempt has been made to apply the materials as ferroelectric random access 

memory due to their large electric polarization [3, 4].  Ferrites AFe2O4 (A = Mn, Ni, Cu, Zn, etc.) 

are magnetic core materials of transformers because their high magnetic permeability and high 

electric resistivity resulting in smaller eddy-current loss [5].   

As mentioned above, the development of practicable metal oxides is indispensable for better 

human life, and researchers have tried to find novel phenomena and materials in order to 

contribute to the further development of practical devices.  Above all, the discovery of 

high-temperature superconductors has triggered the intense researches toward the electronics 

devices based on metal oxides.  In 1986, Bednorz and Müller found that cuprate Ba–La–Cu–O 

system is converted into superconducting phase at 30 K [6] which is higher than the transition 

temperature (TC) of existing metals or alloys (e.g. 23 K of Nb3Ge [7]).  After their report, the 

interest in superconducting oxides has soared, and subsequently, cuprate Y–Ba–Cu–O system 

(YBCO) was found to exhibit TC of 93 K by Wu et al. in 1987 [8].  The TC of YBCO, that is 

higher than liquid nitrogen temperature (77 K), impelled many researchers to search for new 

superconducting oxides with higher TC, aiming at practical applications of the materials [9–12]. 

I stress the impact of discovery of YBCO in terms of the following two meanings.   

First, YBCO has demonstrated that transition-metal oxides are intriguing and important 

materials from both fundamental and practical points of view, the latter being relevant to 

electronic devices.  Since the discovery of YBCO, many interesting physical properties have 

been found in transition-metal oxides such as colossal magnetoresistance effect in 

manganese-based perovskite oxides [13] and high-mobility two-dimensional electron gas at the 

interface between LaAlO3 and SrTiO3 [14].  

Secondly, enormous efforts have been made in order to fabricate high-quality YBCO thin 

films for application, and it has greatly contributed to the development of today’s thin film 

fabrication techniques.  Indeed, there are many reports on fabrication of YBCO thin film via 

several thin film growth methods including sputtering [15, 16], molecular beam epitaxy [17, 18] and 
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pulsed laser deposition (PLD) methods [19, 20].  Besides these growth methods, structural 

analysis methods of thin films have been developed as well.  For example, the development of 

high-resolution transmission electron microscope (TEM) has enabled one to evaluate not only 

crystallinity of thin films but also the sharpness of the interface between thin films and 

substrates, grain boundaries or density of dislocations in atomic scale [21–23].  Thanks to 

developments in both growth and analysis methods for thin films, researchers can fabricate 

high-quality functional transition-metal oxides thin films [24].  

 

 

G.2  The outline of this thesis 

My studies described in this thesis are mainly dedicated to the better information-dependent 

society through the fabrication of novel transition-metal oxide thin films. Among various kinds 

of research fields and materials sustaining today’s information-dependent society, I have 

especially focused on the research area called ‘spintronics’ and propose an Fe–Ti–O 

transition-metal oxide system called ‘ilmenite-hematite (FeTiO3–Fe2O3) solid solution’ as a 

promising candidate for a novel functional material.  The word of ‘spintronics’ derives from 

‘spin’ and ‘electronics’, and spintronics utilizes not only electrical properties of materials but 

also magnetic properties simultaneously.  Indeed, spintronics is one of the hot topics in today’s 

solid state physics and has already contributed to high-density storage such as hard-disc drive 

system.  Recently, many researchers have attempted to apply spintronics materials to the 

next-generation non-volatile memory called ‘magnetoresistive random access memory 

(MRAM)’.  My goal in the thesis is to prepare high-quality thin films of the ilmenite-hematite 

solid solution and to achieve excellent magnetic and electrical properties, eventually leading to 

the development of magnetic memory device based on FeTiO3–Fe2O3 solid solution system 

which consists of the abundant elements on the earth.  The details of spintronics and 

FeTiO3–Fe2O3 solid solution will be introduced in the initial part of this thesis (see Chapter 1).   

I especially pay attention to the fabrication of FeTiO3–Fe2O3 solid solution thin films with 

smooth surface in atomic scale.  Devices usually consist of multi-layers of functional materials, 

and their interface between layers is required to be sharp enough to prevent the degrading of 

carrier transport properties.  Therefore, the surface of underlying substrates and each layer 
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should be smooth in atomic scale.  In this study, I have successfully fabricated FeTiO3–Fe2O3 

solid solution thin films with atomically smooth surface on sapphire (α–Al2O3) substrates by 

PLD method. 

In this thesis, the following contests are described in the individual chapter;  

In Chapter 1, the outline of spintronics and FeTiO3–Fe2O3 solid solution is briefly mentioned.  

Because it is almost impossible to explain all kinds of materials, those essential to explain the 

background of this study will be taken into account.  First, I will provide a brief overview of 

giant magnetoresistive effect, tunneling magnetoresistive effect and the operating principle of 

MRAM.  Secondly, I will review the research background, crystal structure and physical 

properties of FeTiO3–Fe2O3 solid solution, and explain why this material can be considered as 

promising candidate for spintronics device. 

In Chapter 2, the low-temperature growth of FeTiO3–Fe2O3 solid solution thin films on 

C-plane sapphire, α–Al2O3 (0001), substrates is shown.  This low-temperature growth method 

is one of the directions toward the achievement of high-quality thin films suitable for device 

application.  In Chapter 2, I will demonstrate that highly crystallized thin films without deep 

pits can be fabricated though low-temperature growth method by comparing the results with 

those of thin films grown at higher substrate temperature (such as 700 ºC). 

  In Chapter 3, I have fabricated high-quality FeTiO3–Fe2O3 solid solution thin films on 

α–Al2O3 (0001) substrates by extremely high-growth temperature over 850 ºC.  Although there 

is a large lattice mismatch (about 6%) between C-plane thin film and substrate, thin films with 

‘atomically’ flat surface have been grown epitaxially.  Those thin films are considered to be 

grown via one of the step-flow growth modes called “Domain-Matching Epitaxy (DME)”.  I 

will mention the concept of DME growth with the result from high-resolution transmission 

electron microscopic observation of FeTiO3–Fe2O3/α–Al2O3 (0001) interface. 

In Chapter 4, the growth of FeTiO3–Fe2O3 solid solution thin films on A-plane sapphire, 

α–Al2O3 (112
_
0), substrates is reported.  Because the A-plane lattice mismatch between thin 

film and substrate is more than 7%, epitaxial thin films have never demonstrated with usual 

growth temperature such as 700 ºC.  However, I have successfully fabricated FeTiO3–Fe2O3 

solid solution thin films with atomically flat surface epitaxially on α–Al2O3 (112
_
0) substrates at 

the growth temperature of 850 ºC.  I consider that the thin films are also grown by DME mode 
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just the same as the phenomenon described in Chapter 3.  It is particularly worth noting that 

this epitaxial growth of FeTiO3–Fe2O3 solid solution on α–Al2O3 (112
_
0) substrates has been 

realized for the first time.   

In Chapter 5, in order to understand the mechanism of electrical conduction in FeTiO3–Fe2O3 

solid solution, a hard X-ray photoemission spectroscopy has been carried out.  Although the 

end members of solid solution (FeTiO3 and Fe2O3) are both insulators, the solid solution is a 

semiconductor.  This difference has not been investigated experimentally yet.  Based on the 

results obtained, I will propose the mechanism for electrical conduction in FeTiO3–Fe2O3 solid 

solution. 

  Finally, the study performed in this thesis is summarized, and future prospects of 

FeTiO3–Fe2O3 solid solution thin films for spintronics device application is described. 
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Chapter 1.  Spintronics and ilmenite-hematite solid solution 
 

 

1.1  Spintronics 

 

1.1.1  Introduction to spintronics 

  Electrons possess both charge and spin degrees of freedom.  As explained in General 

Introduction, spintronics which derives from the words ‘spin’ and ‘electronics’ is the electronics 

using both conducting and magnetic properties of materials and has contributed to today’s 

information technology.  Because it is almost impossible to give explanations about all kinds 

of spintronics-related phenomena and my study has been dedicated to the development of 

practicable spintronics device based on transition-metal oxides, we limit the explanation to 

‘giant magnetoresistive (GMR) effect’ and ‘tunneling magnetoresistive (TMR) effect’ which are 

key phenomena for today’s or next-generation spintronics device applications.  In particular, 

the latter phenomenon has attracted considerable attention of many researchers aiming for the 

development of a next-generation non-volatile magnetic memory called ‘magnetoresistive 

random access memory (MRAM)’.  In this chapter, we will also explain about the basic 

operating principle of MRAM and the relationship between the performance of MRAM and the 

spin polarization of materials.   

 

 

1.1.2  Giant magnetoresistive (GMR) effect 

  Magnetoresistive (MR) effect is the phenomenon where the electric resistivity in materials is 

varied by applying external magnetic field to them.  The magnitude of variation in the electric 

resistivity is called MR ratio which is described as, 

 
 

MR ratio =  
𝑅ℎ − 𝑅𝑙
𝑅𝑙

 (1) 
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where Rl and Rh are the lower and higher electric resistivity resulting from before and after the 

application of external magnetic field to the material.  Although this phenomenon has been 

found in many metals, alloys and semiconductors, the reported MR ratio is only several % [1–3] 

and these MR ratios are not enough for the spintronics device application.   

In contrast to these MR effects, the giant magnetoresistive (GMR) effect reported by Fert and 

Grünberg independently in 1988 exhibited more than tens % of MR ratio, that is, one digit 

higher than previously reported MR effects [4, 5].  Fig. 1.1.1 is the schematic model for the 

GMR device in which ferromagnetic metal such as Fe (notated as ‘F’ in Fig. 1.1.1) and 

nonmagnetic metal such as Cu (notated as ‘NM’) thin films are stacked alternately.  The 

transport property of electrons depends on the relationship between the direction of magnetic 

moment due to the spin of conductive electrons and the direction of magnetization in conductive 

ferromagnetic materials.  When these two directions are aligned parallel to each other, the 

electrons can be transported without being scattered.  However, the electrons tend to be 

scattered during transportation when these two directions are not aligned parallel to each other 

and the scattering probability is maximum when they are aligned anti-parallel to each other.  In 

Fig. 1.1.1 (a), the magnetizations of all three F layers (described as white arrow) are facing to 

the right.  In this case, the conductive electrons whose direction of magnetic moment 

(described as black arrow) faces to the right are aligned parallel to the magnetization direction 

of all three F layers, and can pass through the device without being scattered.  On the other 

hand, in the case the magnetization of one of three F layers faces to the left as illustrated in Fig. 

1.1.1 (b), the electrons whose direction of magnetic moment faces to the right are scattered by 

that F layer.  In this manner, the number of electrons which can pass through the whole device 

without being scattered depends on whether the magnetizations of all F layers are aligned 

parallel to each other or not, and the electric resistivity of GMR device in Fig. 1.1.1 (a) is lower 

than that of GMR device in Fig. 1.1.1 (b).  The GMR ratio is evaluated as, 

 
 

GMR ratio =  
𝑅𝑎𝑎 − 𝑅𝑎

𝑅𝑎
 

 

(2) 
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where Rp and Rap mean the electric resistivity corresponding to the situations in which the 

magnetizations in F layers are parallel and anti-parallel to each other, respectively.   

  The most famous and significant application of GMR effect is hard-disk drive (HDD) system.  

The schematic illustration of HDD is shown in Fig. 1.1.2 (a).  HDD consists of the disk whose 

surface is covered with ferromagnetic alloy layer and the heads located immediately above the 

disk.  Fig. 1.1.2 (b) is the illustration of the way to write and read the information of HDD.  

The heads comprise both writing and reading parts discretely.  First, the information is written 

on the recording media as the direction of magnetization in ferromagnetic alloy by magnetic 

field generated with electric current running through the coil in the writing head.  For example, 

as in Fig. 1.1.2 (b), the magnetization in one division of recording media, where magnetic field 

generated from the writing head is applied, is facing to the left.  The directions of 

magnetization in each division of recording media (arrows pointing to the right or left in Fig. 

1.1.2) correspond to one binary bit (‘0’ or ‘1’).  Subsequently, the information recorded on the 

media is read by reading head (GMR head) as follows.  GMR head consists of one 

nonmagnetic and two ferromagnetic layers where the magnetization in one of the two 

ferromagnetic layers is fixed (hereafter, fixed layer) but another one is free (free layer).  In Fig. 

1.1.2. (b), the upper and lower ferromagnetic layers correspond to the fixed and free layers, 

respectively.  When the GMR head approaches the surface of the media, the direction of 

magnetization in free layer can be changed by the magnetic field generated from each division 

of the recorded media, and the electric resistivity is also changed depending on whether the 

magnetization in each division of the media faces to the right or left.  In this manner, the GMR 

head can discriminate each division of the media as it is ‘0’ or ‘1’. 

 

 

1.1.3  Tunneling magnetoresistive (TMR) effect 

  Another important MR effect is tunneling magnetoresistive (TMR) effect whose MR ratio is 

even higher than GMR effect.  Similarly to GMR effect, TMR-effect-based device called 

magnetic tunnel junction (MTJ) consists of two ferromagnetic conductive layers and one 

nonmagnetic insulator layer and utilizes the variation in tunneling electric current passing 

through the insulator layers.  Generally, tunneling electric current can run easily when these 
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two magnetizations in ferromagnetic layers are aligned parallel to each other, and the TMR ratio 

is also evaluated by equation (2) just the same as GMR ratio.  Although the first TMR effect 

was found in Fe/Ge/Co trilayer system by Julliere in 1975, the TMR ratio of that system was 

only 14% below 4.2 K [6].  The remarkable improvement in TMR effect was achieved by 

Miyazaki and Moodera independently in 1995 [7, 8].  They both found the TMR ratio in 

Fe/amorphous Al2O3/Fe MTJ device to be about 20% in ambient temperature.  In 2001, Butler et 

al. predicted that TMR ratio in Fe (001)/single crystal MgO (001)/Fe (001) MTJ device would 

be over 1,000% using first-principles calculations [9], and Yuasa et al. have successfully 

fabricated the Fe/MgO/Fe MTJ device, which exhibits the TMR ratio of 88% in ambient 

temperature, via molecular beam epitaxy [10] in 2004 and raised the TMR ratio to 180% in 

ambient temperature by optimizing the growth condition to obtain higher crystalline quality of 

MgO insulate layer [11] in the same year, i.e., in 2004.  After their report, the motivation for the 

exploration of larger TMR ratio has soared in order to develop next-generation spintronics 

device including TMR head for HDD and MRAM (see next section 1.1.4).  Up to now, the 

reported TMR ratio has become to be over 500% in ambient temperature in MTJ devices based 

on full-Heusler alloys [12, 13] (see Section 1.1.6). 

 

 

1.1.4  Magnetoresistive Random Access Memory (MRAM) 

  As noted repeatedly, magnetoresistive random access memory (MRAM) is one of the 

promising next-generation spintronics devices.  Fig. 1.1.3 is the schematic illustrations for the 

structure and operating principle of MRAM.  In MRAM, lots of MTJ devices corresponding to 

binery bits are arranged as Fig. 1.1.3 (a).  One of the magnetizations in ferromagnetic layers of 

each MTJ device is fixed and another one is free.  Each MTJ device is attached to one bit line 

and two word lines.  The operating principle of MRAM is very similar to that of HDD.  In 

writing information on MRAM, the electric current runs along writing word line as well as bit 

line and generates magnetic field which can change the magnetization in free layer of each MTJ 

device.  The binary bit information is recorded in each MTJ device in this way.  On the other 

hand, in the case of reading information, the electric current runs through the MTJ device and 

the magnitude of electric resistivity, which depends on the alignment of two magnetizations in 
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ferromagnetic layers, is measured. 

  There are some merits in MRAM compared to the current dynamic random access memory 

(DRAM).  First, MRAM is a non-volatile memory.  Because the information is recorded by 

injecting electric charge into the condensers, the information stored in DRAM disappears 

completely by losing electric charge from the condensers when one turns off the computer.  

The computer must rewrite information on DRAM again when it is rebooted, which is waste of 

time and electricity.  On the other hand, MRAM stores information as magnetizations of 

ferromagnetic materials which do not disappear even after the computers are turned off.  

Therefore, the computer can be rebooted more quickly and one can suppress the consummation 

of electricity. 

 

 

1.1.5  Spin polarization and two-current model 

  As described in section 1.1.3. and 1.1.4., both GMR and TMR effects utilize the 

spin-dependent electron transport, and electrons can be transported easily when magnetizations 

of ferromagnetic layers in GMR or TMR device point to the same direction.  The coherence 

between the directions of magnetization is important not only in macroscopic sense as explained 

above but also in microscopic sense.  The latter is discussed in relation to a proportion of ‘spin 

polarization’.  Spin polarization P is defined as, 

 
 

𝑃 =  
𝐷↑(𝐸𝐹) − 𝐷↓(𝐸𝐹)
𝐷↑(𝐸𝐹) + 𝐷↓(𝐸𝐹)

 

 

where D↑(EF) and D↓(EF) are the density of states (DOS) of the up (↑) and down (↓) spin 

electrons at Fermi level (EF).  Materials can be classified into three groups (paramagnets, 

ferromagnets, and half-metals) in terms of spin polarization as illustrated in Fig. 1.1.4.  In 

paramagnets, the band structure of up and down spin electrons can be described symmetrically 

as in Fig. 1.1.4 (a) and the DOS of the up and down spins at EF is the same as each other, 

resulting in P = 0 as found from the equation (3).  On the other hand, in ferromagnets such as 

Fe, Co, or Ni, the bands of up and down spin electrons are splitting due to exchange interactions 

(3) 
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and P becomes non-zero (0 < P < 1).  In contrast to these two materials, half-metals possess 

unique band structure.  Fig. 1.1.4 (c) is the schematic band structure of half-metals where the 

DOS of up spin electrons is metallic but that of down spin electrons is similar to semiconductors 

at EF.  Spin-dependent electron transport is generally explained by two-current model [6] where 

electric current is considered to consist of up and down spin electrons and electric charge is 

transported by them separately as illustrated in Fig. 1.1.5.  Therefore, only up spin electrons 

can contribute to the electric conductivity in half-metals and P = 1 due to D↓(EF) = 0.  Spin 

polarization directly affects the TMR ratio as following equation proposed by Jullier [6], 

 

TMR ratio =  
𝑅𝑎𝑎 − 𝑅𝑎

𝑅𝑎
=  

2𝑃1𝑃2
1 − 𝑃1𝑃2

 

 

where P1 and P2 are spin polarization of two materials which constitute top and bottom 

ferromagnetic layers in MTJ device.  From equation (4), one can see that ideal TMR ratio is 

infinite if P1 = P2 = 1 according to the theory.  Therefore, it is desirable that materials such as 

half-metals are applied to MTJ device in order to realize high-performance devices including 

MRAM. 

 

 

1.1.6  The candidates for promising half-metals 

  As mentioned above, half-metals are considered to be promising candidates for 

high-performance MRAM due to their high spin polarization (theoretically, 100%).  Up to now, 

there have been lots of studies on half-metals from both theoretical and experimental 

approaches.  The first report on half-metal was given by de Groot et al.  In 1983, they 

calculated the band structure of Mn-based Heusler alloys with the C1b crystal structure 

(half-Heusler alloys) such as NiMnSb and PtMnSb by the augmented-spherical-wave method 

and predicted that these Heusler alloys would be half-metals [14].  Since then, many materials 

have been predicted to be half-metals.  For example, Ishida et al. predicted that Co2Cr1–xFexAl 

alloy system which is Co-based Heusler alloys with the L21 crystal structure (full-Heusler 

alloys) would be half-metals in 1995 [15], and not only Heusler alloys but also some other 

(4) 
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materials including zinc blende structure compounds (CrAs [16]) and transition-metal oxides 

(CrO2 [17], Fe3O4 [18] and perovskite La–Sr–Mn–O system (LSMO) [19]) are considered to be 

half-metals.   

Along with the theoretical calculations, some of them (especially full-Heusler alloys) have 

been experimentally confirmed to be half-metals, and MTJ device based on them have been also 

demonstrated.  For example, Wang et al. have fabricated Co2FeAl/MgO/CoFe MTJ device 

based on full-Heusler alloy Co2FeAl by simple sputter-deposition techniques, and demonstrated 

the TMR ratio up to 330% at room temperature (700% at 10 K) in their MTJ device [20].  As 

noted in the section 1.1.3, up to now, the TMR ratio of over 500% in ambient temperature has 

been realized in MTJ devices based on full-Heusler alloys of CoFeB system [12, 13].  In this way, 

Heusler alloys are promising half-metals for spintronics device application.   

On the other hand, Soulen et al. measured spin polarization at Fermi level of some materials 

using superconducting point contact method and found that perovskite LSMO and CrO2 showed 

spin polarization of 78 + 4.0 and 90 + 3.6% at liquid helium temperature, respectively [21].  In 

2003, Bowen et al. demonstrated huge TMR ratio of more than 1800% at 4 K in 

LSMO/SrTiO3/LSMO MTJ device [22].  Although their huge TMR ratio can be obtained only at 

liquid helium temperature and drastically decreases to 12% at 270 K, their demonstration sheds 

light on the possibility of transition-metal oxides to be promising candidates for half-metals in 

order to realize high-performance MRAM. 

  Among these transition-metal oxides, ilmenite-hematite solid solution is also theoretically 

predicted to be a half-metal [23], and this is why I have paid attention to this material in this study.  

In addition to this fact, ilmenite-hematite solid solution possesses high ferrimagnetic Curie 

temperature [24] and finds unique property in its carrier which can be varied so that the material 

becomes both n- and p- types with controlling the composition of solid solution [25].  The 

details of these properties of ilmenite-hematite solid solution are discussed in the next section. 
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Fig. 1.1.1  The schematic images of giant magnetoresistive effect in the case of the 

magnetizations in all three ferromagnetic layers are aligned parallel to each other (a), and one 

of them is aligned to anti-parallel to remained two layers (b).  The ‘F’ and ‘NM’ 

descriptions mean ‘ferromagnetic’ and ‘nonmagnetic’ layers, respectively.  The directions of 

magnetic moment due to spin in conducting electrons and magnetization in ferromagnetic 

layers are indicated by black and white arrows, respectively.   
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Writing head
Reading head
(GMR head)

Recording media

Recording disk

heads

Fig. 1.1.2  (a) The schematic illustration of recording media and heads of hard disk drive 

(HDD) system.  The light-green circle in the recording disk corresponds to the part where 

the heads are writing or reading information of the media.  (b) The schematic illustration of 

wring and reading (GMR) heads.  This illustration corresponds to the region encircled by 

red dash-line in Fig. 1.1 (a).  The write arrows indicate the direction of magnetization in the 

divisions of recording media and the ferromagnetic layer in GMR head.  The magnetic field 

from writing head and one of the divisions of recording media is indicated by red arrow. 
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  bit line

writing word line

reading word line

Fig. 1.1.3  (a) The schematic illustration of the structure in MRAM.  (b) The schematic 

illustration of wring and reading operating principle in MRAM.  The left side shows how to 

write information on MRAM.  The white arrows indicate the magnetic field generated by 

electric current running along bit line and writing word line (denoted by red arrows).  The 

right side shows how to read information from MRAM.  The red arrows also indicate 

electric current running lines and MTJ device just the same as the left side image. 

bit line

writing word line

reading word line

free layer

fixed layer
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Fig. 1.1.4  The schematic illustrations of the band structure in paramagnets (a), 

ferromagnets (b), and half-metals (c).  In each illustration, the band structures of up and 

down spin electrons are denoted by red and blue regions, and EF indicates the Fermi level.  

D↑(EF) and D↓(EF) indicate the density of states of the up and down spin electrons at EF, 

respectively. 
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EF

E
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E

EF
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Fig. 1.1.5  The schematic illustrations of two-current model in the same materials of 

ferromagnets (a), and half-metals (b).   As in the Fig. 1.1.4, the band structures of up and 

down spin electrons are denoted by red and blue regions, and EF indicates the Fermi level.  

The red and blue arrows indicate the transfer of up and down spin electrons in the same 

materials.  In Fig. 1.1.5 (a), both up and down spin electrons can transfer but the former can 

transfer easily than the latter because of the difference in the density of states at EF between 

them.  In Fig. 1.1.5 (b), only up spin electrons can transfer reflecting the characteristic of 

half-metal in this case where the density of states at EF of the down spin electrons is zero. 
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1.2  Ilmenite-hematite solid solution 

1.2.1  Crystal structure and research background of ilmenite-hematite solid solution 

  Before we introduce detailed physical properties of ilmenite-hematite solid solution and the 

reason why we consider this material to be promising candidate for spintronics application, the 

crystal structure and research background of it including its end members, ilmenite and hematite, 

are overviewed. 

First, the crystal structure of ilmenite (FeTiO3) and hematite (α–Fe2O3) are shown in Fig. 

1.2.1 which is depicted with VESTA software [1] and the crystallographic information listed in 

reference [2] and [3].  Both of them have a corundum-based structure where oxide anions are 

arranged into a distorted hexagonal close packed sublattice, and the two-third of their octahedral 

interstices are occupied by cations.  From Fig. 1.2.1, one can see that α–Fe2O3 has alternately 

stacked Fe and O layers along its c-axis.  On the other hand, FeTiO3 has two kinds of cation 

layers (Fe and Ti layers) and these two cation layers between O layers also appear alternately 

along c-axis of FeTiO3.  This difference of cation layer between FeTiO3 and α–Fe2O3 results in 

the difference of the crystallographic space group of them; FeTiO3 belongs to the space group of 

R3
_
 whereas α–Fe2O3 belongs to that of R3

_
c.  They constitute complete solid solution [4] due to 

the similarity in crystallographic characteristics including lattice constant; FeTiO3 (a = 5.087 Å, 

c = 14.082 Å), α–Fe2O3 (a = 5.038 Å, c = 13.772 Å).  Hereafter, the author denotes 

ilmenite-hematite (FeTiO3–Fe2O3) solid solution as xFeTiO3·(1–x)Fe2O3 (0 < x < 1), where x 

means the molar fraction of FeTiO3.   

Although both end members are antiferromagnetic insulators, specific crystal phase of 

FeTiO3–Fe2O3 solid solution called ‘ordered phase’ becomes a ferrimagnetic semiconductor 

whereas the phase called ‘disordered phase’ still remains an antiferromagnet [5, 6].  Fig. 1.2.2 

shows schematic illustrations of FeTiO3–Fe2O3 solid solution of both ordered and disordered 

phases.  First, in disordered phase, Fe and Ti cations are distributed randomly in each cation 

layer.  In FeTiO3–Fe2O3 solid solution, ferromagnetic interaction occurs within each layer 

whereas antiferromagnetic interaction occurs between adjacent two cation layers.  As a result, 

the magnetic moments in Fe cations which are indicated by black arrow are aligned as Fig. 1.2.2 

(a), where the number of magnetic moments in Fe cations pointing to the right and left is almost 

the same and the magnitude of net magnetization in the whole disordered phase becomes almost 
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zero.  On the other hand, ordered phase has alternating Fe-only and Ti-rich cation layers (noted 

as layer A and B respectively in Fig. 1.2.2) stacking alternately along c-axis just the same as 

FeTiO3.  In this case, antiferromagnetic coupling of magnetic moments between adjacent two 

cation layers results in ferrimagnetism due to the difference in the number of Fe cations between 

layers A and B.  Ordered phase is a semiconductor where electrons are considered to transfer 

between Fe2+ and Fe3+ cations in layer A (the detailed mechanism of this electron transfer will 

be discussed in Chapter 5).  This order-disorder transition in FeTiO3–Fe2O3 solid solution 

depends on its composition and temperature as indicated in a phase diagram of Fig. 1.2.3 [7], 

indicating that ordered-phase of FeTiO3–Fe2O3 solid solution can be obtained within the limited 

ranges of composition and temperature.  As will be mentioned in Section 1.2.3., this limitation 

also affects the growth condition for thin films of ordered-phase of FeTiO3–Fe2O3 solid solution. 

FeTiO3–Fe2O3 solid solution is a mineral and has been researched in paleomagnetics where 

researchers investigate the history of geomagnetism by examining remanent magnetization 

preserved in minerals of various ages.  FeTiO3–Fe2O3 solid solutions are especially important 

minerals for these studies because they bear magnetic Fe cations and abundantly exist on the 

earth.  FeTiO3–Fe2O3 solid solution can be transformed into other crystalline phase such as the 

solid solution of magnetite (Fe3O4) and ulvospinel (Fe2TiO4) (titanomagnetite) depending on the 

temperature and oxygen fugacity around them during its crystallization and cooling process.  

Fig. 1.2.4 is TiO2–FeO–Fe2O3 ternary diagram where vertical and horizontal arrowed lines 

indicate compositional Fe/Ti ratio and the valence of Fe cations [8], and one can see that the 

crystalline phase is varied with the valence of Fe cations which depends on the temperature and 

oxygen fugacity.  Therefore, FeTiO3–Fe2O3 solid solution is also important mineral in 

petrology because researchers can evaluate the ancient environment of the place in which those 

minerals are obtained by analyzing the crystalline phase.  In 1964, Buddington and Lindsley 

have established the concept of ‘geothermometer’; one can estimate the formation temperature 

and oxygen fugacity of minerals from their composition and valence of cations [9]. 

 

 

1.2.2  Physical properties of ilmenite-hematite solid solution 

1.2.2.1  Magnetic properties of ilmenite-hematite solid solution  
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One of the comprehensive studies on the magnetic properties of FeTiO3–Fe2O3 solid solution 

has been conducted by Ishikawa et al. [5]  They prepared xFeTiO3·(1–x)Fe2O3 bulk specimens 

with the whole composition range of 0 < x < 1 and investigated their magnetic properties 

systematically.   

First, they found that the strong ferrimagnetism could be observed in the solid solution with 

the composition range of 0.5 < x < 0.95 which were prepared by quenching the mixture of 

FeTiO3 and α–Fe2O3 from 1200 ºC after it was sintered and maintained at that temperature for 6 

to 12 h.  As seen from Fig. 1.2.3, FeTiO3–Fe2O3 solid solution with ordered phase can be 

obtained in the limited temperature range, and it has a miscibility gap (indicated by ‘R3
_
c + R3

_
’) 

in the composition and temperature ranges of 0.25 < x < 0.85 and 800 K < T < 950 K where it 

exsolves into its end members; this means quenching specimens from high temperature to 

ambient temperature is a key factor to obtain ordered phase with strong ferrimagnetism. 

Fig. 1.2.5 is the temperature-dependence of the magnetization of xFeTiO3·(1–x)Fe2O3 bulk 

specimens.  The magnetization increases almost linearly with a decrease in temperature from 

their Curie temperature (TC) to lower temperature where TC is evaluated by extrapolating the 

linear part of the curve to the abscissa axis (the dashed lines).  The inset of Fig. 1.2.5 is a 

composition-dependence of TC in the solid solution.  The TC varies almost linearly between 55 

and 950 K which are Néel temperature of FeTiO3 and α–Fe2O3 respectively, following the 

equation, 
 

TC = 55x + 950 × (1 – x)   

 

TC is 99.7 K which is higher than liquid nitrogen temperature (77 K) when x = 0.95, and is over 

room temperature when x < 0.73.  Therefore, it can safely be said that FeTiO3–Fe2O3 solid 

solution is practical ferrimagnet with high TC. 

 

 

1.2.2.2  Electric properties of ilmenite-hematite solid solution 

Ishikawa et al. have also systematically investigated the electric properties of bulk 

xFeTiO3·(1–x)Fe2O3 specimens with the composition range of 0.33 < x < 1 [6], which were 

(1) 
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prepared by the same method as their report on magnetic properties of FeTiO3–Fe2O3 solid 

solution [5].   

Fig. 1.2.6 (a) is the temperature-dependence of electric resistivity ρ of FeTiO3–Fe2O3 solid 

solution with various compositions.  Although the curves have some bending points because of 

the porosity in their bulk specimens which affects the electric property measurement, they show 

similar gradient except for FeTiO3 end member.  This means that the activation energy E of all 

specimens is estimated to be almost the same as each other (0.25 – 0.40 eV) from the following 

equation. 

 
 

ρ = ρ0 exp (E/2kT) 

 

The electric resistivity of FeTiO3 significantly decreases when it forms solid solution with 

α–Fe2O3 and also decreases with an increase in the ratio of α–Fe2O3.  Fig. 1.2.6 (b) is the 

composition-dependence of the electric resistivity and one can see that the electric resistivity 

becomes minimum when x = 0.5.   

Fig. 1.2.7 is the composition-dependence of Seebeck coefficient of FeTiO3–Fe2O3 solid 

solution series where Seebeck coefficient changes systematically with the composition of 

FeTiO3–Fe2O3 solid solution.  Its sign is negative (corresponding to n-type carrier) when x < 

0.73 whereas it is positive (p-type carrier) when x > 0.73.  This means that the carrier type can 

be tuned as either p- or n-type by simply changing the composition.  This controllability of 

carrier type has a possibility to realize homo p-n junction device based on FeTiO3–Fe2O3 solid 

solution thin films with different compositions. 

The authors also discussed the valence states of cations and the electric conduction 

mechanism in FeTiO3–Fe2O3 solid solution.  I will introduce their proposal and further discuss 

the mechanism of electric conduction in FeTiO3–Fe2O3 solid solution in Chapter 5 where I 

present data of hard X-ray photoemission spectroscopy in order to analyze electronic structure 

of the solid solution and compare the spectrum to theoretical reports by another groups 

including Ishikawa et al.   

 

(2) 
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1.2.2.3  Spin polarization of ilmenite-hematite solid solution 

As mentioned before, materials with high spin polarization are required in order to realize 

high-performance MRAM, and half-metals are considered to be promising candidates for such 

materials.  Butler et al. calculated the density of states (DOS) of α–Fe2O3 and 

xFeTiO3·(1–x)Fe2O3 (x < 0.5) using full potential density functional theory implemented in the 

generalized gradient approximation, and suggested that the latter is a half-metal up to 1000 K 
[10].  Fig. 1.2.8 is the DOS of 0.5FeTiO3·0.5Fe2O3 and one can see that the DOS near Fermi 

level shows half-metallic characteristics.  In this calculation model of 0.5FeTiO3·0.5Fe2O3, the 

authors substituted 25% of Fe cations in α–Fe2O3 by Ti cations.  This substitution results in the 

ordered-phase with alternating Fe-only layer and Fe-Ti layer which include 50% of Fe cations, 

and ferrimagnetism in the ordered-phase due to the same mechanism as described in the Section 

1.2.1 and Fig. 1.2.2.   The substitution also affects the electronic structure of α–Fe2O3.  The 

calculated DOS diagram of α–Fe2O3 shows the band gap of 0.43 eV at Fermi level in both up- 

and down-spin channel (not shown).  Although one of two spin channels still remains 

insulating, the other spin channel becomes conducting after the substitution.  Similar effect 

could be observed in solid solutions with lower Ti substitution. 

  Although the authors’ results indicate that xFeTiO3·(1–x)Fe2O3 with only the composition 

range of x < 0.5 can be half-metals, high spin polarization is also expected in the solid solution 

with x > 0.5 and it is worth investigating experimentally their spin polarization in order to 

realize magnetic tunneling junction device based on FeTiO3–Fe2O3 solid solution.   

 

 

1.2.3  Previous studies on ilmenite-hematite solid solution thin films 

  As discussed in the Section 1.2.2., FeTiO3–Fe2O3 solid solution possesses unique physical 

properties including controllability of its carrier-type, practicable ferrimagnetism with high TC, 

and its high spin polarization, and is considered to be one of the promising materials for 

spintronics application.  Up to now, many research groups have fabricated FeTiO3–Fe2O3 solid 

solution thin films on corundum sapphire (α–Al2O3) substrates via several vacuum deposition 

methods and investigated their physical properties.  For example, Zhou et al. have reported the 
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first study on epitaxial growth of xFeTiO3·(1–x)Fe2O3 (x = 0.55, 0.65, 0.73, 0.80, and 0.90) thin 

films [11].  They fabricated those thin films on α–Al2O3 (0001) substrates with pulsed laser 

deposition (PLD) method using KrF excimer laser and post-annealing in PLD chamber.  In 

their report, epitaxial thin films with good crystallinity can be obtained via post-annealing 

whereas as-deposited thin films are amorphous.  Fujii et al. have reported similar studies in 

2004.  They have also fabricated xFeTiO3·(1–x)Fe2O3 (x = 0.77) epitaxial thin films on 

α–Al2O3 (0001) substrates by helicon plasma-sputtering technique and post-annealing [12, 13].  

After their reports, Hojo et al. have reported a direct fabrication of xFeTiO3·(1–x)Fe2O3 (x = 

0.60, 0.73, and 0.80) thin films using PLD method without post-annealing by optimizing the 

growth rate of thin films [14–17].  Those reports from several research groups have shown that 

the physical properties of their thin films are similar to those of bulk specimens reported by 

Ishikawa [5, 6] and that FeTiO3–Fe2O3 solid solution thin films are expected to be promising 

materials for spintronics application.  However, the surface structure of their thin films is not 

smooth enough to be applied for multi-layered device such as magnetic tunneling junction 

device or has not been investigated at all.   

As I explained in General Introduction, atomically smooth surface is required to realize 

high-performance devices because the rough interface between thin films seriously degrades the 

transport properties of materials.  The main reason why it is difficult to fabricate epitaxial 

FeTiO3–Fe2O3 solid solution thin films with atomically smooth surface is the large lattice 

mismatch (about 7%) between thin films and α–Al2O3 substrates (the lattice constants of 

α–Al2O3 are as follows; a = 4.763 Å, c = 13.003 Å).  However, α–Al2O3 is suitable substrate 

for the fabrication of FeTiO3–Fe2O3 solid solution thin films because its crystal structure (space 

group: R3
_
c) is the same as α–Fe2O3 (space group: R3

_
c), and it is a thermally and chemically 

stable material which prevents the interdiffusion of atoms at interface between thin film and 

substrate during thin film growth.  Therefore, it is desirable to fabricate FeTiO3–Fe2O3 solid 

solution thin films with atomically smooth surface on α–Al2O3 substrates by optimization of 

growth conditions rather than exploring alternate substrate which possesses smaller lattice 

mismatch against FeTiO3–Fe2O3 solid solution thin films.   

In order to address this problem, I have studied the fabrication of epitaxial FeTiO3–Fe2O3 

solid solution thin films with atomically smooth surface using PLD method via optimizing their 



   

 
 

28 
 

growth conditions.  I introduce the results in the following chapters.  The optimization of 

growth conditions is testing challenge in the case of FeTiO3–Fe2O3 solid solution thin films, 

because ordered-phase of FeTiO3–Fe2O3 solid solution can be obtained within very limited 

formation conditions of oxygen fugacity and temperature as indicated in Fig. 1.2.3 and 1.2.4.  

This difficulty in the optimization of growth conditions was also reported in previous reports on 

fabrication of FeTiO3–Fe2O3 solid solution thin films [11–17].  The present studies in this thesis 

also have faced this difficulty but I have successfully fabricated FeTiO3–Fe2O3 solid solution 

thin films with atomically smooth surface. 
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Fig. 1.2.1  The crystal structure of (a) FeTiO3 (space group : R3
_
), and (b) α-Fe2O3 (space 

group : R3
_
c).  The upper direction of the plane of paper is the crystallographic c-axis 

direction of them.  Red, blue and brown balls indicate O, Ti and Fe ions respectively.  Both 

crystal structures were depicted by VESTA software [1] using the crystallographic information 

listed in reference [2] and [3]. 
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Fig. 1.2.2  The schematic illustrations of (a) disordered phase (space group: R3
_
c) and (b) 

ordered phase (space group: R3
_
) of FeTiO3–Fe2O3 solid solution.  The black arrow in each 

Fe cations is the direction of magnetic moment of them.  The capitals ‘A’ and ‘B’ in Fig. 

1.2.2 (b) indicate Fe-only and Ti-rich cation layers respectively.  The green arrows in each 

cation layers indicate the magnitude and direction of magnetic moments in them.   
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Fig. 1.2.3  The phase diagram of FeTiO3–Fe2O3 solid solution system.  The long solid line 

indicates the variation in Néel temperature with the composition.  The notations of magnetic 

states indicate as follows; PM = paramagnet, AF = antiferromagnet where spins are aligned 

perpendicular to c-axis of the solid solution, FM = ferrimagnet, S = spin glass, and I = 

antiferromagnet where spins are aligned parallel to c-axis of the solid solution, respectively. 
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Fig. 1.2.4  TiO2–FeO–Fe2O3 ternary diagram where vertical and horizontal arrowed lines 

indicate compositional Fe/Ti ration and the valence of Fe cations [8].   
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Fig. 1.2.5  The temperature-dependence of magnetization in FeTiO3–Fe2O3 solid solution 

series.  The subsidiary numbers of each line indicate the molar ratio of FeTiO3 (%).  Curie 

temperature of them is evaluated by extrapolating the linear part of the curve to the abscissa 

axis (the dashed lines).  The inset shows a composition-dependence of Curie temperature in 

FeTiO3–Fe2O3 solid solution series. 
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solution series.  The subsidiary numbers of each line indicate the molar ratio of FeTiO3 (%).  

(b) The composition-dependence of electric resistivity in FeTiO3–Fe2O3 solid solution series.  

Filled and open circles indicate ferromagnetic and antiferromagnetic specimens, respectively.   

 (a)   (b)  

100

101

102

103

104

105

106

107

El
ec

tri
c 

re
si

st
iv

ity
 (Ω

–c
m

)

10–1

1000 / Temperature (1 / K)

121086420

100

95

51
80



   

 
 

35 
 

 
 
  

Fig. 1.2.7  The composition-dependence of Seebeck coefficient in FeTiO3–Fe2O3 solid 

solution series.   
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Fig. 1.2.8  The density of state diagram of 0.5FeTiO3·0.5Fe2O3 solid solution.  One spin 

channel shows insulating (solid line) whereas the other spin channel shows conducting 

(dashed line). 
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Chapter 2.  Low-temperature growth of highly crystallized 
ilmenite-hematite solid solution thin films with smooth 
surface morphology 
 

 

2.1  lntroduction 

  As mentioned in Section 1.2.3, many studies have been already dedicated to the epitaxial 

growth of FeTiO3–Fe2O3 solid solution thin films on α–Al2O3 (0001) substrates for spintronics 

device application [1–7].  However, there are no discussions on the surface morphology of 

prepared thin films, and/or the relationship between the deposition condition and the surface 

morphology of thin films has not been investigated.  For device application, the smooth 

surface of thin films and sharp interface between thin film layers are required to realize 

high-performance device, because it is known that the surface roughness of thin films seriously 

degrades the carrier transport properties of device by scattering electrons at rough interface [8].  

Therefore, the surface morphology of thin films should be smooth and the deposition condition 

of films also should be optimized in order to prepare thin films with smooth surface. 

  In this chapter, I fabricated FeTiO3–Fe2O3 solid solution thin films with the composition ratio 

of 80% of FeTiO3 (0.8FeTiO3·0.2Fe2O3) on α–Al2O3 (0001) substrates with varying the growth 

temperature from 700 ºC to 550 ºC, and obtained thin films with smoother surface morphology 

by reducing the growth temperature.  The surface roughness is considered to be mainly due to 

the large lattice mismatch as large as around 6.2% between 0.8FeTiO3·0.2Fe2O3 and α–Al2O3 

(see Table. 2.1 for the lattice constants and lattice mismatch of them).  When thin films with 

such a large lattice mismatch are fabricated at high growth temperature of 700 ºC, the deposited 

atoms on the substrate surface are thermally-activated and readily diffuse.  This diffusion leads 

to relaxation of the lattice strain, resulting in a surface roughness including random dislocations 

and cracks.  On the other hand, a reduction in growth temperature is considered to be effective 

to solve the surface morphology degradation, because the excess diffusion of atoms and the 

random lattice relaxation are expected to be suppressed at lower growth temperature.  This 
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low-temperature growth is also considered to be suitable method for device application, because 

intermix of atoms at interface between thin film layers, which occur when they are exposed to 

high temperature during the fabrication process [11], will effectively suppressed at low 

temperature. 

In this study, I report on the low-temperature growth of epitaxial thin films composed of 

0.8FeTiO3·0.2Fe2O3 using a PLD method.  I have chosen this composition because 

ordered-phase of 0.8FeTiO3·0.2Fe2O3 is stable within a wide range of temperature which is 

confirmed from the phase diagram of Reference [12] (see also Fig. 1.2.3 in Chapter 1).  The 

ordered-phase epitaxial thin films having a flat surface can be fabricated by optimizing the 

growth temperature.  Electric and magnetic properties of fabricated thin films are also 

discussed in comparison with those of bulk specimens. 

 

 

2.2  Experimental procedure 

2.2.1  Sample preparation 

  Thin films of 0.8FeTiO3·0.2Fe2O3 composition were grown on α–Al2O3 (0001) substrates by 

a PLD method.  The PLD targets were prepared by conventional solid-state reaction method.  

Powder reagents of α–Fe2O3 (Kojundo Chemical Laboratory Co. Ltd., purity: 99.99%) and TiO2 

(Kojundo Chemical Laboratory Co. Ltd., purity: 99.9%) were mixed with alumina mortar and 

pestle and heated in air at 900 ºC for 12 h.  The mixture was re-grounded and pressed into 

pellets.  The pellets were sintered in air at 1200 ºC for 24 h.  In order to prepare a substrate 

with atomically flat surface, α–Al2O3 (0001) substrates (Shinkosha Co. Ltd.) are thermally 

annealed in air at 1000 ºC for 3h before being loaded on the PLD vacuum chamber.  The 

high-density target and α–Al2O3 (0001) substrate with atomically flat surface were set in a 

vacuum chamber with a base pressure of 10–6 Pa.  A KrF excimer laser (wavelength: 248 nm) 

was focused on the target with a fluence of 2 J/cm2.  The repetition frequency of excimer laser 

was fixed at 2 Hz.  The oxygen partial pressure (Po2) was kept at 1.0 × 10–3 Pa, and the 

substrate temperature (TS) was varied from 400 to 700 ºC.  After the deposition was finished, 

samples were quenched from TS to room temperature in the vacuum chamber in order to prevent 

them from dissolving into their end members; ilmenite (FeTiO3) and hematite (α–Fe2O3) [12, 13]. 
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2.2.2  Sample characterizations 

The crystal phase of sintered targets was confirmed by powder X-ray diffraction (XRD) 

measurements with Cu Kα radiation (RINT2500, Rigaku).  An energy dispersive X-ray 

spectrometry (EDS) (EMAX, Horiba) revealed that the composition ratio between Fe and Ti 

elements of the targets equaled to uniformly 0.8FeTiO3·0.2Fe2O3 across the wide range of target 

surface. 

The film thickness was evaluated to be about 70 nm using a surface profiler.  The 

composition of thin films was determined by Rutherford backscattering measurement (RBS) 

followed by the fitting simulation using SIMNRA 5.02 software program [14].  The crystal 

structure was analyzed by both out-of-plane and in-plane XRD measurements with Cu Kα 

radiation (ATX-G, Rigaku).  Fig. 2.1 (a) illustrates the crystal structure and crystallographic 

axes of FeTiO3–Fe2O3 solid solution and α–Al2O3 and one can see that their (112
_
0) planes 

(A-planes) are perpendicular to their (0001) planes (C-planes).  Therefore, c- and a-axis 

directions of solid solution thin films are normal and parallel to the substrate surface 

respectively, when they are grown on α–Al2O3 (0001) substrates [In contrast, c-axis of solid 

solution thin films is parallel to the substrate surface when they are grown on α–Al2O3 (112
_
0) 

substrates as in Chapter 4].  In this study, I have analyzed the crystal structure of both C- and 

A-plane of solid solution thin films in order to confirm the epitaxial growth of thin films and 

determine the crystallographic relationship between thin films and substrates.  The surface 

morphology of thin films was observed using an atomic force microscope (AFM) (SII Nano 

Technology, SPI3800N).  The measurements of magnetization were carried out using a 

superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum 

Design).  The electric resistivity was measured by the van der Pauw method (Resitest8300, 

Toyo).  Measurements of the Seebeck coefficient were carried out at room temperature. 

 

 

2.3  Results and Discussion 

2.3.1  XRD pattern of PLD target 

Fig. 2.2 shows the powder XRD pattern of PLD target sintered in air.  The target contains 

two crystalline phases of pseudobrookite (Fe2TiO5) and rutile (TiO2).  Although the target is 
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not a single phase of 0.8FeTiO3·0.2Fe2O3, the Fe and Ti atoms are considered to be distributed 

uniformly inside the pellet and the composition ration between Fe and Ti can be regarded as 

almost the same as 0.8FeTiO3·0.2Fe2O3 single phase target as revealed from EDS study.  If not 

otherwise specified, this kind of PLD target is utilized in other experimental in this dissertation. 

 

2.3.2  Composition, crystalline and surface analyses of fabricated thin films 

Fig. 2.3 shows RBS data on the thin film grown under Po2 = 1.0 × 10–3 Pa and TS = 550 ºC. 

The composition ratio between Fe and Ti ions was estimated to be Fe : Ti = 1.467 : 1.000, and 

this indicates that the composition of fabricated thin film is 0.81FeTiO3·0.19Fe2O3.  The 

similar results were obtained on thin films grown at different TS conditions. 

Fig. 2.4 (a) shows the out-of-plane XRD patterns of 0.8FeTiO3·0.2Fe2O3 thin films.  When 

TS > 500 ºC, 0003 and 0009 reflections, which are absent in the case of disordered phase, are 

clearly observed in addition to 0006 and 00012 ones, indicating the formation of ordered phase 

of (0001)-oriented FeTiO3-Fe2O3 solid solution (space group: R3
_
).  In contrast, when TS = 400 

and 450 ºC, only 0006 and 00012 reflections ascribed to the disordered phase (space group: R3
_

c) are detected.  This is probably due to the insufficient heat supply which prevents atoms from 

diffusing on the film surface to arrange into the ordered phase.  Fig. 2.4 (b) represents a 

magnified image of 0006 peaks in Fig. 2.4 (a).  For thin films grown at TS = 500 and 550 ºC, 

Pendellösung fringes are clearly observed, indicating the high crystallinity and smooth surface 

morphology of these films.  The 0006 reflection peaks are located at lower 2θ values relative 

to those of the other films.  It is evident that thin films grown at TS = 500 and 550 ºC elongate 

along [0001] direction, due to the in-plane compressive strain imposed by the lattice mismatch 

(see Table. 2.1).  For films grown at higher TS, the peak position is shifted to the higher 2θ 

values, which suggests the lattice relaxation.  On the other hand, the peak position is also 

shifted to the higher 2θ values when TS is decreased from 500 ºC.  This is not due to the strain 

relaxation but attributable to the presence of excess Fe3+, since oxidation preferentially takes 

place at lower temperatures.  Because of the smaller ionic radius of Fe3+ relative to that of Fe2+, 

it is considered that the lattice constant becomes shorter for thin films grown at lower TS (< 500 

ºC).   

In-plane XRD measurements (Fig. 2.5), which were carried out along the a-axis of α–Al2O3 
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(0001) substrates, exhibit only 112
_
0 and 224

_
0 peaks, corresponding to A-plane reflections of the 

films.  Namely, thin films are grown epitaxially on α–Al2O3 (0001) substrates.  The 

orientation relationship is as follow; 0.8FeTiO3·0.2Fe2O3 (0001)[112
_
0]//α–Al2O3 (0001)[112

_
0].  

When TS = 550 and 500 ºC, the 112
_
0 reflection peaks are located at higher 2θ values relative to 

the peak position of the thin film deposited at TS = 700 ºC, confirming the in-plane compression 

as discussed in out-of-plane XRD study. 

Fig. 2.6 displays the AFM images of the films.  In decreasing TS from 700 to 500 ºC, the 

film surface tends to be smoother without any pits; the root-mean-squared (rms) roughness 

decreases with decreasing the growth temperature.  This tendency agrees with the result of 

XRD patterns as shown in Fig. 2.4 (b), where Pendellösung fringe patterns appear for the films 

grown at TS = 550 and 500 ºC.  

 

2.3.3  Physical properties of fabricated thin films 

Fig. 2.7 (a) illustrates the temperature dependence of magnetization, M(T), for thin films 

fabricated at various TS.  The measurements were performed under a field-cooled condition 

while an external magnetic field (H) of 8500 Oe was applied parallel to the film surface.  The 

films with ordered phase grown at TS = 700, 550, and 500 ºC exhibit an increase in M with a 

decrease in T, indicating a ferrimagnetic ordering.  Both of the films grown at TS = 500 and 

550 ºC possess TC of about 245 K, comparable to the value of bulk specimen (TC = 234 K) [16].  

On the other hand, TC of the film grown at TS = 700 ºC is as high as 290 K.  The TC higher than 

the bulk value may be ascribed to the excess amount of Fe2+ ions caused by higher TS, since Fe2+ 

ions contribute to a net increase in M for the solid solution.  For the film with the disordered 

phase (TS = 400 ºC), M is very small and shows no T-dependence, indicating that the film is 

antiferromagnetic.  The in-plane M-H curves measured at 100 K in Fig. 2.7 (b) also confirm 

the ferrimagnetic and antiferromagnetic properties of the ordered and disordered phases, 

respectively.  

The temperature dependence of electric resistivity, ρ(T), is shown in Fig. 2.8 for the thin films 

of ordered-phase grown at TS = 500, 550, and 700 ºC.  The log ρ vs. 1000/T plot exhibits a 

linear relationship which indicates an Arrhenius type dependence of ρ(T), and this behavior is 

similar to that of the bulk specimen reported by Ishikawa [17] (see also Fig. 1.2.6).  The 
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Seebeck coefficients were +43, +75, and +31 μVK–1 for the thin films of order phase grown at 

TS = 500, 550, and 700 ºC, respectively.  The positive Seebeck coefficients indicate the p-type 

conduction as expected from the composition [17].  Therefore, the physical properties of 

obtained thin films are still equivalent to those of bulk specimens even when the films have 

been grown at lower growth temperature. 

 

 

2.4  Conclusion 

0.8FeTiO3·0.2Fe2O3 thin films were grown on α–Al2O3 (0001) substrates at TS between 400 

and 700 ºC (Po2 = 1.0×10–3 Pa).  The thin films with ordered phase can be fabricated in the TS 

range from 500 to 700 ºC.  Especially, thin films with a smooth surface can be obtained at TS = 

500 and 550 ºC and their physical properties are similar to those of bulk specimen.  The result 

indicates that careful control of atomic diffusion process during the growth stabilizes the 

ordered phase of solid solution while minimizing dislocation formation through lattice 

relaxation, improving the crystallinity in the film.  The solid solution thin films grown at TS = 

500 and 550 ºC are expected to be more suitable for the spintronics device implementation 

because of their flat surfaces and the lower growth temperature which can prevent atomic 

intermixture at interface between different thin film layers during fabrication process.   
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Material Space group Lattice constant Lattice mismatch 
against α–Al2O3 *

α–Al2O3 R3c a = 4.760 Å, c = 12.993 Å [9] ––––

0.8FeTiO3·0.2Fe2O3 R3 a = 5.078 Å, c = 13.985 Å [10]
– 6.26% (in C-plane)
– 7.09% (in A-plane)

Table. 2.1  Space group, lattice constant and lattice mismatch of 0.8FeTiO3·0.2Fe2O3 solid 

solution and α–Al2O3. 

* Lattice mismatch is calculated as; {(asub – afilm) / afilm} × 100, 
where asub and afilm indicate the lattice constant of substrate and thin film, respectively. 
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Fig. 2.1  (a) The crystal structure and crystallographic axes of FeTiO3–Fe2O3 solid solution 

and α–Al2O3.  Their (112
_
0) planes (A-planes) and (0001) planes (C-planes) are indicated by 

translucent red and blue planes, respectively.  (b) The schematic illustration of out-of-plane 

and in-plane XRD analysis carried out in this study. 
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Fig. 2.2  Powder XRD pattern of PLD target sintered in air (the lower side) and reference 

XRD patterns of Fe2TiO5 (red line) and TiO2 (blue line) (the upper side).  The reference 

patters are cited from FindIt program [15].  The peak observed at 2θ = 12º in the experimental 

spectrum is due to a sample holder. 

I

（ar
b.

un
its

)

2θ (degree)

Experimental spectrum

Reference spectrum

20 40 60 8020 40 60 80



                       

 
 

47 
 

 

 

  

 

Channel
750700650600550500450400350300250200150100500

C
ou

nt
s

3,800

3,600

3,400

3,200

3,000

2,800

2,600

2,400

2,200

2,000

1,800

1,600

1,400

1,200

1,000

800

600

400

200

0

0 200 400 600 800 1000 1200 1400

 Energy [keV]  

 

Channel
740730720710700690680670660650

C
ou

nt
s

460
440
420
400
380
360
340
320
300
280
260
240
220
200
180
160
140
120
100
80
60
40
20
0

-20

1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540

 Energy [keV]  

Fe
Ti

Al

O

Fe
Ti

Fig. 2.3  RBS experimental spectrum (red filled-circles) of the thin film grown under Po2 = 

1.0 × 10–3 Pa and TS = 550 ºC.  The experimental RBS spectrum was fitted with the 

theoretical spectrum calculated by the SIMNRA 5.02 program (blue solid-line) [14]. 
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 (a)   (b)  

Fig. 2.4  (a) Out-of-plane XRD patterns of solid solution thin films grown at TS = 400-700 

ºC;    : α–Al2O3 substrate,    : ordered phase,    : disordered phase.  (b) Magnified 

image of 0006 peaks displayed in Fig. 2.4 (a). 
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 (a)   (b)  

Fig. 2.5  (a) In-plane XRD patterns for solid solution thin films grown at TS = 500–700 

ºC;    : ordered phase.  (b) Magnified image of 112
_
0 peaks displayed in Fig. 2.5 (a). 
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(a) (b) (c)

(d) (e)

Fig. 2.6  AFM images for the solid solution thin films grown at TS = 700 ºC (rms = 0.943 

nm) (a), 650 ºC (rms = 1.42 nm) (b), 600 ºC (rms = 0.786 nm) (c), 550 ºC (rms = 0.452 nm) 

(d), and 500 ºC (rms = 0.486 nm) (e). 
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Fig. 2.7  (a) M–T curves for the thin films with ordered and disordered phases.  The external 

magnetic field of 8500 Oe was applied parallel to the film surface.  (b) M–H curves at 100 K. 
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Fig. 2.8  Reciprocal T-dependence of ρ for thin films of order-phase.   
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Chapter 3.  Ilmenite-hematite solid solution thin films with 
atomically smooth surface grown on C-plane sapphire 
substrates 
 

 

3.1  lntroduction 

In Chapter 2, the low-temperature growth of thin films composed of ordered-phase of 

0.8FeTiO3·0.2Fe2O3 solid solution on C-plane sapphire [α–Al2O3 (0001)] substrates was 

introduced, and it revealed that thin films with relatively flat surface could be obtained by 

reducing the growth temperature due to the suppression of excess migration of atoms on thin 

film surface.  As I mentioned there, this low-temperature growth is considered to be a useful 

method for fabrication of spintronics device consisting of multi-layer film structure such as 

magnetic tunneling junction, because it will prevent atomic intermixture at interface during the 

fabrication process.   

On the other hand, thin films generally tend to be fabricated by step-flow growth, which can 

lead to thin films with ‘atomically flat’ step-and-terrace surface structure, at extremely high 

growth temperature (usually more than 800 ºC), if substrates are thermally and chemically 

stable even at that high growth temperature [1].  Here, I introduce one of those kinds of 

step-flow thin film growths called ‘Domain-Matching Epitaxy’ (DME) [2] for preparing 

high-quality FeTiO3–Fe2O3 solid solution thin films with atomically flat surface.  The 

combination of low-temperature and DME growth is expected to be a useful method for 

fabrication of flawless spintronics devices.  In this chapter, I fabricated epitaxial 

0.8FeTiO3·0.2Fe2O3 solid solution thin films with atomically flat surface on α–Al2O3 (0001) 

substrates by pulsed-laser deposition (PLD) method with high-growth temperature more than 

850 ºC.  I have also chosen this composition due to the thermal stableness of ordered-phase of 

0.8FeTiO3·0.2Fe2O3 solid solution as the same reason in Chapter 2 [3].  I observed the crystal 

structure at the interface between thin film and substrate by cross-sectional high-resolution 

transmission electron microscopy (HR-TEM) in order to investigate DME growth mechanism in 
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FeTiO3–Fe2O3/α–Al2O3 (0001) system.  The explanation and discussion on DME will be given 

at Section 3.3.2.  The physical properties of fabricated thin films were also investigated and 

compared to those of bulk specimens reported by Ishikawa [4, 5].  

 

 

3.2  Experimental procedure 

3.2.1  Sample preparation 

Thin films were fabricated by PLD method.  The preparation condition of PLD targets with 

0.8FeTiO3·0.2Fe2O3 composition and thermal annealing condition of α–Al2O3 (0001) substrates 

were the same as described in Chapter 2.  KrF excimer laser (λ = 248 nm, ~2.5 J/cm2) was 

focused on the targets at the repetition of 2 Hz.  The oxygen partial pressure (Po2) and 

substrate temperature (TS) were varied from 1.0 × 10–3 to 1.5 × 10–3 Pa and from 850 to 925 ºC, 

respectively. 

 

3.2.2  Sample characterization 

The characterizations of fabricated thin films were the same as described in Chapter 2.  The 

film thickness was evaluated to be about 75 nm using a surface profiler.  The composition of 

thin films determined by Rutherford backscattering measurement (RBS) followed by the fitting 

simulation using SIMNRA 5.02 software program [6], and it was revealed that thin films 

fabricated from 0.8FeTiO3·0.2Fe2O3 composition target included 0.87FeTiO3·0.13Fe2O3 

composition.  The crystal structure was analyzed by both out-of-plane (for C-plane of thin 

films) and in-plane (for A-plane) XRD measurements with Cu Kα radiation (ATX-G, Rigaku) in 

order to determine the epitaxial relationship between thin films and substrates.  The surface 

morphology of thin films was observed using an atomic force microscope (AFM) (SII Nano 

Technology, SPI3800N).  The crystal structure at the interface between thin film and substrate 

was observed by cross-sectional HR-TEM (JEM-2100F, JEOL).  The measurements of 

magnetization were carried out using a superconducting quantum interference device (SQUID) 

magnetometer (MPMS, Quantum Design).  The electric resistivity was measured by the van 

der Pauw method (Resitest8300, Toyo).  Measurements of the Seebeck coefficient were carried 

out at room temperature. 
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3.3  Results and Discussion 

3.3.1  Crystalline and surface analyses of fabricated thin films 

Fig. 3.1 shows out-of-plane (C-plane) XRD patterns of thin films grown at various deposition 

conditions.  From Fig. 3.1 (a), no impurities were detected and all of 0003n (n = 1–4) peaks 

were observed along c-axis of α–Al2O3 (0001) at all described deposition conditions.  As I 

explained in Chapter 2, the diffractions from 0003 and 0009 appear only in the case of ordered 

phase, and disappear in disordered phase [7–10].  Therefore, the formation of single phase of 

ordered FeTiO3–Fe2O3 solid solution was confirmed.  From a magnified image of 0006 peaks 

of thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC [Fig. 3.1 (b)], Pendellösung fringe, 

which indicates the high crystallinity and smooth surface morphology of thin films, is also 

observed at specific growth condition. 

In-plane (A-plane) XRD patterns of corresponding thin films are shown in Fig. 3.2, and the 

diffraction patterns from 112
_
0 and 224

_
0 derived from A-plane of FeTiO3–Fe2O3 were observed 

along a-axis of α–Al2O3 (0001) substrate.  This means that thin films were grown epitaxially 

on the α–Al2O3 (0001) substrates under all deposition condition, and the epitaxial relationship is 

considered to be as follows; [0001]film//[0001]substrate and [112
_
0]film//[112

_
0]substrate.  From these 

out-of-plane and in-plane XRD patterns, I can safely say that thin films with single phase of 

ordered phase were epitaxially grown on α–Al2O3 (0001) substrate. 

AFM images of surface structure for fabricated thin films are listed in Fig. 3.3.  Although 

previous out-of-plane and in-plane XRD patterns indicated that epitaxial thin films with single 

phase of ordered-phase were grown on α–Al2O3 (0001) substrates with all deposition conditions, 

their surface structures were quite different from each other.  With carefully controlling Po2 

and TS, thin films with step-and-terrace surface structure could be prepared at Po2 = 1.5 × 10–3 

Pa and TS = 925 ºC as illustrated in Fig. 3.3 (d), and this result corresponds to the Pendellösung 

fringe observed in out-of-plane XRD spectrum for the same thin film as in Fig. 3.1 (b).  One 

step height of this thin film is estimated to be 0.47 nm [Fig. 3.3 (e)] which is equal to one 

charge-neutral unit of FeTiO3 (0.45 nm) as illustrated in Fig. 3.3 (f), indicating that the surface 

of this thin film is said to be atomically smooth.   
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3.3.2  Cross-sectional HR-TEM observation at the interface and DME mechanism 

From above XRD and AFM studies, ordered-phase of FeTiO3–Fe2O3 solid solution thin films 

with atomically smooth surface were epitaxially grown on α–Al2O3 (0001) substrates, although 

there is a large lattice mismatch of 6.2% between thin film and substrate (lattice constants and 

lattice mismatch of FeTiO3–Fe2O3 solid solution and α–Al2O3 are listed in Table. 2.1).  I 

consider that the thin films were grown by DME growth introduced by Narayan et al. [2], in 

which the integer multiple of lattice constants of thin film and substrate is matching across the 

interface and the lattice strain is relaxed in the initial stage of thin film growth as indicated by 

Fig. 3.4 (a).  Generally, fabrication of epitaxial thin films on substrates becomes difficult, and 

texture or polycrystalline thin films tend to be grown preferentially, when the lattice mismatch 

between thin film and substrate is more than 7–8% [12].  However, many thin film/substrate 

systems possessing quite large lattice mismatch, including TiN/Si (100) (lattice mismatch of 

25%) [13] and ZnO/α–Al2O3 (0001) (17%) [14] are epitaxially grown via DME growth, and the 

present FeTiO3–Fe2O3/α–Al2O3 (0001) system with high-quality of crystallinity and surface 

morphology is also considered to be grown by DME mechanism. 

In order to investigate the lattice-strain relaxation mechanism in FeTiO3–Fe2O3/α–Al2O3 

(0001) system, I conducted a cross-sectional HR-TEM observation of the interface between thin 

film and substrate as shown in Fig. 3.4 (b).  Fig. 3.4 (c) is the corresponding Fourier-filtered 

TEM image of Fig. 3.4 (b), and one can see that misfit dislocation appears every 13–16 units of 

thin film.  This is because the 15 units of a-lattice constant of FeTiO3–Fe2O3 thin film (5.078 × 

15 = 76.170 Å) are well agreed to the 16 units of that of α–Al2O3 substrate (4.760 × 16 = 76.160 

Å).  The margin between the lattice lengths of these domains is 76.170 – 76.160 = 0.010 Å, 

which is much smaller that of single unit cell (5.078 – 4.760 = 0.318 Å).  When TS is high 

enough for ablated species to obtain sufficient thermal energy, thin films is considered to be 

grown by step-flow growth mechanism and the lattice strain from substrate is also considered to 

be relaxed by DME.  Because the lattice strain is relaxed in the initial stage of growth, there 

are no random cracks or dislocations, which cause degradation of crystallinity and surface 

morphology of thin films, during the thin film growth process. 

As I will introduce Chapter 4, FeTiO3–Fe2O3 solid solution thin films with step-and-terrace 

surface morphology have been epitaxailly grown on A-plane sapphire [α–Al2O3 (112
_
0)] 
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substrates, where the lattice mismatch is as large as 7% between thin film and substrate, by 

DME growth mechanism. 

 

3.3.3  Physical properties of fabricated thin films 

The temperature dependence of magnetization (M-T curve) of thin film grown at Po2 = 1.5 × 

10–3 Pa and TS = 925 ºC is shown in Fig. 3.5 (a).  The measurements were performed under a 

field-cooled condition while an external magnetic field (H) of 8500 Oe was applied parallel to 

the film surface (a-axis).  As a comparison, the result of thin film grown at Po2 = 1.0 × 10–3 Pa 

and TS = 700 ºC is also listed in the same figure.  An increase in M depending on a decrease in 

T indicates that thin film possesses a ferrimagnetic ordering.  The ferrimagnetic Curie 

temperature (TC) of the thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC is estimated to be 

211 K [from the broken line in Fig. 3.5 (a)], whereas the TC of bulk specimen estimated from the 

composition of 0.87FeTiO3·0.13Fe2O3 is; 55x + 950 (1 – x) = 171 K [4].  The higher TC than the 

bulk value may be ascribed to the excess amount of Fe2+ ions, which contribute to a net increase 

in M for the solid solution, caused by the reductive atmosphere during the thin film growth, as I 

described in Chapter 2.  The TC of thin film grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC and 

corresponding bulk specimen are estimated to be 290 K and 234 K, respectively.  The 

deviation of TC between thin film and corresponding bulk specimen is; 290/234 = 123.9% in the 

case of thin film grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC, and 211/171 = 123.3% in the 

thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC.  The same magnitude of deviation in TC 

for those two films indicates that the excess amount of Fe2+ is considered to be the same in both 

thin films, and the higher TC (reductive atmosphere) is considered to balance the higher Po2 

(oxidative atmosphere) during the growth of thin film at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC, 

compared with the deposition conditions of Po2 = 1.0 × 10–3 Pa and TS = 700 ºC.  Therefore, 

the larger M (especially, bellow 100 K) of thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 925 

ºC than that of thin film grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC is not due to the excess of 

Fe2+ but the improvement of crystallinity of thin film. 

The external magnetic field dependence of magnetization (M-H curves) at 100 K [Fig. 3.5 

(b)] also confirms the ferrimagnetic behavior of the ordered phases.  The difference in the 

magnitude of coercive force between two thin films is also considered to be related to the 
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crystallinity of those films.  Thin film grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC is 

considered to have grains whose crystallographic orientations are tilted from c-axis of α–Al2O3.  

The easy axis of magnetization in FeTiO3–Fe2O3 solid solution is considered to be within its 

C-plane.  In this study, H was applied parallel to the film surface, which means that H was 

applied parallel to the easy axis of magnetization in FeTiO3–Fe2O3 solid solution.  In the case 

of thin film grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC, the easy axis of magnetization of 

grains, which are tilted from c-axis of α–Al2O3, were not aligned parallel to the H, and the 

higher H is required for the magnetic moments of those tilted grains to be reversed; resulting in 

the increase of coercive force than in the case of thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 

925 ºC. 

The temperature dependence of electric resistivity [ρ(T)] is shown in Fig. 3.6 for both thin 

films grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC, and Po2 = 1.5 × 10–3 Pa and TS = 925 ºC.  

A linear relationship in the log ρ vs. 1000/T plot, which is almost the same as described in 

Chapter 2, indicates an Arrhenius type dependence of ρ(T), as reported by Ishikawa [5] (see also 

Fig. 1.2.6).  As I will introduce in Chapter 5, the electric conduction of FeTiO3–Fe2O3 solid 

solution is considered to be due to the electron hopping between Fe2+ and Fe3+.  The same 

magnitudes of ρ in both two thin films indicates that the ratio between Fe2+ and Fe3+ are 

expected to be the same in both films, and this agrees well with the same magnitude of 

deviation in TC for those two films.  The Seebeck coefficients were +31.08 and +71.34 μVK–1 

for the thin films of order phase grown at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC, and Po2 = 1.5 × 

10–3 Pa and TS = 925 ºC, respectively.  The positive Seebeck coefficients indicate the p-type 

conduction as expected from the composition [5]. 

 

 

3.4  Conclusion 

I have fabricated high-quality FeTiO3–Fe2O3 solid solution thin films on α–Al2O3 (0001) 

substrates by extremely high growth temperature over 850 ºC.  Although there is a large lattice 

mismatch (about 6.2%) between thin film and substrate in their C-planes, thin films with 

atomically flat step-and-terrace surface have been grown epitaxially by careful control of the 

deposition conditions.  Those thin films are considered to be grown via one of the step-flow 
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growth called Domain-Matching Epitaxy where the integer multiple of lattice constants of thin 

film and substrate is matching across the interface and the lattice strain is relaxed in the initial 

stage of thin film growth.  From the magnetic and electric properties measurements, fabricated 

thin films are considered to possess a high crystallinity and a suitable Fe2+/Fe3+ ratio, which 

result in high magnetization and low electric resistivity.  Current study reveals that fabricated 

thin films are expected to be applicable for spintronics devices not only in terms of crystallinity 

and surface morphology but also physical properties. 
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Fig. 3.1  (a) Out-of-plane XRD patterns for FeTiO3–Fe2O3 solid solution thin films grown at 

various deposition conditions;   : ordered-phase of solid solution,   : α–Al2O3.   

(b) Magnified image of 0006 peak for thin film grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC.  
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Fig. 3.2  In-plane XRD patterns for FeTiO3–Fe2O3 solid solution thin films grown at various 

deposition conditions;   : ordered-phased solid solution,   : α–Al2O3.   
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Fig. 3.3  AFM images for the solid solution thin films grown at (a) Po2 = 1.0 × 10–3 Pa and 

TS = 850 ºC, (b) Po2 = 1.5 × 10–3 Pa and TS = 850 ºC, (c) Po2 = 1.5 × 10–3 Pa and TS = 900 ºC, 

and (d) Po2 = 1.5 × 10–3 Pa and TS = 925 ºC.  (e) Cross-section view along the broken line in 

Fig. 3.3 (d).  (f) Schematic image of one charge-neutral unit of FeTiO3 (indicated by a 

double-headed arrow) depicted by VESTA software [11]. 
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Fig. 3.4  (a) Schematic image of the lattice-strain relaxation mechanism in domain-matching 

epitaxy.  (b) Cross-sectional HR-TEM image of the interface between FeTiO3–Fe2O3 solid 

solution thin film and α–Al2O3 substrate.  (c) Fourier-filtered TEM image corresponding to 

the HR-TEM image of Fig. 3.4 (b).  Misfit dislocation is indicated by the red open circles. 
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Fig. 3.5  (a) M–T curves for the thin films grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC (red 

closed circle), and Po2 = 1.0 × 10–3 Pa and TS = 700 ºC (black closed circle).  The external 

magnetic field of 8500 Oe was applied parallel to the film surface.  (b) M–H curves at 100 K 

for the thin films grown at Po2 = 1.5 × 10–3 Pa and TS = 925 ºC (red closed circle), and Po2 = 

1.0 × 10–3 Pa and TS = 700 ºC (black closed circle). 
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Fig. 3.6  Reciprocal T-dependence of ρ for the thin films grown at Po2 = 1.5 × 10–3 Pa and 

TS = 925 ºC (red closed circle), and Po2 = 1.0 × 10–3 Pa and TS = 700 ºC (black closed circle). 
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Chapter 4.  Single crystalline ilmenite-hematite solid solution 
thin films with atomically smooth surface grown on A-plane 
sapphire substrates 
 

 

4.1  lntroduction 

In Chapter 3, FeTiO3–Fe2O3 solid solution thin films with atomically flat surface were grown 

on C-plane sapphire [α–Al2O3 (0001)] substrates via Domain-Matching Epitaxy (DME) and it is 

indicated that the careful control of growth condition is a key point in order to obtain 

high-quality thin films for spintronics application.  In this Chapter 4, I introduce the epitaxial 

growth of high-quality FeTiO3–Fe2O3 solid solution thin films on A-plane sapphire [α–Al2O3 (11

2
_
0)] substrates via DME.   

As I already introduced in Section 1.2.1 and will discuss in Chapter 5, the mechanism of 

electric conduction in ordered-phase of FeTiO3–Fe2O3 solid solution is considered to be caused 

by the electron transfer between Fe2+ and Fe3+ cations in cation layers where only Fe cations 

exist.  Therefore, the electric conduction in FeTiO3–Fe2O3 solid solution is also considered to 

occur easily along the in-plane direction of its C-plane.  The schematic illustrations of the 

electric conduction mechanism of FeTiO3–Fe2O3 solid solution thin films on both α–Al2O3 

(0001) and (112
_
0) substrates are shown in Fig. 4.1, where the electric conductive direction is 

indicated by a red double-headed arrow, and one can see that the electric current direction can 

be varied from in-plane direction of substrate [current-in-plane (CIP)] to its out-of-plane 

direction [current-perpendicular-to-plane (CPP)] by changing the growth plane of substrate.  

The control of electric current direction is also the key technology for spintronics device 

application.  Whereas some spintronics devices such as spin-polarized field-effect transistor 

require the CIP-type conduction [1], other devices including magnetic tunneling junctions 

(MTJs) require CPP-type conduction [2].  Therefore, whereas FeTiO3–Fe2O3 thin films grown 

on α–Al2O3 (0001) substrates are expected to be more useful for CIP-type device application, 

FeTiO3–Fe2O3 thin films are required to be fabricated on α–Al2O3 (112
_
0) substrates in order to 
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be applied for CPP-type spintronics devices. 

However, the lattice mismatch between FeTiO3–Fe2O3 solid solution and α–Al2O3 in their 

A-plane is as large as 7.0% which is larger than that of C-plane (6.2%) (see also Table 2.1).  

Although this large lattice mismatch usually prevents FeTiO3–Fe2O3 thin films from being 

grown epitaxially on α–Al2O3 (112
_
0) substrates as I will briefly introduce in Section 4.3.1, I 

have fabricated high-quality FeTiO3–Fe2O3 thin films with step-and-terrace surface structure on 

α–Al2O3 (112
_
0) substrates by carefully controlling the growth conditions.  I stress that I have 

successfully achieved and confirmed the epitaxial growth of FeTiO3–Fe2O3 thin films on 

α–Al2O3 (112
_
0) substrates for the first time.  Although Takada et al. also have reported the 

epitaxial growth of FeTiO3–Fe2O3 thin films on α–Al2O3 (112
_
0) substrates [3], the formation of 

ordered-phase and the epitaxial relationship between thin film and substrate have not been 

clarified.  I have confirmed them by conducting in-plane X-ray diffraction (XRD) 

measurement (see Fig. 4.4). 

 

 

4.2  Experimental procedure 

4.2.1  Sample preparation 

Thin films were fabricated by PLD method.  The preparation condition of PLD targets with 

0.8FeTiO3·0.2Fe2O3 composition was also the same as described in Chapter 2.  In order to 

prepare a substrate with atomically flat surface, α–Al2O3 (112
_
0) substrates (Shinkosha Co. Ltd.) 

are thermally annealed in air at 1150 ºC for 3h before being loaded on the PLD vacuum chamber.  

KrF excimer laser (λ = 248 nm, ~2.5 J/cm2) was focused on the targets at the repetition of 2 Hz.  

The oxygen partial pressure (Po2) and substrate temperature (TS) were varied from 1.0 × 10–3 to 

3.0 × 10–3 Pa and from 700 to 900 ºC, respectively. 

 

4.2.2  Sample characterization 

The characterizations of fabricated thin films were also the same as described in Chapter 2.  

The film thickness was evaluated to be about 75 nm using a surface profiler.  The composition 

of thin films determined by Rutherford backscattering measurement (RBS) followed by the 

fitting simulation using SIMNRA 5.02 software program [4], and it was revealed that thin films 
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fabricated from 0.8FeTiO3·0.2Fe2O3 composition target included 0.87FeTiO3·0.13Fe2O3 

composition.  The crystal structure of thin films was analyzed by both out-of-plane (for 

A-plane of thin films) and in-plane (for C-plane) XRD measurements with Cu Kα radiation 

(ATX-G, Rigaku) in order to determine the epitaxial relationship between thin films and 

substrates (In order to avoid confusion, I note that C- and A-planes of fabricated thin films in 

this chapter are replaced each other compared to those of thin films in Chapter 2 and 3).  The 

surface morphology of thin films was observed using an atomic force microscope (AFM) (SII 

Nano Technology, SPI3800N).  The crystal structure at the interface between thin film and 

substrate was observed by cross-sectional high-resolution transmission electron microscope 

(HR-TEM) (JEM-2100F, JEOL).  The measurements of magnetization were carried out using a 

superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum 

Design).  The electric resistivity was measured by the van der Pauw method (Resitest8300, 

Toyo). 

 

 

4.3  Results and Discussion 

4.3.1  Crystalline and surface analyses of thin films grown at TS < 850 ºC 

  First, the results of FeTiO3–Fe2O3 thin films grown at TS < 850 ºC are shown briefly in this 

section. 

  Fig. 4.2 (a) shows the out-of-plane (A-plane) XRD patterns of thin film grown at Po2 = 1.0 × 

10–3 Pa and TS = 700 ºC and indicates that the a-axis oriented thin film without any impurities is 

obtained.  In-plane (C-plane) XRD patterns of the same thin film is shown in Fig. 4.2 (b).  

0003n (n = 1–4) peaks, which were related to the C-plane of solid solution, were observed along 

with the c-axis of α–Al2O3, and the appearance of 0003 and 0009 peaks indicates that the 

fabricated thin film has ordered-phase of FeTiO3–Fe2O3 solid solution.  However, two excess 

peaks were also observed at 35 and 74º in Fig. 4.2 (b).  By comparing Fig. 4.2 (a) and (b), the 

positions of these two peaks are coincident with those of the peaks from 112
_
0 and 224

_
0 in Fig. 

4.2 (a) as indicated by red broken lines.  Therefore, the in-plane orientation of crystallographic 

axis of thin film is not fully locked by substrate, and fabricated thin film is not epitaxial one but 

textured one.  The appearance of 112
_
0 and 224

_
0 peaks in the in-plane XRD pattern indicated 
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that some part of c-axis oriented thin film was grown along a-axis of substrate as illustrated in 

Fig. 4.2 (c).  It is known that the surface energy of α–Al2O3 (112
_
0) plane is higher (less stable) 

than that of α–Al2O3 (0001) plane [5, 6], and the surface energy relationship in FeTiO3–Fe2O3 

solid solution system is also considered to be the same as α–Al2O3 because of the 

crystallographic similarity between them.  Therefore, the preferential growth of c-axis oriented 

FeTiO3–Fe2O3 thin film is considered to be reasonable in terms of surface energy, and this 

incoherence in thin film growth orientation indicates that thin films were not grown in a 

step-flow (two-dimensional) mode but in a three-dimensional mode.  Fig. 4.2 (d) is the AFM 

image of the same thin film and one can see that the surface is apparently rough.  Although I 

have varied the deposition condition, especially TS widely from 500 ºC to 800 ºC, the epitaxial 

thin films have not been fabricated.  

  The main reason of this difficulty in preparing epitaxial FeTiO3–Fe2O3 thin film on α–Al2O3 

(112
_
0) substrates is a quite large lattice mismatch between thin film and substrate (7%).  It is 

known that epitaxial growth becomes to be difficult when the lattice mismatch between thin 

film and substrate exceed around 7–8% [7]. 

However, as I introduced in Chapter 3, many thin film and substrate systems including 

ZnO/α–Al2O3 (0001) (the lattice mismatch is 17%.) [8, 9] are epitaxially grown via DME growth, 

and the present FeTiO3–Fe2O3 thin films with atomically flat surface morphology also have 

been grown on α–Al2O3 (0001) substrates though DME by careful control of growth conditions.  

I have considered that TS is the most crucial factor in order to change the growth mode from 

three-dimensional to two-dimensional (step-flow), and fabricated thin films with TS > 850 ºC. 

   

4.3.2  Crystalline and surface analyses of thin films grown at TS > 850 ºC 

  Fig. 4.3 shows out-of-plane XRD patterns of thin films grown at TS > 850 ºC.  Whereas no 

impurities were detected in thin films grown at TS = 850 ºC, few amount of impurities were 

observed in thin films grown at TS = 900 ºC.  I cannot identify these impurities but consider 

that they are due to the less stable surface of FeTiO3–Fe2O3 (112
_
0) plane.  As I noted in 

Section 4.3.1, FeTiO3–Fe2O3 (112
_
0) plane surface is considered to be unstable compared to 

other planes including (0001) or (11
_
02) (R-plane), and it is energetically favorable for other 

crystallographic plane or crystal phase to be exposed as a thin film surface at too high TS such as 
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900 ºC.  On the other hand, FeTiO3–Fe2O3 (0001) plane, which is considered to be the most 

stable crystallographic plane in FeTiO3–Fe2O3, is still stable under even TS > 900 ºC, and higher 

TS is more suitable for thin films to grow by step-flow mode.  Indeed, FeTiO3–Fe2O3 thin films 

with the most atomically flat surface have been fabricated on α–Al2O3 (0001) substrates at Po2 = 

1.5 × 10–3 Pa and TS = 925 ºC, as I introduced in Chapter 3.   

In-plane XRD patterns of the same thin films in Fig. 4.3 are shown in Fig. 4.4.  As opposed 

to the thin films grown at TS < 850 ºC, no peaks derived from A-plane of FeTiO3–Fe2O3 (112
_
0 

and 224
_
0) were observed at all deposition conditions described in Fig. 4.4.  Therefore, 

FeTiO3–Fe2O3 thin films have been epitaxially grown on α–Al2O3 (112
_
0) substrates when TS > 

850 ºC.  From these out-of-plane and in-plane XRD patterns, I can safely say that thin films 

with single phase of ordered phase were epitaxially grown on α–Al2O3 (112
_
0) substrates with 

the deposition conditions of 1.0 × 10–3 Pa < Po2 < 3.0 × 10–3 Pa and TS = 850 ºC.   

Fig. 4.5 shows the AFM images of the surface structure for the same thin films in Fig. 4.3 and 

4.4.  Although previous out-of-plane and in-plane XRD patterns indicate that epitaxial thin 

films with single phase of ordered-phase were grown on α–Al2O3 (112
_
0) substrates at 1.0 × 10–3 

Pa < Po2 < 3.0 × 10–3 Pa and TS = 850 ºC, their surface structure were quite different to each 

other.  Whereas the step-and-terrace surface structure was observed in thin films grown at TS = 

850 ºC, the same surface structure almost disappeared in thin films grown at TS = 900 ºC.  This 

tendency is also considered to be due to the less stable surface energy for FeTiO3–Fe2O3 (112
_
0) 

plane and agrees the out-of-plane XRD results in Fig. 4.3.  With carefully controlling Po2 and 

TS, thin films with the clearest step-and-terrace surface structure could be prepared at Po2 = 2.0 

× 10–3 Pa and TS = 850 ºC.  One step height of this thin film is estimated to be 0.3 nm from Fig. 

4.5 (h), and this height is consistent with the planar distance of (112
_
0) plane (0.25 nm), which 

means surface of this thin film is atomically flat. 

 

4.3.3  Cross-sectional HR-TEM observation at the interface and DME mechanism 

From Section 4.3.1 and 4.3.2, FeTiO3–Fe2O3 thin films with atomically flat surface were 

epitaxially grown on α–Al2O3 (112
_
0) substrates when films are grown at 1.0 × 10–3 Pa < Po2 < 

3.0 × 10–3 Pa and TS = 850 ºC, although there is a quite large lattice mismatch of 7% between 

thin film and substrate.  I consider that those thin films also have been grown by the same 
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DME as in the case of thin films on α–Al2O3 (0001) substrates.  In order to investigate the 

DME mechanism in FeTiO3–Fe2O3/α–Al2O3 (112
_

0) system, I carried out cross-sectional 

HR-TEM observation at the interface between thin film and substrate.  Fig. 4.6 (a) shows the 

cross-sectional HR-TEM image of the interface between FeTiO3–Fe2O3 thin film and α–Al2O3 

(112
_
0) substrate.  The electron beam was irradiated along c-axis of substrate, and the displayed 

image of Fig. 4.6 (a) corresponds to the C-plane of thin film and substrate.  White balls 

correspond to O2– anions and one can see the distorted hexagonal close packed aligned structure 

of them (see also Section 1.2.1 for the better understanding of the crystal structure of 

FeTiO3–Fe2O3).  As opposed to the HR-TEM image of thin film grown on α–Al2O3 (0001) in 

Fig. 3.3 (b), clear dislocation cores which are indicated by red open circles were observed along 

the interface, and the interval between two of them is estimated to be around 4.5 nm.  Fig. 4.6 

(b) is the schematic illustration for C-plane of α–Al2O3 and FeTiO3–Fe2O3 depicted with VESTA 

software [10].  Although C-plane of them consists of the distorted hexagonal close packed 

structure of O2– anions, they are also aligned as regular hexagons indicated by the black broken 

lines, and the edge length corresponds to the a-axis lattice constant of them (4.760 Å for 

α–Al2O3 and 5.078 Å for FeTiO3–Fe2O3).  Therefore, the average distance between two O2– 

anions along the blue broken line in Fig. 4.6 (b) is calculated as; 

 

α–Al2O3; (4.760 × √3)/3 = 2.748 Å 

FeTiO3–Fe2O3; (5.078 × √3)/3 = 2.931 Å 

 

  Fig. 4.6 (c) is the magnified image around two adjacent dislocation cores in Fig. 4.6 (a), and 

there are about 15 O2– anions between them (the distance is around 4.5 nm).  This is because 

the every 15 units of O2– anions aligned along the interface in FeTiO3–Fe2O3 (2.931 × 15 = 

43.976 Å) is well coincident to the every 16 units of them in α–Al2O3 (2.748 × 16 = 43.968 Å).  

The margin between the lattice constants of these two units is as small as 0.008 Å, and I 

consider that this accordance leads to the DME growth in the present FeTiO3–Fe2O3/α–Al2O3 

(112
_
0) system. 

 

4.3.3  Physical properties of thin films grown at TS > 850 ºC 
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The temperature dependence of magnetization (M-T curve) of thin film grown at Po2 = 2.0 × 

10–3 Pa and TS = 850 ºC is shown in Fig. 4.7 (a).  An external magnetic field (H) of 8500 Oe 

was applied parallel to the film surface (c-axis).  Although an increase in M depending on a 

decrease in T indicates that thin film possesses a ferrimagnetic ordering, a linear M-T 

relationship below TC as seen for thin films grown on α–Al2O3 (0001) substrates were not 

observed.  This is because c-axis direction of FeTiO3–Fe2O3 corresponds to the hard axis for 

magnetization, and it is hard for each magnetic moment in Fe2+ cation to be aligned in the 

ferrimagnetic arrangement along the H direction [11].  The external magnetic field dependence 

of magnetization (M-H curves) at 100 K [Fig. 4.7 (b)] also confirms the ferrimagnetic behavior 

of the ordered phases.  M was not saturated even under the H of 10,000 Oe and larger coercive 

force of 2,000 Oe was observed compared to thin film grown on α–Al2O3 (0001) substrate under 

Po2 = 1.5 × 10–3 Pa and TS = 925 ºC.  These behaviors also reflect the crystal anisotropy of 

magnetization in FeTiO3–Fe2O3 solid solution. 

The temperature dependence of electric resistivity [ρ(T)] is shown in Fig. 4.8 for thin film 

grown at Po2 = 2.0 × 10–3 Pa and TS = 850 ºC.  For comparison, the result for thin film grown 

on α–Al2O3 (0001) substrate (the growth condition; Po2 = 1.0 × 10–3 Pa and TS = 700 ºC) is also 

shown in the same figure.  The electric resistivity of thin film on α–Al2O3 (112
_
0) substrate is 

higher than that of thin film on α–Al2O3 (0001) substrate by one digit in magnitude.  This 

reflects the crystal anisotropy of electric conductivity in FeTiO3–Fe2O3 solid solution as I 

discussed in Section 4.1 and will further discuss in Chapter 5.  The schematic images for the 

electric conductivity measurement (van der Pauw method) are illustrated on both left [for thin 

film grown on α–Al2O3 (112
_
0) substrate] and right side [for thin film grown on α–Al2O3 (0001) 

substrate] of Fig. 4.8.  The electric conductivity is considered to occur easily along the C-plane 

direction than c-axis direction in FeTiO3–Fe2O3 solid solution.  Whereas I can measure ρ(T) 

derived from the electric current along C-plane of FeTiO3–Fe2O3 for thin film grown on 

α–Al2O3 (0001) substrate, I measure ρ(T) derived from the electric current both along C-plane 

and c-axis of FeTiO3–Fe2O3 for thin film grown on α–Al2O3 (112
_
0) substrate.  As opposed to 

Arrhenius type dependence of ρ(T) for thin film grown on α–Al2O3 (0001) substrate, the 

gradient in the log ρ vs. 1000/T plot, therefore, the activation energy is gradually changing 

around 140 K (1000/T = 7.14) in the case of thin film grown on α–Al2O3 (112
_
0) substrate.  The 
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same behavior is observed in the ρ(T) measurement for sintered FeTiO3–Fe2O3 bulk specimen 

reported by Ishikawa [12], and the magnitude of ρ in his report is also the same as the result for 

thin film grown on α–Al2O3 (112
_
0) substrate.  Therefore, the electric properties of the thin film 

sample are similar to those of the bulk specimen and reflect the anisotropy in electric 

conduction of FeTiO3–Fe2O3 solid solution. 

Although it is difficult to investigate physical properties of thin films grown on α–Al2O3 (112
_

0) substrates because the easy axis for both magnetization and electric conductivity is 

perpendicular to the substrate surface, the physical property measurement indicated that the thin 

films exhibited ferrimagnetism and electric resistivity similarly to sintered bulk specimen.  

From these results, I have also confirmed the formation of ordered-phase of FeTiO3–Fe2O3 solid 

solution as indicated by in-plane XRD measurements in Fig. 4.4.   

 

 

4.4  Conclusion 

I have fabricated high-quality FeTiO3–Fe2O3 epitaxial thin films on α–Al2O3 (112
_
0) substrates 

by careful control of the deposition conditions.  Although there is a large lattice mismatch 

around 7.0% between thin film and substrate in their A-planes, thin films with atomically flat 

step-and-terrace surface have been epitaxially grown at Po2 = 2.0 × 10–3 Pa and TS = 850 ºC.  I 

have confirmed the epitaxial growth and formation of ordered-phase of FeTiO3–Fe2O3 thin films 

on α–Al2O3 (112
_
0) substrates for the first time by carrying out in-plane XRD analysis.  I 

consider that those thin films are also grown via two-dimensional DME mechanism which is 

suggested by cross-sectional HR-TEM observation.  The magnetic properties measurements 

revealed that fabricated thin film exhibited ferrimagnetism, also indicating the formation of 

order-phase.  The electric resistivity measurement showed that fabricated thin film also 

possessed the transport property similar to that of the sintered bulk specimen.  
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Fe2+ Fe3+ Ti4+

α-Al2O3(1120)α-Al2O3(0001)

thin film

substrate

electric conduction

Fig. 4.1  Schematic images of FeTiO3–Fe2O3 solid solution thin films grown on (a) α–Al2O3 

(0001) (C-plane) substrates, and (b) α–Al2O3 (112
_
0) (A-plane) ones.  Red double-headed 

arrows indicate the direction of electric conduction in FeTiO3–Fe2O3 solid solution. 

 (a)   (b)  
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Fig. 4.2  (a) Out-of-plane (A-plane), and (b) in-plane (C-plane) XRD patterns of thin film 

grown under Po2 = 1.0 × 10–3 Pa and TS = 700 ºC;    : α–Al2O3 substrate,    : C-plane of 

FeTiO3–Fe2O3,    : A-plane of FeTiO3–Fe2O3.  Red broken lines indicate the peak position 

of the diffraction from 112
_
0 and 224

_
0.  (c) Schematic image of a- and c-axis oriented 

FeTiO3–Fe2O3 solid solution thin film grown along a-axis of α–Al2O3 substrate.  (d) AFM 

image of the surface of FeTiO3–Fe2O3 thin film.  The observed region is 5 × 5 μm. 
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Fig. 4.3  Out-of-plane (A-plane) XRD patterns of FeTiO3–Fe2O3 thin films grown on 

α–Al2O3 (112
_
0) substrates;    : α–Al2O3 substrate,    : FeTiO3–Fe2O3,    : impurities. 
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Fig. 4.4  In-plane (C-plane) XRD patterns of FeTiO3–Fe2O3 thin films grown on α–Al2O3 (11

2
_
0) substrates;    : α–Al2O3 substrate,    : FeTiO3–Fe2O3. 

20 40 60 80 



                      

 
 

80 
 

 

 

  

1 step

0.25 nm

a

(g)
1.19 nm

(h)

(a) (b) (c)

(d) (e) (f)

Fig. 4.5  AFM images of the surface morphology for FeTiO3–Fe2O3 thin films grown at (a) 

Po2 = 1.0 × 10–3 Pa and TS = 850 ºC, (b) Po2 = 2.0 × 10–3 Pa and TS = 850 ºC, (c) Po2 = 3.0 × 

10–3 Pa and TS = 850 ºC, (d) Po2 = 1.0 × 10–3 Pa and TS = 900 ºC, (e) Po2 = 2.0 × 10–3 Pa and 

TS = 900 ºC, and (f) Po2 = 3.0 × 10–3 Pa and TS = 900 ºC.  (g) The magnified image of Fig. 

4.5 (b).  (h) The cross-section image along the black broken line in Fig. 4.5 (g).  (i) 

Schematic illustration of FeTiO3 depicted by VESTA software [10]. 

 (i)  
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Fig. 4.6  (a) Cross-sectional HR-TEM image of the interface between FeTiO3–Fe2O3 thin 

film and α–Al2O3 (112
_
0) substrate.  The electron beam was irradiated along c-axis of 

substrate.  The red open-circle indicates one of dislocation cores at the interface.  (b) 

Schematic illustration for the hexagonal close-packed lattice plane (C-plane) of O2– anions 

(red balls) in α–Al2O3 and FeTiO3–Fe2O3 depicted VESTA software [10].   The black broken 

line indicates the regular hexagon of O2– anions.  (c) The magnified image around adjacent 

two dislocation cores in Fig. 4.6 (a).  The schematic image of Fig. 4.6 (b) is superimposed 

on the upper left of the image. 

 (a)  

 (c)  

 (b)  
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Fig. 4.7  (a) M–T curves for FeTiO3–Fe2O3 thin film grown at Po2 = 2.0 × 10–3 Pa and TS = 

850 ºC.  The external magnetic field of 8500 Oe was applied parallel to the film surface 

(c-axis).  (b) M–H curves at 100 K for the same thin film.  The external magnetic field was 

also applied along c-axis of thin film. 
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Fig. 4.8  Reciprocal T-dependence of ρ for FeTiO3–Fe2O3 thin film grown on α–Al2O3 (112
_

0) substrate at Po2 = 2.0 × 10–3 Pa and TS = 850 ºC (red closed circle), and thin film grown on 

α–Al2O3 (0001) substrate at Po2 = 1.0 × 10–3 Pa and TS = 700 ºC (black closed circle).  The 

schematic images for van der Pauw method are illustrated on both left [for thin film grown on 

α–Al2O3 (112
_
0) substrate] and right side [for thin film grown on α–Al2O3 (0001) substrate] of 

log ρ vs. 1000/T plot. 
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Chapter 5.  The investigation of the electronic structure of 
ilmenite and ilmenite-hematite solid solution using hard X-ray 
photoemission spectroscopy 
 

 

5.1  Introduction 

5.1.1  Background 

Transition-metal oxides with strongly correlated electrons have been intensively investigated 

in resent solid-state physics [1].  They have not only the degree of freedom in charge but also 

the one in spin.  These two freedoms correlate to each other and enable the electric conduction 

of transition-metal oxides to be controlled by external magnetic field.  This phenomenon is an 

essential operating principle of spintronics devices and now widely observed in a lot of 

transition-metal oxides such as La1–xSrxMnO3 [2–4].   

As I have explained up to previous chapters, FeTiO3–Fe2O3 solid solution has been 

considered as a promising material for spintronics application among the various kinds of 

transition-metal oxides [5–7], and fabrication of FeTiO3–Fe2O3 thin films and investigations of 

their physical properties have been reported by lots of research groups including us [8–14].  In 

terms of the electric conduction mechanism in FeTiO3–Fe2O3 solid solution, Ishikawa has 

carried out the electric property measurements in order to determine the valence states of cations 

in FeTiO3 (Fe2+ Ti4+ O3 or Fe3+ Ti3+ O3) which cannot be clarified from the magnetic property 

measurements [6], as I introduced in Section 1.2.2.2.  Ishikawa has concluded that the valence 

states of FeTiO3 as Fe2+ Ti4+ O3, and that the transfer of carriers between Fe2+ and Fe3+ is the 

main mechanism of electric conduction in FeTiO3–Fe2O3 solid solution.  First, if the valence 

state of cations in FeTiO3 is Fe3+ Ti3+ O3, the electric conduction will be hard to occur when x < 

0.73 (n-type carrier) where Fe3+ and Ti3+ cations of FeTiO3 are mixed into Fe3+ of α–Fe2O3.  

On the other hand, the carrier transfer is expected to occur between Fe2+ and Fe3+ in the case of 

Fe2+ Ti4+ O3 dissolves into α–Fe3+ 
2O3, and the carrier is considered to be extra electrons on Fe2+.  

In the range of x > 0.73 (p-type carrier) where FeTiO3 is the host material, two conduction 
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models are expected; carrier transfer between (Fe2+ and Fe3+) pair or (Ti3+ and Ti4+) one.  

However, the former is expected to occur because the activation energy (E) estimated from the 

temperature-dependence of electric resistivity ρ (ρ–T) measurement is almost the same between 

the specimens with x < 0.73 and x > 0.73 [see also Fig. 1.2.6 (a)].  The E of carrier transfer 

between (Fe2+ and Fe3+) pair or (Ti3+ and Ti4+) one seems different and should change with the 

composition if the transfer mechanism changes from the former to the latter by x = 0.73.  

Therefore, the carrier transfer is considered to occur between Fe2+ and Fe3+ even when x > 0.73 

where the extra holes of Fe3+ are considered to transfer to Fe2+. 

Although Ishikawa has suggested above electric conduction mechanism for FeTiO3–Fe2O3 

solid solution, its electronic structure has not been clarified experimentally nor investigated by 

using theoretical calculations, which are important for understanding the mechanism of electron 

conduction in FeTiO3–Fe2O3 solid solution.  In this chapter, I carried out hard X-ray 

photoemission spectroscopy (HX-PES) measurement on FeTiO3 and xFeTiO3·(1–x)Fe2O3 (x = 

0.6 and 0.8) samples in order to investigate the electronic structure and electric conduction 

mechanism of FeTiO3 and FeTiO3–Fe2O3 solid solution.  

 

5.1.2  Previous reports on the electric structure of FeTiO3 

  As opposed to FeTiO3–Fe2O3 solid solution, many theoretical and experimental researches 

have been dedicated to the investigation of the electronic structure and electric conduction 

mechanism on FeTiO3 [15–20].  In this section, I briefly introduce some representative reports. 

  Fig. 5.1 illustrates the schematic image for the crystal structure of FeTiO3 depicted by 

VESTA software [21].  FeTiO3 has a corundum-based structure where oxide anions arrange into 

a distorted hexagonal close packed sublattice, and the two-third of their octahedral interstices is 

occupied by cations.  FeTiO3 is composed of alternatively stacked Fe and Ti cation octahedra 

along its c-axis as illustrated in Fig. 1.2.1.  One Fe octahedron (brown one in Fig. 5.1) shares 

three edges with other Fe octahedra inside the same layer, a face with a Ti octahedron (blue one 

in Fig. 5.1) in the adjacent layer and the opposite face with an empty octahedral site.  

Therefore, it is expected that the charge transfer will occur between Fe and Ti octahedra through 

the shared face where Fe and Ti 3d orbitals overlap, and many research group have suggested 

the charge transfer notated by Fe2++Ti4+→ Fe3++Ti3+ through the shared octahedral face [17–20].   
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In terms of the investigation for the electronic structure of FeTiO3, one of the most 

representative reports is the molecular-orbital calculation by Sherman [15].  Sherman explained 

the charge transfer mechanism in Fe-Ti oxides and silicates including FeTiO3 using (FeTiO10)14– 

cluster model of Fig. 5.2 (a).  In this model, Fe 3d state splits to lower Fe 3d α-state 

overlapping with O 2p band and higher Fe 3d β-state by the intra-atomic exchange energy [Fig. 

5.2 (b)], and Fe2++Ti4+→ Fe3++Ti3+ charge transfer is considered to occur by exciting an 

electron from 16a1 orbital (Fe t2g) to 17a1 one (Ti t2g) as illustrated in Fig. 5.2 (c).  Recently, 

Wilson et al. have also calculated the DOS of FeTiO3 [Fig. 5.3] by first-principal calculation 

using Becke’s three parameter hybrid functional (B3LYP) approximation [16].  Their DOS is 

similar to Sherman’s molecular-orbital diagram, and they have also confirmed the split of Fe 3d 

state. 

 

5.1.3  HX-PES 

  PES is one of the most effective methods in order to investigate the electronic structure of 

materials.  It analyzes the kinetic energy (E) of electrons emitted from the materials which is 

described as, 

 

E = hv – Eb 

 

where hv and Eb means the excitation energy of the light source and the binding energy of 

emitted electron, respectively.  Because the magnitude of hv is constant, the value of Eb, 

therefore, the electronic state of materials can be estimated by analyzing E via PES experiment.  

The knowledge on band structure of materials can be extracted from PES spectrum for the 

valence band of materials, whereas the chemical bond state or valence of each atom can be 

estimated from the core-level spectrum of materials.  The main problem for PES experiment is 

its too short probe length which is usually less than several nm.  The specific X-ray of Mg-Kα 

[excitation energy (hv): 1.25 keV] or Al-Kα (hv = 1.48 keV) is generally utilized as an 

excitation light source for PES measurement because of its narrow band width which gives 

higher energy resolution for PES spectrum.  However, in the case of such soft X-ray light 

sources with low hv, the inelastic mean free path of emitted electrons is as short as several nm 
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or even can be less than 1 nm because of the low E of them.  Therefore, obtained PES 

spectrum mainly derives from the surface of materials which is often deteriorated (oxidized) by 

exposed to the air.  On the other hand, HX-PES utilizes hard X-ray with hv of around 8 keV 

and the band width of several 10 meV, which enables the probe length to be several 10 nm and 

high energy resolution for PES spectrum.  Therefore, the surface deterioration of specimens 

can be excluded in HX-PES experiment; which means obtain spectra reflect the bulk nature of 

materials compared to the usual PES. 

 

 

5.2  Experimental procedure 

5.2.1  Sample preparation and characterizations 

FeTiO3 bulk specimen was prepared by usual solid-state reaction method.  The powder 

reagents of α–Fe2O3 (Kojundo Chemical Laboratory Co. Ltd., purity: 99.99%) and TiO2 

(Kojundo Chemical Laboratory Co. Ltd., purity: 99.9%) were mixed with alumina mortar and 

pestle and heated in air at 900 ºC for 12 h.  The mixture was re-grounded and pressed into 

pellet.  The pellet was sintered in alumina tube furnace in CO + CO2 (CO = 40%) atmosphere 

at 1300 ºC for 24 h [22].  0.6FeTiO3·0.4Fe2O3 and 0.8FeTiO3·0.2Fe2O3 thin films were 

fabricated on α–Al2O3 (0001) single crystal substrates by pulsed laser deposition (PLD) method 

using KrF excimer laser (λ = 248 nm, 2 Hz, 2 J/cm).  The preparation condition of PLD targets 

and thermal annealing condition of α–Al2O3 (0001) substrates were the same as described in 

Chapter 2.  The substrate temperature and oxygen partial pressure during deposition were kept 

at 700 ºC and 1.0 × 10–3 Pa, respectively. 

The crystal structures of these samples were characterized by X-ray diffraction (XRD) with 

Cu Kα radiation; RINT2500 (Rigaku) for bulk FeTiO3 and ATX-G (Rigaku) for FeTiO3–Fe2O3 

thin films, respectively.  The measurements of magnetization were carried out using a 

superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum 

Design).  The film thickness was evaluated to be about 70 nm using a surface profiler. 

 

5.2.2  HX-PES measurement 

The HX-PES measurement was carried out at BL47XU beam-line of SPring-8 (hv = 7.94 
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keV) at room temperature.  The total energy resolution was set to 250.06 meV.  The take-off 

angle of photoelectrons was set at 87º to reduce the effect of surface contamination on the 

HX-PES spectrum as illustrated in Fig. 5.4.  The peak position of the obtained spectra was 

calibrated using C 1s peak position (binding energy: 284.6 eV). 

   

 

5.3  Results and Discussion 

5.3.1  Crystal structure and magnetic properties of HX-PES samples 

  Fig. 5.5 shows the XRD pattern and the temperature dependence of magnetization (M-T 

curve) for FeTiO3 bulk sample.  It can be safely said that the sample is almost single phase of 

FeTiO3 which includes little impurity (Although the reflection from rutile 110 appears at 2θ = 

27.5º, the amount of it is quite a little.  Note that the vertical axis is logarithmic scale.).  The 

Néel temperature of the bulk sample is 59 K [Fig. 5.5 (b)], which is well coincident with the one 

of previous reports [23].   

Out-of-plane XRD patterns for 0.6FeTiO3·0.4Fe2O3 and 0.8FeTiO3·0.2Fe2O3 thin films were 

shown in Fig. 5.6, and the formation of (0001)-oriented ordered phase was confirmed.  Fig. 5.6 

(b) is the magnified image around 0006 peaks in Fig. 5.6 (a) where the slight deviation of peak 

position between two thin films indicates the difference of FeTiO3 composition ratio (the lattice 

constants of 0.6FeTiO3·0.4Fe2O3 is smaller than those of 0.8FeTiO3·0.2Fe2O3, resulting in the 

0006 peak position of 0.6FeTiO3·0.4Fe2O3 in higher angle).  The magnetic properties of 

fabricated thin films [Fig. 5.7] are identical to those of thin films I reported previously [12, 13], 

indicating both thin films are ferrimagnets.   

From XRD and magnetic property measurements, the samples for HX-PES measurement are 

identical to the sample in previous reports whose crystal structure and physical properties have 

been well investigated.  This indicates that the results of HX-PES measurement for the present 

samples can be applied to a clarification of the origin of physical properties in FeTiO3 and 

FeTiO3–Fe2O3 solid solution which have been reported by many research groups.  In the 

following sections, I denote 0.6FeTiO3·0.4Fe2O3 and 0.8FeTiO3·0.2Fe2O3 samples as “6 : 4” and 

“8 : 2” respectively. 
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5.3.2  HX-PES spectra for FeTiO3 and FeTiO3–Fe2O3 solid solution samples 

  Fig. 5.8 shows the entire HX-PES spectra for FeTiO3, 8 : 2 and 6 : 4 samples.  Because all 

peaks except for C 1s (around 285 eV) are derived from Fe, Ti and O, it is confirmed that the 

samples contains no other elements besides Fe, Ti and O as impurities (C 1s peak is derived 

from the organic compound in the air which is adsorbed on the sample surface).  Especially, 

peaks derived from Al were not observed in the case of thin film samples, and this means that 

the hard X-ray did not reach to α–Al2O3 substrate.  Therefore, the probe depth is estimated to 

be less than 70 nm. 

Fe 2p and Ti 2p core-level HX-PES spectra are shown in Fig. 5.9.  In Fig. 5.9 (a), Fe3+ 

component increases whereas the Fe2+ component decreases, as the composition ratio of 

α–Fe2O3 in the samples increases.  Because FeTiO3 and α–Fe2O3 are nominally described as 

Fe2+Ti4+O2–
3 and α–Fe3+

2O2–
3, the increase in the ratio of Fe3+/Fe2+ observed in Fig. 5.9 (a) is 

reasonable.  On the other hand, there is no difference among three Ti 2p spectra [Fig. 5.9 (b)] 

dominantly consisting of Ti4+ component, which means that Ti cations are still tetravalent even 

in FeTiO3–Fe2O3 solid solution.  No variation was also observed in O 1s core-level spectra of 

these samples (not shown).  

Fig. 5.10 shows the valence band spectra of these samples.  As contrast to Fe 2p and Ti 2p 

spectra in Fig. 5.9, the peak position shift indicated by arrows in Fig. 5.10 (b) was observed in 

these valence band spectra. 

 

5.3.3  The electric conduction mechanism of FeTiO3–Fe2O3 solid solution 

By comparing Fig. 5.3 with 5.10 (a), one can see that the valence band spectrum for bulk 

FeTiO3 sample is coincident with the theoretical spectra calculated by Wilson et al., where the 

valence structure consists of strongly mixed Fe 3d and O 2p component.  Therefore, the 

experimental spectrum for FeTiO3 sample within 2–9 eV is mainly attributed to mixed Fe 3d 

α-state and O 2p component, whereas the one within 0–1.5 eV is due to Fe 3d β-state.  

Because the shape of valence band spectra for 8 : 2 and 6 : 4 thin films is also the same as that 

of bulk FeTiO3, the origin and components of electronic structure of FeTiO3–Fe2O3 solid 

solution are considered to be the same as that of FeTiO3.  However, the peak corresponding to 

the Fe 3d β-state shifts toward the lower binding energy, as FeTiO3 composition ratio x (0 < x < 
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1) decreases from 1 to 0.6.  I consider that the peak shift among three samples is due to the 

shift in Fe 3d components corresponding to the variation in the electron correlation while 

FeTiO3 forms solid solution with α–Fe2O3.  Therefore, I also consider that the electric 

conduction in FeTiO3–Fe2O3 solid solution mainly due to the electron hopping between Fe2+ and 

Fe3+ rather than between Fe2+ and Ti4+. 

As I introduced in Section 5.1.2, the electron conduction mechanism in FeTiO3 is considered 

to the charge transfer between Fe2+ (d6) and Ti4+ (d0) (Fe2++Ti4+→ Fe3++Ti3+) through the shared 

face between Fe and Ti octahedra where their 3d orbital overlaps moderately, and the same 

charge transfer is expected to occur in the electric conduction in FeTiO3–Fe2O3 solid solution.  

Indeed, I have conducted soft X-ray magnetic circular dichroism (XMCD) measurement for 

FeTiO3–Fe2O3 solid solution thin films in order to investigate magnetic and electronic structure 

of FeTiO3–Fe2O3, and confirmed that Ti4+ cations (d0) have 3d electrons due to the hybridization 

of 3d orbital between Ti4+ and Fe2+ cations.  Fig. 5.11 shows the Ti-L2,3 edge X-ray absorption 

spectroscopy (XAS) and XMCD spectra for 0.6FeTiO3·0.4Fe2O3 thin film.  The experimental 

spectra were compared to theoretical spectra calculated by first-principles multi-electron 

calculation based on density functional theory (DFT) and configuration interaction (CI) method 
[24, 25].  The details of experimental procedure and theoretical calculation are given elsewhere 
[26].  Because the shape of experimental XAS spectrum is not similar to that of theoretical Ti3+ 

spectrum but Ti4+ one, the valence of Ti cations is 4+, which is identical to Ti 2p core-level 

HX-PES spectrum in Fig. 5.9 (b).  However, Ti-L2,3 edge XMCD spectrum, which should not 

be observed in the case of non-magnetic d0 cations, was obtained.  This indicates that Ti4+ 

cations partly contain electrons and that they are magnetically polarized.  Therefore, I have 

experimentally confirmed that Fe2++Ti4+→ Fe3++Ti3+ charge transfer also occur in the case of 

FeTiO3–Fe2O3 solid solution. 

However, the lower electric resistivity (ρ) of FeTiO3–Fe2O3 solid solution than that of FeTiO3 

by 2-digits in magnitude as shown in Fig. 1.2.6 (a) cannot be explained, if the dominant electric 

conduction mechanism is Fe2++Ti4+→ Fe3++Ti3+ charge transfer along crystallographic c-axis of 

them.  Fig. 5.12 (a) illustrates the schematic image of cation arrangement in ordered-phase of 

FeTiO3–Fe2O3 solid solution.  As I explained in Section 1.2.1, it has alternating Fe-only [layer 

A in Fig. 5.12 (a)] and Ti-rich cation (layer B) layers.  The valence of Fe cations is only 3+ in 
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layer B, whereas the mixture of Fe2+ and Fe3+ exists in layer A.  Therefore, there are two Fe 

octahedra which share one face along its c-axis, and the charge transfer between Fe2+ in layer A 

and Fe3+ in layer B is also considered to occur due to the overlap of two Fe 3d orbitals.  

However, these adjacent layer A and B are antiferromagnetically coupled; which means the 

electron transfer between these layers is prevented as illustrated in Fig. 5.12 (c).   

On the other hand, Fe cations in the same layer A are ferromagnetically coupled, and the 

electron transfer is considered to be allowed along in-plane direction [Fig. 5.12 (b)].  I consider 

that this in-plane electron transfer between Fe cations is the dominant electron conduction 

mechanism in FeTiO3–Fe2O3 solid solution, which also have been suggested by Mukerjee [27].  

The difference in the magnitude of ρ between FeTiO3 and FeTiO3–Fe2O3 solid solution can be 

explained by the variation of the electron correlation between two Fe cations.  In FeTiO3, all 

Fe cations are Fe2+, and the electron correlation keeps electrons localized on their own Fe2+ site 

where one electron already exists in β-state t2g orbital.  In FeTiO3–Fe2O3 solid solution, 

however, Fe3+ (d5) reduce this electron correlation somewhat and the electron transfer is 

considered to occur within ferromagnetically coupled Fe2+ and Fe3+ mixed cation layer.  I 

consider that insulator FeTiO3 turns into semiconductor with forming FeTiO3–Fe2O3 solid 

solution by this mechanism, and that the peak shift toward the lower binding energy in the 

valence band HX-PES spectra [Fig. 5.10 (b)] corresponds to the narrowing of the 

Mott-Hurbbard gap.  Similar peak shift at valence band spectra was reported by Takaobushi et 

al. for Fe3−xMxO4 (M = Mn, Zn) spinel oxide, where the authors have also attributed the peak 

shift to the variation in the electron correlation [28].  The tendency in Fig. 5.10 (b) is coincident 

with the composition dependence of ρ measurement for bulk FeTiO3–Fe2O3 solid solution 

specimens conducted by Ishikawa, where ρ decreases as x decreases from 1 and reaches 

minimum when x = 0.5 [see also Fig. 1.2.6 (b)] [6].   

 

 

5.4  Conclusions 

I have conducted the HX-PES measurement on FeTiO3 and xFeTiO3·(1–x)Fe2O3 (x = 0.6 and 

0.8) samples in order to investigate the electronic structure and electric conduction mechanism 

of FeTiO3–Fe2O3 solid solution.  The valence band structures of FeTiO3 and FeTiO3–Fe2O3 
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solid solution are similar to each other, and correspond to the previous theoretical DOS of 

FeTiO3, indicating that the electronic structure of FeTiO3–Fe2O3 solid solution also consists of 

strongly mixed Fe 3d and O 2p component.  A peak shift was observed in the valence band 

spectra of those samples, whereas such a shift was not observed in the Fe 2p, Ti 2p and O 1s 

core-level spectra.  I consider that the observed peak shift is due to the variation in the electron 

correlation of Fe 3d components while FeTiO3 forms solid solution with α–Fe2O3.  The 

intermixture of Fe2+ and Fe3+ reduces the electric correlation, and electron transfer between Fe2+ 

and Fe3+ occurs easily within the C-plane direction of FeTiO3.  I propose that insulator FeTiO3 

turns into semiconductor with forming FeTiO3–Fe2O3 solid solution by this mechanism, and the 

electron transfer between Fe2+ and Fe3+ in C-plane direction is the dominant electric conduction 

mechanism in FeTiO3–Fe2O3 solid solution rather than that between Fe2+ and Ti4+ in c-axis 

direction, which is considered to be the dominant electric conduction mechanism in FeTiO3. 
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Fig. 5.1  Schematic illustration for the crystal structure of FeTiO3 depicted by VESTA 

software [21].  Red, brown and blue balls indicate O2–, Fe2+ and Ti4+ ions, respectively.   

Upper direction on the plane of paper corresponds to c-axis of FeTiO3. 
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Fig. 5.2  (a) Schematic illustration for Sherman’s (FeTiO10)14– cluster model [15].  Red, 

brown and blue balls indicate O2–, Fe2+ and Ti4+ ions, respectively.  (b) Molecular orbital 

diagram based on (FeTiO10)14– cluster model.  Red and blue lines indicate Fe and Ti band, 

respectively.  (c) Magnified image for the β–state molecular orbital diagram surrounded by 

broken line in Fig. 5.2 (b).  Black solid arrow indicates an electron located on 16a1 orbital of 

Fe t2g. 
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Fig. 5.3  The DOS of FeTiO3 calculated by Wilson et al. with first-principal calculation 

using B3LYP approximation [16]. 
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Fig. 5.4  Schematic illustration of the experimental configuration for HX-PES measurement. 
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Fig. 5.5  (a) XRD pattern of FeTiO3 bulk specimen.  The peak indicated by red inverted 

triangle is the diffraction from rutile 110.  (b) The M-T curve of FeTiO3 bulk specimen.  

The applied external magnetic field is 8500 Oe.  The inset shows the magnified part around 

Néel temperature. 
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Fig. 5.6  (a) Out-of-plane XRD patterns for 0.6FeTiO3·0.4Fe2O3 and 0.8FeTiO3·0.2Fe2O3 

thin films grown on α–Al2O3 (0001) substrates;   : substrate,   : ordered phase.  (b) The 

magnified images around 0006 peaks in Fig. 5.6 (a). 
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Fig. 5.7  (a) M–T curves for 0.6FeTiO3·0.4Fe2O3 (red closed circle) and 0.8FeTiO3·0.2Fe2O3 

(black closed circle) thin films.  The external magnetic field of 8500 Oe was applied parallel 

to the film surface.  The ferrimagnetic Curie temperature of 0.8FeTiO3·0.2Fe2O3 thin film is 

estimated to be 260 K from the intercept between the extrapolation of the linear part of M 

(blue broken line) and abscissa.  (b) M–H curves at 100 K for the same thin films. 
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Fig. 5.8  The entire HX-PES spectra for FeTiO3 (black line), 0.8FeTiO3·0.2Fe2O3 (8 : 2) (red 

line) and 0.6FeTiO3·0.4Fe2O3 (6 : 4) (blue line) samples.  The inset shows the magnified 

image for the binding energy of 0-115 eV. 

0 
Binding energy (eV) 

400 200 600 

50 0 100 
Binding energy (eV) 



 
 

102 
 

 

710720730

In
te

ns
ity

 (a
rb

.u
ni

ts
)

Binding energy (eV)

Fe 2p1/2

Fe 2p3/2
Fe2+

Fe3+

Fe2+Fe3+

FeTiO3

8 : 2

6 : 4

455460465470

In
te

ns
ity

 (a
rb

.u
ni

ts
)

Binding energy (eV)

Ti 2p1/2

Ti 2p3/2
FeTiO3

8 : 2

6 : 4

Fig. 5.9  (a) Fe 2p and (b) Ti 2p core-level spectra for FeTiO3 (black line), 

0.8FeTiO3·0.2Fe2O3 (8 : 2) (red line) and 0.6FeTiO3·0.4Fe2O3 (6 : 4) (blue line) samples.  

The components derived from Fe2+ and Fe3+ are indicated by black broken lines in Fig. 5.9 
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Fig. 5.10  (a) Valence band spectra for FeTiO3 (black line), 0.8FeTiO3·0.2Fe2O3 (8 : 2) (red 

line) and 0.6FeTiO3·0.4Fe2O3 (6 : 4) (blue line) samples.  (b) The magnified image of Fig. 

5.10 (a) showing around binding energy of 0 eV.  The peaks indicated by arrows correspond 

to the Fe 3d β-state. 
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Fig. 5.11  Ti-L2,3 edge (a) XAS, and (b) XMCD spectra for 0.6FeTiO3·0.4Fe2O3 thin film 

sample.  Black, red and blue solid lines indicate the experimental, theoretical Ti3+, and 

theoretical Ti4+ spectra, respectively. 

(a) 

(b) 

460 470 

460 470 



 
 

105 
 

 

 

 

Fe2+ Fe3+ Ti4+

c
A
B
A
B

B

Fe2+ Fe3+

○

α β α β

Fe2+ Fe3+

×

α β α β

Fig. 5.12  (a) The schematic image of cation arrangement in ordered-phase of FeTiO3–Fe2O3 

solid solution.  (b), (c) The schematic image of electron transfer between Fe2+ and Fe3+ when 

Fe2+ and Fe3+ are ferromagnetically coupled [Fig. 5.12 (b)] or antiferromagnetically coupled 

[Fig. 5.12 (c)]. 
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Summary and future work 
 

 

In this thesis, for the purpose of spintronics application, high-quality FeTiO3–Fe2O3 solid 

solution, that is xFeTiO3·(1–x)Fe2O3 (0 < x < 1), thin films have been fabricated via pulsed laser 

deposition (PLD) method.  Generally, atomically smooth surface of thin films is required in 

order to realize high-performance devices, because the rough interface between thin films 

seriously degrades the transport properties of materials.  The lattice mismatches between 

FeTiO3–Fe2O3 solid solution thin films and the substrates, α–Al2O3, are as large as 6.2% (in 

C-plane) and 7% (in A-plane), and this large lattice mismatch makes it difficult to accomplish 

FeTiO3–Fe2O3 solid solution thin films epitaxially grown on α–Al2O3 substrates. However, I 

have successfully fabricated FeTiO3–Fe2O3 solid solution thin films with atomically smooth 

surface on both C- and A-plane α–Al2O3 substrates by optimizing the deposition conditions of 

PLD method.  I also have suggested the electrical conduction mechanism in FeTiO3–Fe2O3 

solid solution through hard X-ray photoemission spectroscopy (HX-PES) study.  The results 

obtained by the present study are summarized as follows, 

In Chapter 1, the outlines of spintronics and FeTiO3–Fe2O3 solid solution were briefly 

reviewed.  Especially, I focused on the tunneling magnetoresistive effect and the operating 

principle of magnetoresistive random access memory (MRAM), which is a key technology for a 

next-generation non-volatile memory.  In order to achieve effective MRAM, the spin 

polarization of materials should be near 100%.  As one of such high spin polarization materials, 

I have paid attention to FeTiO3–Fe2O3 solid solution which has unique physical properties.  

First, its carrier type can be changed by simply varying its composition; n-type carrier when x < 

0.73 and p-type carrier when x > 0.73.  This ability to tune carrier type in FeTiO3–Fe2O3 solid 

solution indicates that homo p-n junction device is expected to be realized by utilizing 

FeTiO3–Fe2O3 thin films with different compositions.  Secondly, FeTiO3–Fe2O3 solid solution 

has relatively high ferrimagnetic Curie temperature (TC), which is varied linearly with x, and TC 

is higher than room temperature when x < 0.73.  This high TC makes FeTiO3–Fe2O3 solid 
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solution a promising material for spintronics application which can operate at room temperature. 

In Chapter 2, the low-temperature growth of FeTiO3–Fe2O3 thin films on C-plane sapphire, 

α–Al2O3 (0001), substrates was shown.  I demonstrated that highly crystallized thin films 

without deep pits could be fabricated by lowering the growth temperature from 700 ºC to 550 ºC.  

This low-temperature growth method is one of the directions toward the achievement of 

high-quality thin films suitable for device application.   

  In Chapters 3 and 4, I fabricated FeTiO3–Fe2O3 thin films with atomically flat surface on 

α–Al2O3 (0001) and (112
_
0) (A-plane) substrates by extremely high-growth temperature higher 

than 850 ºC.  It is particularly worth noting that the epitaxial growth of FeTiO3–Fe2O3 thin 

films on α–Al2O3 (112
_
0) substrates has been realized for the first time.  The atomic force 

microscopy study revealed that the obtained thin films possessed step-and-terrace surfaces 

whose one step height corresponded to one charge-neutral unit.  I consider that the thin films 

were grown by Domain-Matching Epitaxy (DME) growth, where the integer multiple of lattice 

constants of thin film and substrate is matching across the interface and the lattice strain is 

relaxed in the initial stage of the thin film growth.  I also carried out cross-sectional 

high-resolution transmission electron microscope study for the interface between thin film and 

substrate in order to investigate the DME mechanism in FeTiO3–Fe2O3/α–Al2O3 system.  I 

confirmed that the dislocation cores existed across the interface with a regular interval which 

was equal to unit domain length of FeTiO3–Fe2O3.  The results in Chapters 3 and 4 will be 

effectively applied to the growth of other thin film and substrate systems having quite large 

lattice mismatch. 

In Chapter 5, in order to investigate the electronic structure and electrical conduction 

mechanism of FeTiO3–Fe2O3 solid solution, I conducted the HX-PES measurements on FeTiO3 

and FeTiO3–Fe2O3 samples.  It was revealed that the valence band structures of both FeTiO3 

and FeTiO3–Fe2O3 solid solution consisted of strongly mixed Fe 3d and O 2p components.  A 

peak shift was observed in the valence band spectra of those samples, whereas such a shift was 

not observed in the Fe 2p, Ti 2p and O 1s core-level spectra.  I consider that the observed peak 

shift is due to the variation in the electron correlation of Fe 3d components brought about when 

FeTiO3 forms solid solution with α–Fe2O3.  I have proposed that insulator FeTiO3 is converted 

into semiconductor accompanied by the forming of FeTiO3–Fe2O3 solid solution due to the 
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intermixture of Fe2+ and Fe3+ which reduces the electron correlation, and that the electron 

transfer between Fe2+ and Fe3+ within the C-plane is the dominant electrical conduction 

mechanism for FeTiO3–Fe2O3 solid solution.   

In the future, with utilizing the results obtained by this study, the development of spintronics 

device based on FeTiO3–Fe2O3 solid solution will be expected.  For example, homo p-n 

junction device with sharp interface is expected to be realized by growing FeTiO3–Fe2O3 thin 

film with the growth temperature of 550 ºC (as introduced in Chapter 2) on the thin film grown 

on α–Al2O3 substrate with the growth temperature of higher than 850 ºC (as introduced in 

Chapter 3).  The extremely high-temperature growth of bottom thin film will lead to atomically 

flat surface and the low-temperature growth of upper thin film will prevent the intermixture of 

constituent ions in the two thin films at their interface.  The combination of these different thin 

film growths will make it possible to achieve the sharp interface suitable for spintronics device 

application. 
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