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General Introduction 

1. Objectives of this study 

 Over the last several decades, inorganic materials have been extensively 

researched and developed for electronics and photonics [1,2]. Particular focus has been 

placed on applications such as generation [3-7], filtering [8-12], detection [13-17], 

amplification [18,19], modulation [20-24], conversion [25-28] and so on. Accordingly, 

many oxide single crystals have been investigated along with other materials. 

 In general, because oxide single crystals and ceramics [29] are both inorganic 

materials, they have been concurrently developed for electrical and optical instruments 

as they have complementary properties. For electrical and optical applications, the 

dielectric [30-33], ferroelectric [34-36], piezoelectric [37,38], pyroelectric [39-42], 

electro-optical [43-48], nonlinear optical [49-52], and magnetic [53-55] properties of 

these materials have been improved by their modification. Conventional methods for 

improvements include researching new materials, developing new synthetic processes, 

partially substituting the existing material with other elements, and so on.  

 Ceramics offer greater freedom and flexibility in terms of material design and 

modification. Typical examples incorporating ceramic materials include capacitors 

[56-58], piezoelectric [37,59,60], and ferrite materials [53]. Most materials for 

capacitors and piezoelectrics have the perovskite structure (Fig. 1), which is known to 

be the most versatile ceramic structure [61]. By appropriately modifying the 

composition, the electroceramic dielectric (BaTiO3 and its relatives) phases can be 
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Schematic illustration of the perovskite ABO3 structure

The crystal structure was drawn with VESTA 3 [63]. 
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 Crystal growth is a three-dimensional atomic arrangement toward a generation 

of a solid substance by a heterogeneous or homogeneous chemical process in a solid 

phase, a liquid phase, or a gas phase. It is also generated in their phases individually or 

in combination. Various types of crystal growth techniques have been developed, 

depending upon the chemical process involved and the phase equilibriums. All crystal 

growth processes can be broadly classified according to the scheme presented in Table 1 

[64]. 

 In the growth of a high quality and a large crystal, which is suitable for 

practical use, the liquid-solid method (shown in Table 1) is advantageous. The 

liquid-solid method is roughly classified into melt growth and solution growth. The melt 

growth is the process in which a chemical composition of the melt coincides with that of 

the target crystal (Namely the congruently melting composition). Accordingly, a degree 

of supercooling works as a driving force of crystallization in the melt growth. The 

control of thermal environment in the growing system is much important during a 

crystal growth. The melt growth is widely used for commercial single crystals of 

semiconductors, metals, oxides, fluorides and so on. Many crystal growth techniques 

[65] such as Czochralski method [66,67], Bridgeman method [68,69], and Verneuil 

method [70-72] have been developed in several decades. The melt growth is one of the 

most popular methods with growing large crystal at relatively high growth rate. The 

solution growth is also widely used for not only commercial single crystals but also 

material research, foods, and so on. Solution growth can be used for crystals with 

incongruent melt composition. The disadvantages of the solution growth, which 

compared with the melt growth, are lower growth rate and smaller crystal size. In the 

solution growth, a degree of slow cooling and supersaturation work as driving forces of 
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 Modification in chemical composition such as solid solution, cation doping, 

and cation substitution is important for single crystal to improve its physical properties. 

However, it is more difficult for the melt growth to control chemical composition 

except for crystal growth from a congruent composition. The main problem is 

inhomogeneity of cation distribution in a crystal. Mateika et al. measured the 

distribution coefficient, k0 for each cation in garnet crystals and perovskite crystals 

[82,83]. The distribution coefficient defined as the ratio (Eq. (1)) of the cation 

concentration in the crystal (Cs) to its concentration in the melt (Cl). 

�� �  ���� (1) 

They showed that the ionic radii of the guest ions as well as their concentration act an 

important role in the optimization of the distribution coefficient. It is also important for 

growing a homogeneous crystal to optimize the melt composition, to choice appropriate 

guest cations and to choice appropriate growth method. 

 Over the last decades, photoinduction phenomena in transparent materials 

generated by ultrashort laser pulses, such as femtosecond laser pulses, and the 

application of these phenomena to microprocessing have received considerable attention. 

When a femtosecond laser pulse is focused inside the bulk of a transparent material, the 

intensity in the focal volume can become high enough to cause absorption through 

nonlinear processes, inducing to modification in the material. Because the absorption is 

strongly nonlinear, this modification can be localized in the focal volume inside the 

material. Recently, various three-dimensional optics such as waveguides [84], gratings 

[85] and couplers [86] have been fabricated inside various transparent materials using 

this method. In this way, the modification of inorganic materials using ultrashort laser 
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pulses is also an expectable method to improve physical properties without destruction 

of crystal structure. 

 This study focuses on approaches for the chemical modification of inorganic 

materials by crystal growth techniques and ultrashort pulse laser processing to improve 

physical properties of inorganic materials. 

 

2. Organization of the dissertation 

 In Chapter 1, three important technologies that relate to this thesis are reviewed. 

The first two technologies are concerned with crystal growth: one is the Czochralski 

method, which is one of the most suitable and widely applied methods for the 

production of crystalline materials for electrical and optical components, while the other 

is a modified Czochralski method with continuous material supply. The third technology 

involves femtosecond laser pulses. This technology differs from the others but is a 

powerful tool for the modification of transparent materials. 

 In Chapter 2, the substitution of Al into La3Ga5SiO14 (langasite) is described. 

The development of langasite as a new piezoelectric material fifteen years ago 

represented a significant advancement. For example, it satisfied the need for a material 

with a larger electromechanical coupling factor and lower temperature coefficient of 

frequency for surface acoustic wave (SAW) devices. Currently, langasite is still used in 

a variety of applications [87]. Al-substituted langasite-type crystals recently attracted 

attention as a material with significant heat resistance.  

 In Chapter 3, another approach for the chemical modification of crystals is 

introduced. Lithium tantalate, LiTaO3, is one of the best ferroelectric crystalline 
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materials. It is widely used for piezoelectric, pyroelectric, electro-optical, and nonlinear 

optical applications. Although the LiTaO3 phase has a wide solid-solution range, 

high-quality crystals can only be grown for commercial use at the congruent melting 

composition (i.e., Li: 48.5 mol% and Ta: 51.5 mol%). In this chapter, homogeneous and 

large crystal growth of LiTaO3 with non-congruent composition and the resultant 

optical properties are described. 

 Chapter 4 describes the use of a femtosecond laser to modify transparent 

materials such as single crystals. Here, the direct writing of waveguides in LiTaO3 using 

a femtosecond laser is described. Applications for the waveguides formed in LiTaO3 are 

also proposed. 
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Chapter 1.  

Three Key Technologies for Modifying Composition of 
Crystals 

1.1. Introduction 

 In this chapter, three important technologies that are related to this dissertation 

will be discussed to facilitate future reference in ensuing chapters. The first two 

technologies are concerned with crystal growth: one is the Czochralski method, which is 

the one of the most suitable and widely applied methods for the production of 

crystalline materials for electrical and optical components, while the other is a modified 

Czochralski method with continuous material supply. The third technology involves 

femtosecond laser pulses. This technology differs from the others, but is a powerful tool 

for the modification of transparent materials. 
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1.2. Crystal growth technology 

1.2.1. Czochralski method 

1.2.1.1 Growth technique 

 The Czochralski method [1] is a technique that involves crystal pulling from 

the melt. Currently, it is used to produce the majority of commercially available 

semi-conductive and oxide single crystals, such as Si, GaAs, sapphire, Nd:YAG, and 

LiNbO3, for electrical and optical instruments. The process is based on a liquid-solid 

phase transition driven by a seed crystal in contact with the melt [2].  

 Fig. 1.1 shows a schematic diagram of the crystal growth apparatus for the 

Czochralski method. The furnace comprises a crucible, insulators, a heating source, and 

a pulling system. For oxide crystals, noble metals such as platinum or iridium are used 

for the crucible depending on the melting point of the oxides. The insulators that 

surround the crucible are commonly made of alumina-silica, pure alumina, or zirconia 

ceramics. The design of the hot zone, which is composed of these insulators, is very 

important for the stable growth of crystals because it determines the thermal ambience. 

In this study, induction heating was chosen as the heat source; induction heating uses an 

RF generator to produce current in a coil surrounding the crucible, which acts as a 

susceptor. To control the thermal gradient in the furnace, a tube made from noble metals 

is often used as an additional heater (i.e., an after-heater, as shown in Fig. 1.1) above the 

crucible.  



 

 

 

 

 

Fig. 1.1 Schematic

technique. 
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Schematic diagram of the typical apparatus for the Czochralski 

 

 

diagram of the typical apparatus for the Czochralski 
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 There are three key process parameters for crystal growth: the pulling rate, the 

crystal rotation rate, and the thermal gradient. The pulling rate must be accurately 

controlled because it determines the growth rate of the diameter of the crystal, as shown 

in Eq. (1-1). Crystal rotation is necessary to prevent asymmetry in the temperature 

distribution and to control fluid flow in the melt. 

 Control of the diameter is required to obtain high-quality crystals [3]. The 

crystal diameter is automatically controlled by periodically monitoring the weight of the 

growing crystal using a load cell.  

The ideal mass growth rate, GGrow, is calculated using the following equation:  

 

G	
�� � G
��� �.��������������������� !��"���������� !��" #����������������"  (1-1) 

 

where ρMelt and ρCrystal are the melt and the crystal density, respectively, and DCrucible and 

DCrystal are the diameters of the crystal and crucible, respectively. To minimize the 

difference between the real mass growth rate and the weight increment, the heating 

power is regulated. 
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1.2.1.2 Solid–liquid interface control 

 All of the components of the crystal growth apparatus, such as the crucible and 

the insulators, are set up with the axis of symmetry being the seed axis, as shown Fig. 

1.1. Crystal rotation during growth is required to grow a high-quality single crystal 

using the Czochralski growth process. The shape of the growth interface also influences 

the quality of the crystal. 

 Shape control of the growth interface was first reported by Cockayne et al. in 

1968 [4]. They showed that under the proper conditions, the shape of the growth 

interface could be controlled via the crystal rotation rate. 

 Fig. 1.2 shows the schematics of typical flows observed in an oxide melt at 

various crystal rotation rates. The outer annular area consists of fluid flow driven by the 

natural convective forces of the heated fluid, whereas the main driving force for the 

inner area is convection driven by the rotating crystal. Fig. 1.3 shows the flow pattern 

that appeared on the melt surface of a La3Ga5SiO14 crystal (described in Chapter 2) as a 

result of the conditions shown in Fig. 1.2 (b). 

 Fig. 1.4 shows the as-grown La3Ga5SiO14 (langasite) crystal and its cross 

section, which was observed under polarized light. Fig. 1.4 (b) exhibits an example of 

the sudden melt back of the body part of a boule (indicated by the red arrow), which 

occurs as a result of the reversal of fluid flow due to crystal rotation [5]. 

   



 

 

Fig. 1.2 Surface and bulk flow observed in water/glycerin simulations

rotation, (b) moderate rotation, (c) fast rotation

Fig. 1.3 Apparent flow pattern

La3Ga5SiO14 crystal (Chapter 2
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Surface and bulk flow observed in water/glycerin simulations

rotation, (b) moderate rotation, (c) fast rotation [6]. 

 

 

 

 

flow pattern on the melt surface during growth

Chapter 2). 

 

 

Surface and bulk flow observed in water/glycerin simulations: (a) slow 

during growth of 

 



 

 

 

 

 

 

Fig. 1.4 (a) As-grown 

wafer cut from the body.

for the X-ray topograph

is mm. 
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 langasite crystal and (b) a cross-nicol image of 

body. (1) and (2) indicate the position of the wafers 

ray topograph shown in Fig. 1.5. The scale of the ruler in Fig. 

 

 

nicol image of $21'1'0) 

wafers sampled 

in Fig. 1.4 (a) 
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 At the beginning of the body part of the crystal, as indicated by (1) in Fig. 

1.4(a) (Rc = 10 rpm), the shape of the growth interface was convex to the melt. The 

resultant (0 0 0 1) wafer had a core dislocation of concentric circles, as shown in the 

X-ray topographic image in Fig. 1.5(1). The leaky surface acoustic wave (LSAW) 

velocity, which was measured using a line-focused beam acoustic microscope [7], was 

varied for 10 ms−1 on wafer (1); accordingly, the shape of the velocity distribution 

reflected a concentric form of core dislocation (Fig. 1.6(1)). When the Rc was 

accelerated to 19 rpm, the growth interface converted to concave with a concomitant 

decrease in the crystal weight. Subsequently, the interface gradually transformed into a 

flat shape. No core dislocation, and a homogeneous distribution of LSAW velocity were 

observed in the wafer that grew at a flat growth interface (Fig. 1.5(2) and Fig. 1.6(2)). It 

is very important for the quality of the crystal that a flat shape be maintained in the 

growth interface.   



 

 

 

 

 

Fig. 1.5 X-ray topographic image

beginning of the body part

Fig. 1.4. 
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ray topographic images of the (0 0 0 1) wafer: (1) cut

beginning of the body part and (2) cut from the end of the body part 

 

) cut from the 

cut from the end of the body part shown in 



 

 

 

 

 

 

 

Fig. 1.6 Dependence of 

the (0 0 0 1) wafers cut from the boule in 
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Dependence of the LSAW velocity on the distance from the 

1) wafers cut from the boule in Fig. 1.3. 

 

 

the center of 
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1.2.2. Modified Czochralski method 

 Congruent melting means that the liquidus and solidus curves merge at a single 

point of the temperature-composition phase diagram as shown in Fig. 1.7. This point is 

very important for the growth of high-quality crystals for commercial applications. If 

the composition melt is not congruent (i.e., off-congruent composition), the composition 

of the grown crystal will vary from the top to the end, as indicated in Fig. 1.7.  

 Alternatively, in a growing crystal with doping elements (or impurities), the 

concentration of doping agent in the crystal, CS, is less than, the concentration in the 

adjacent melt, CL. The distribution coefficient, CS/CL, depends on the doping elements. 

Crystal growth by the Czochralski method results in an increased or decreased 

concentration of doping elements in the melt during the growth of the crystal. The 

concentration of impurities at any point along the length of the growing crystal is given 

by the following equation:  

 

C � �*�$1 + ,)-#. (1-2) 

 

where k is the segregation coefficient, C0 is the initial concentration of impurities in the 

melt, and g is the fraction of the total solidified melt. When k ≠ 1, the concentration of 

impurities in the crystal is heterogeneous. For example, in the case of k < 1, C in Eq. 

(1-2) is approximately inversely proportional to the fraction remaining in the melt.  



 

 

 

 

 

 

Fig. 1.7 Phase diagram 
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Phase diagram of a binary compound with congruent melting

 

 

a binary compound with congruent melting. 
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 A method for the growth of a homogeneous crystal with an off-congruent 

composition has been proposed [8]. The development of a practical oxide single crystal 

growth process was investigated by Kitamura et al. in 1992 [9]. They adopted a 

double-crucible Czochralski method (DC-CZ) and a continuous material charging 

technique to grow stoichiometric LiNbO3. 

 The DC-CZ apparatus shown in Fig. 1.8 consists of three parts: a double 

crucible, an automatic powder supply system, and the Czochralski growth apparatus. 

Their descriptions are as follows: 

(1) Double crucible: The crucible has a double chamber structure, i.e., it is composed of 

an inner cylindrical crucible and an outer crucible. The inner crucible is placed on the 

bottom of the outer crucible thereby dividing the outer crucible into two spaces. During 

growth, the melt in the outer crucible flows into the inner crucible through the bottom of 

the inner crucible.  

(2) Material supply system: In this system, a granular material with the same 

composition as the crystal is placed in a holding container known as a hopper at the top 

of the apparatus (shown in Fig. 3.4). The granular material in the hopper is 

automatically supplied into the outer crucible at a rate equal to that of the mass growth 

rate during crystal growth. 

(3) Growth apparatus: The growth apparatus is the same as that for the Czochralski 

method, as described above in Section 1.2.1.  

  



 

 

 

 

 

 

 

Fig. 1.8 Schematic of the 

method with an automatic 
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Schematic of the apparatus for the modified Czochralski 

automatic powder supply system. 

 

 

Czochralski (DC-CZ) 

 



28 

 

1.3. Microstructure fabrication by femtosecond laser 

 Over the last decade, the construction of localized structural changes within a 

transparent material using ultra-short laser pulses has received considerable attention 

[10-13]. Due to the required high power density, the interaction of femtosecond laser 

beams with materials is mainly based on nonlinear optical processes such as 

multiphoton ionization. The multiphoton absorption process is characterized by a 

specific laser-power density threshold. For a focused beam with a Gaussian intensity 

profile, the heat-affected volume becomes smaller than the focus size when the laser 

fluence is at or just above the threshold value. Once the free-electron plasma is 

generated by multiphoton absorption and ionization reaches sufficient density, 

irreversible material breakdown and ablation begin. The electrons transfer energy to the 

ions and lattice and the material is heated to higher temperatures than it is when long 

pulses are used. Due to the very short pulse duration, heat diffusion to the surrounding 

material is negligible and a large fraction of the material in the small interaction volume 

rapidly vaporizes through the melt phase. When femtosecond laser pulses are used, the 

thickness of the melt layer is very small because most of the heated material reaches the 

vaporization temperature and there is rapid cooling due to the steep temperature 

gradient. Accordingly, a large amount of the absorbed laser energy is removed via direct 

vaporization. As a result, ablation and material removal is very precise, which contrasts 

the results using long pulses, and the ablated area is significantly smaller than the 

focused beam size. Fig. 1.9 shows the experimental set-up of the femtosecond laser 

processing system. The irradiation source employed was a regeneratively amplified 800 

nm Ti-sapphire laser that emits 1 kHz or 250 kHz mode-locked pulses [14]. The average 



 

laser-beam power at the sample location was 

neutral-density filters inserted between the laser and the microscope objective lens. 

sample was put on an XYZ translation stage, which wa

Using the XYZ stage, the samples were transported at 

parallel or perpendicular to the incident laser beam.

 

 

 

Fig. 1.9 Schematic diagram of the femtosecond laser processing system
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beam power at the sample location was controlled between 1 and 700 mW

density filters inserted between the laser and the microscope objective lens. 

XYZ translation stage, which was controlled by a computer. 

XYZ stage, the samples were transported at a rate of 10–1,000 

parallel or perpendicular to the incident laser beam. 

 

Schematic diagram of the femtosecond laser processing system

 

and 700 mW by 

density filters inserted between the laser and the microscope objective lens. A 

s controlled by a computer. 

,000 µm·s−1 either 

 

Schematic diagram of the femtosecond laser processing system. 
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1.4. Conclusion 

 In this chapter, three important technologies that are related to this thesis were 

outlined to facilitate future reference in subsequent sections. This thesis focuses 

primarily on the composition control related to crystal growth. The first two 

technologies, a Czochralski method and the double-crucible Czochralski method with 

continuous material charging system, are widely applied methods for the production of 

crystalline materials. In the Czochralski method, control of the solid-liquid interface is 

one of the most important factors for growth of high-quality crystals. The high 

crystallographic quality and homogeneity of the sound velocity of a grown crystal 

having a flat interface shape was also demonstrated. Crystals with off-congruent 

compositions can be grown by the modified Czochralski method with continuous 

material supply. This method utilizes a continuous supply of granular material having a 

composition equivalent to the composition of the growing crystal. The third technology 

involves femtosecond laser pulses. This technology differs from the others, but is a 

powerful tool for the modification of transparent materials. 
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Chapter 2.  

Crystal Growth and Electromechanical Properties of  
Al-Substituted Langasite (La3Ga5-xAl xSiO14) 

2.1. Introduction 

 The use of mobile communication equipment has rapidly expanded worldwide. The 

next generation of advanced digital communication systems will need to operate at 

higher frequencies and have wider bandwidths and higher bit rates. To fulfill these 

requirements, new materials must be developed for electrical devices. As an example, 

surface acoustic wave (SAW) devices require a material with a large electromechanical 

coupling factor and a low temperature coefficient of frequency, which would be 

favorable for miniaturizing the devices and improving the flexibility in designing a 

SAW device.  

 Along with Li2B4O7, langasite (La3Ga5SiO14; LGS) is one of the most attractive 

single crystals of the recognized potential piezoelectric materials [1,2]. It was 

determined that LGS has planes with suitable orientations that exhibit good SAW 

performance. For example, the electromechanical coupling factor of LGS is about three 

times larger than that of quartz, and its temperature dependence of frequency is also 

stable. 

 The langasite crystal lattice comprises four kinds of sublattices that are represented 

as /E123A5$F)27D9�O.;. The most interesting aspect of the material design of this 

structure is improving its piezoelectricity through substitution with other metal ions. 
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The effective replacement of an E site with an alkaline earth (i.e., Ba or Sr), and of an A 

site with a group 5 metal (i.e., Ta or Nb) have already been reported [3]. In these studies, 

an improvement of the piezoelectricity was predicted via substitution with an element 

that enlarges the crystal lattice size. Because Al and Ga are homologous elements, it is 

possible to substitute Ga with Al without such compensation. Al substitution is expected 

to elucidate the intrinsic effect of lattice size on piezoelectricity. However, there are no 

reports on the crystal growth of Al-substituted LGS (La3Ga5-xAl xSiO14; LGAS) and the 

effects of Al substitution on the piezoelectric properties. Accordingly, this chapter 

describes the growth of LGAS crystals using a Czochralski method and compares the 

piezoelectric properties of LGAS with those of LGS. 

 

2.2. Ca3Ga2Ge4O14-type structure 

 Langasite, La3Ga5SiO14, is isostructural with Ca3Ga2Ge4O14 [4], which was 

discovered first. Both of these mixed-oxides belong to the trigonal system and have a 

space group of P321. The langasite crystal lattice is composed of four kinds of cation 

sites, which are represented as /E123A5$F)27D9�O.;. The schematic projections of an 

/E123A5$F)27D9�O.;-type structure are shown in Fig. 2.1 and Fig. 2.2. The physical 

properties of La3Ga5SiO14 are also shown in Table 2.1. In this chemical formula, /E1 
and 3A5  respectively represent a decahedral (i.e., twisted Thomson cube) site 

coordinated by eight oxygen atoms, and an octahedral site coordinated by six oxygen 

atoms. Both $F) and 7D9 represent tetrahedral sites coordinated by four oxygen atoms, 

although the 7D9 site is slightly smaller than the $F) site. In the case of langasite, the 

/E1 site is occupied by La3+, the 3A5 site is occupied by Ga3+, the $F) site is occupied 



 

by Ga3+, and the 7D9 site is occupied 

Fig. 2.1 Schematic illustrations of 

viewed along the (a) [0001] and (b) [2110] directions.

were drawn with VESTA 3 
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is occupied by Ga3+ and Si4+ as shown in Fig. 

Schematic illustrations of an /E123A5$F)27D9�O.; -type structure 

(a) [0001] and (b) [2110] directions. The crystal structures 

were drawn with VESTA 3 [6]. 

30 1 1' 05 

Fig. 2.1 [5]. 

 

type structure 

The crystal structures 

' 5 

/E1 3A5 $F) 7D9 



 

 

 

 

 

 

 

 

Fig. 2.2 Schematic coordination polyhedra of O atoms

cationic atoms
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Schematic coordination polyhedra of O atoms around 

cationic atoms of the /E123A5$F)27D9�O.;-type structure. 

 

) >?AB 

/C1: D?AB 3E5: >?AB 

9: >?AB, GHIB 

around the 
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Table 2.1 Physical properties of La3Ga5SiO14 

 
La3Ga5SiO14 

crystal system Trigonal 

point group 32 

lattice constant (nm) [7] 
a = 0.8162 

c = 0.5087 

density (kg·m-3) 5754 

melting point (ºC) ~1500 

Curie temperature (ºC) ― 

Mohs hardness [8] 6.6 

thermal expansion coefficient 

(J10-6 ºC-1) 

α.. = 6.09 

α22 = 4.43 

piezoelectric constant at 25 ºC 

(J10-12 C·N-1) 

K.. = – 6.06 K.; = 5.65 

dielectric constant at 25 ºC ε..L ε�⁄  = 19.0 

ε22L ε�⁄  = 50.3 
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2.3. Experimental procedure 

2.3.1. Solid-state reaction 

 The target phase formation in oxide mixtures of various compositions was 

studied using a solid-state reaction technique. Highly pure La2O3 (99.99% grade), 

Ga2O3 (99.99% grade), Al2O3 (99.99% grade), and SiO2 (99.995% grade) were used for 

the starting materials, which were prepared by mixing the respective 99.99% pure oxide 

powders at stoichiometric composition and pressing them into pellets. Polycrystals with 

/E123A5$F)27D9�O.;-type structures were synthesized using a resistance furnace with 

SiC heating elements. The temperature used for the syntheses ranged from 

1400–1520 °C depending on the starting material. The holding times for the reactions 

were 2 h. The phases of the resultant crystals were identified via powder X-ray 

diffraction. 

 The determination of the solid solubility of Al in LGS was done using the 

solid-state reaction. First, the appropriate amounts of each powder required to 

correspond to the chemical formula of La3Ga5–xAl xSiO14 (with x = 0.0 - 5.0) were 

weighed. Each mixed powder sample was then fired for 6 h at temperatures between 

1400 and 1520 °C. The phase identification and lattice constants measurements for each 

sample were done by the x-ray powder diffraction method. Lattice constants were 

calculated by Cohen’s method. 

 

2.3.2. Crystal growth 

 The LGAS crystals (25 mm diameter) with various contents of Al were grown 
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via the conventional Czochralski method using an Ir or a Pt–Rh (10%) crucible (50 mm 

in diameter and height). The pulling direction was <001>, the pulling rate was 1–5 mm 

h−1, and the rotation rate was 10–40 rpm. About 80 wt% of the melt was crystallized in 

each growth. 

 

2.4. Characterization 

2.4.1. Solid-phase reaction 

 The solid solubility of Al in LGS was determined via a solid-state reaction. 

Highly pure La2O3 (99.99% grade), Ga2O3 (99.99% grade), Al2O3 (99.99% grade), and 

SiO2 (99.995% grade) were used as starting materials. Appropriate amounts of these 

powders were weighed out to correspond to the chemical formula of La3Ga5–xAl xSiO14 

(x = 0.0–5.0). Each mixed powder sample was fired for 6 h at temperatures between 

1400 and 1520 °C. The phase identification and lattice constant measurements for each 

sample were done via X-ray powder diffraction. The lattice constants were calculated 

using Cohen’s method. 

 The Al content in each grown crystal was determined via the fundamental 

parameter–group method using an X-ray fluorescence analyzer (Rigaku SYS3270). Five 

1 mm thick sample wafers were cut at intervals of around 20 mm between the top and 

bottom of the constant diameter part of the crystal. The accuracy of the measured 

quantitative values for Al was less than 0.4%. 
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2.4.2. Crystal structure analysis 

 The structures of the grown crystals were examined via single-crystal X-ray 

diffraction using a four-circle diffractometer (Rigaku AFC6) with Mo Kα radiation (λ = 

0.071069 nm). Single crystals cut from the grown boule were ground into spheres with 

0.11–0.14 mm diameters and used for structural analysis. The integrated intensity data 

was collected up to 2θ = 90° at a scan speed of 4° min−1. The data were corrected for 

Lorentz and polarization effects. Crystal refinements were carried out using the full 

matrix least-squares program SHELXL93 [9]. The unit cell parameters were determined 

by the least-squares calculation of twenty 2θ values in the range of 20° ≤ 2θ ≤ 30°. The 

final residual factor, R, and weighted factor, Rw (F2), values for the refinement with 

anisotropic temperature factors ranged from 0.034–0.038 and 0.074–0.089, respectively. 

 

2.4.3. Dielectric, piezoelectric and elastic properties 

 The fundamental piezoelectric and elastic equations are expressed as follows: 

 

NO � POQRSQ T KUOVU (2-1) 

WX � KXQSQ T YXUL VU (2-2) 

 

where the notations represent: S, strain; T, stress; E, electric field; D, electric 

displacement; POQR , elastic compliance (constant field); KXQ, piezoelectric constant 

(strain constant); and YXUL , dielectric constant (stress free). 

 Langasite belongs to the crystal class 32; the material constants for this crystal 

class consist of two independent dielectric constants ε11 and ε33, two independent 
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piezoelectric constants d11 and d14 and seven independent elastic compliance constants 

s11, s12, s13, s14, s33, s44, and s66 as shown Table 2.2. 

 

Table 2.2 Elast-piezo-dielectric matrix for crystal class 32 [10] 

Z
Z
Z
ZP.. P.� P.2 P.; 0 0 K.. 0 0P.� P.. P.2 +P.; 0 0 +K.. 0 0s.2 s.2 s22 0 0 0 0 0 0P.; +P.; 0 P;; 0 0 K.; 0 00 0 0 0 P;; 2P.; 0 +K.; 00 0 0 0 2P.; P\\ 0 +2K.. 0K.. +K.. 0 K.; 0 0 Y.. 0 00 0 0 0 +K.; +2K.. 0 Y.. 00 0 0 0 0 0 0 0 Y22

Z
Z
Z
Z
 

 

 

 These materials constants were determined based on the impedance and phase 

characteristics (shown in Fig. 2.3) of certain vibrating elements cut from a crystal [11]. 

In the case of the langasite crystal, these material constants are determined with this 

method by using four oriented elements with their thickness direction along the X-axis, 

and with their lengths at orientations ranging from –30° to +60° around the X-axis of 

the crystal as shown in Fig. 2.4. In addition to these X-axis measurements, a Y-cut 

crystal is also used to measure the resonance and anti-resonance frequencies in the 

face-shear and thickness shear modes.  



 

 

Fig. 2.3 Impedance and phase characteristics of a piezoelectric crystal 

around the resonance and anti

 

 

Fig. 2.4 Shapes and orientations of crystals for the investigation of 

constants. Notation of (XY
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Impedance and phase characteristics of a piezoelectric crystal 

resonance and anti-resonance frequencies. 

Shapes and orientations of crystals for the investigation of 

Notation of (XYtwl) θ°/0°/0° follows the definition in Ref. 

 

Impedance and phase characteristics of a piezoelectric crystal 

 

Shapes and orientations of crystals for the investigation of material 

in Ref. [12]. 



 

The vibration modes excited 

Table 2.3. 

 

Table 2.3 

 

The elastic constants and piezoelectric constants were obtained by 

resonance and anti-resonance frequencies of 

formulas (2-3) to (2-5) [11]

 

s��R] �  s��R cos
d.�a �
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excited using each element and the constants obtained 

 Effective elastic and piezoelectric constants 

lastic constants and piezoelectric constants were obtained by 

resonance frequencies of the vibrating elements 

[11]. 

bc � .�de�cffg  

cos;h T s22R cos;h + s.;R cos;hsinh T $2s.2R T s
� .� 3+d..$1 T cos2h) T d.;sin2h5 

obtained are listed in 

 

 

lastic constants and piezoelectric constants were obtained by measuring the 

elements by applying the 

(2-3) 

 

s;;R )sinh (2-4) 

 

(2-5) 



 

 Vibrating elements 

X-ray technique and were carefully polished. The 

1–2.5 mm, l = 10–30 mm, and 

applying a vacuum deposition technique on 

the X-axis for the elements (a), (b), (c), and (d)

elements (e) and (f) shown 

vibrating elements were measured 

4294A). Coaxial probes shown in 

The dielectric constants ε11 

 

 

Fig. 2.5 Coaxial
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lements were cut out of the crystal oriented within 

carefully polished. The dimensions of the elements were

mm, and t = 0.5–2.0 mm. Aluminum electrodes were 

vacuum deposition technique on both sides of the cut crystal 

elements (a), (b), (c), and (d), and perpendicular to 

shown in Fig. 2.4. Resonance and anti-resonance frequencies

were measured with an impedance gain phase analyzer (Agilent 

shown in Fig. 2.5 were also applied to reduce stray capacitance

 and ε33 were measured at 1 kHz. 

 

oaxial probes for measuring impedance characteristics

 

were cut out of the crystal oriented within ± 0.1° using an 

elements were: w = 

were fabricated by 

of the cut crystal perpendicular to 

to the Y-axis for 

frequencies of the 

an impedance gain phase analyzer (Agilent 

stray capacitance. 

impedance characteristics. 
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Examples of measured data for La3Ga5SiO14 are listed in Table 2.4 and Table 2.5. 

 

Table 2.4 Measured resonance and anti-resonance frequencies for length-extensional 

mode of vibrating elements cut from La3Ga5SiO14 as shown in Fig. 2.4 

Cut 
Dimension (mm) 

fr (Hz) fa (Hz) Qm �.�k P��R k K..k 
l w t 

(XY twl)–30°/0°/0° 20.010 2.507 0.523 132019 132240 32297 0.064 6.241 2.135 

(XY twl)0°/0°/0° 20.010 2.501 0.523 111179 112333 13671 0.159 8.800 6.058 

(XY twl)30°/0°/0° 20.010 2.503 0.523 100710 101852 27435 0.166 10.72 6.980 

(XY twl)60°/0°/0° 20.012 2.510 0.523 121645 122293 31622 0.114 7.350 4.013 

 

 

Table 2.5 Measured resonance and anti-resonance frequencies for face-shear 

and thickness-shear modes of vibrating elements cut from La3Ga5SiO14 as 

shown in Fig. 2.4 

Cut Mode 
Dimension (mm) 

fr (Hz) fa (Hz) Qm 
l w t 

Y-cut 
thickness-shear 20.038 2.525 1.030 579110 580732 13434 

face-shear 19.969 2.520 1.037 1315364 1327087 14584 

  



 

2.5. Results and discussion

2.5.1. Solubility limit of Al in 

 The LGAS phases produced by solid

shown in Fig. 2.6. No secondary phase was observed at 

up to 1.5; however, when x > 1.5, an aluminum

Fig. 2.6 Results of the

○ : LGS, ● : La(GaAl)O

La(GaAl)O3, : molten
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d discussion 

Solubility limit of Al in Langasite 

The LGAS phases produced by solid-state reactions at various temperatures are 

. No secondary phase was observed at mole fractions of Al (

x > 1.5, an aluminum-gallate, La(GaAl)O3, phase appeared.

 

Results of the solid-state reactions of La3Ga5-xAl xSiO1

: La(GaAl)O3,  : mixed phase of LGS and 

: molten. 

at various temperatures are 

mole fractions of Al (x values) 

phase appeared. 

 

14 where 

ed phase of LGS and 



 

 The dependence of the lattice constants on the Al content 

Powder samples synthesized at 1475

constants, i.e., the a and c axes, decreased linearly with 

x ≤ 1.5. Both a and c have a

lattice constants when x > 1.5 agree with the formation of a La(GaAl)

shown in Fig. 2.6. Based on 

determined to be 1.5. Therefore, c

 

Fig. 2.7 Dependence of lattice constants on Al content in La

 

 The photograph of an LGAS (x

h−1 shown in Fig. 2.8 (a) shows m

stage. However, LGAS with a smaller content of Al 

crystal under the same growth conditions
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The dependence of the lattice constants on the Al content is shown

owder samples synthesized at 1475 °C were used for the measurement

a and c axes, decreased linearly with increasing x in the range of 0 

a and c have an inflection point at around x = 1.5. The variation of the 

x > 1.5 agree with the formation of a La(GaAl)

. Based on these results, the solid-solubility limit of Al in LGS was 

Therefore, crystal growth was performed under x < 1.5 

Dependence of lattice constants on Al content in La3Ga5-

photograph of an LGAS (x = 1.0) crystal grown at a pulling rate of 1 mm

shows many cracks and inclusions during the

stage. However, LGAS with a smaller content of Al (x = 0.9) produced

under the same growth conditions, as shown in Fig. 2.8 (b). 

shown in Fig. 2.7. 

C were used for the measurements. Both lattice 

x in the range of 0 ≤ 

at around x = 1.5. The variation of the 

x > 1.5 agree with the formation of a La(GaAl)O3 phase, as 

solubility limit of Al in LGS was 

x < 1.5 conditions. 

 

-xAl xSiO14. 

at a pulling rate of 1 mm 

any cracks and inclusions during the initial growth 

d a good quality 

(b). The growth of 



47 

 

Al-substituted LGS at x values ranging from 0–0.9 occurred as easily as that of LGS 

regardless of the Al content. The discrepancy in the results between the solid-solubility 

limit of Al in the solid-state reaction and the Al content of the good quality grown 

crystal is likely because the LGS phase was metastable in the range of 1.0 ≤ x ≤ 2.0 and 

easily decomposed the La(GaAl)O3 and other phases above the melting point. 



 

Fig. 2.8 Photographs of as

La3Ga4.1Al 0.9SiO14. The l

of the ruler is mm. 
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Photographs of as-grown crystals: (a) La3Ga4.0Al 1.0

he left side is the initial stage of crystal growth.

 

 

1.0SiO14, (b) 

initial stage of crystal growth. The scale 
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 It is important to evaluate the homogeneity along the pulling direction of Al in 

a single crystal because the homogeneity of the SAW velocity and the 

electromechanical coupling factor of the substrate are dependent on it. Therefore, we 

estimated the effective-segregation coefficient, keff, using the following equation: 

 

*l � �mnn*�$1 + ,)-opp#. (2-6) 

 

where Cs, C0, and g represent the concentration in the solid phase, the initial 

concentration, and the solidification factor, respectively [13]. Fig. 2.9 shows the 

relationship between keff and the growth rate with various Al contents. The keff decreases 

slightly with increased growth rate and Al content. From these results, keff was 

determined to be between 1.03 and 1.07.  



 

 

 

 

 

 

Fig. 2.9 Dependence

content and growth rate.
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Dependence of the effective segregation coefficient, k

content and growth rate. 

 

 

keff, on Al 
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2.5.2. Structural analysis of Al-substituted Langasite 

 Table 2.6 Lattice constants, site occupancy, mean oxo-bond distances, and 

structural distortion of La3Ga5-xAl xSiO14 crystals gives the structural refinement results 

for La3Ga5-xAl xSiO14 crystals, which include the lattice constants and site occupancies 

along with other relevant structural information. Both lattice constants, i.e., a and c, 

decrease with increasing Al content in the crystals. This result is likely caused by the 

difference in the cation size (rAl < rGa) [14]. The distributions of Al and Ga in the LGAS 

crystals were analyzed via common site–multiplicity refinement. Although the 

distribution of Al into either octahedral (Ga1) or tetrahedral (Ga2 and Ga3) sites was 

examined first, the structural parameters obtained suggest that Al atoms occupy all 

cation sites except for the La sites. Finally, for LGAS crystals with x = 0.6 and 1.0, the 

distribution model in which the Al atom partially occupies the Ga sites produced the 

smaller R values, as mentioned in the third paragraph. Moreover, the chemical 

compositions, which were determined using the site occupancy data in this model (see 

Table 2.6), of La3Ga4.41Al 0.59SiO14 for LGAS (x = 0.6) and La3Ga4.03Al 0.97SiO14 for 

LGAS (x = 1.0) agreed well with those determined using chemical analysis. Therefore, 

the Al and Ga atoms coexist in one octahedral and two tetrahedral sites, as shown in Fig. 

2.10. The Al occupancy ratio, Al/(Ga + Al), was highest in the Ga3 site (i.e., 0.18 and 

0.28 for LGAS (x = 0.6) and (x = 1.0), respectively) (see Table 2.6). Furthermore, there 

is a significant preference for the Ga1 site over the Ga2 site. Al also favors the 

octahedral site in Y3Ga5-xAl xO12 [15], and Gd3Ga5-xAl xO12 [16], which have similar 

coordination polyhedrons. The mean cation–oxygen distances, Di (i = 4, 4’, 6, and 8), 

are summarized in Table 2.6. The D8 value remains constant at about 0.2592 nm while 
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the D4, D4’, and D6 values clearly decrease with increasing Al content. The magnitude of 

the distance changes [(∆D6/∆x):(∆D4/∆x):(∆D4’/∆x) ≈ 1.7:1:2.7] is consistent with that 

of the Al occupancy ratio (1.6:1:1.9) in the corresponding sites, as derived from the 

site-multiplicity refinement results. This variation in the cation–oxygen distances results 

from the displacement of the oxygen anions caused by the preference of the smaller 

cation (Al3+) for the tetrahedral Ga3 site. Table 2.6 also shows the structural distortion, 

∆, [3] of each coordination polyhedron unit, which is defined by ∆� $1 N⁄ ) ∑$tu +
t' t'⁄ )�, where N is the coordination number (i.e., 8 for the La decahedron, 6 for the Ga1 

octahedron, and 4 for the Ga2 and Ga3 tetrahedrons), Ri is the individual bond length, 

and t' is the average bond length. The La decahedron maintains a constant ∆; therefore, 

its distortion is independent of the Al substitution. However, the distortion of the Ga3 

tetrahedron is dependent on the Al content. Because the structural distortion of the La 

site and mean La3+–O distances did not change, the Al substitution was determined to 

only affect the occupied sites (i.e., Ga1, Ga2, and Ga3 sites).  

  



 

 

Table 2.6 Lattice constants, site occupancy, mean oxo

structural distortion o

a On the basis of the result

was fixed at 0.5 during the refinement process. 

b The structural distortion around the Ga1 site was not determined because all th

 oxygen interatomic distances were the same. The coordinating oxygens are placed at

 an equivalent position (6
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Lattice constants, site occupancy, mean oxo-bond distances, and 

structural distortion of La3Ga5-xAl xSiO14 crystals 

sults of the LGS samples, the occupancy of the Si atom in the Ga3 site 

0.5 during the refinement process.  

The structural distortion around the Ga1 site was not determined because all th

oxygen interatomic distances were the same. The coordinating oxygens are placed at

equivalent position (6 g).  

bond distances, and 

 

occupancy of the Si atom in the Ga3 site 

The structural distortion around the Ga1 site was not determined because all the cation – 

oxygen interatomic distances were the same. The coordinating oxygens are placed at 



 

 

 

 

 

 

 

Fig. 2.10 Schematic 
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Schematic of a portion of the langasite crystal lattice.

 

/C1 

3E7@9 
 

langasite crystal lattice. 

 

3E5 
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2.5.3. Effects of Al-substitution on piezoelectric properties of 
Langasite 

 Fig. 2.10 shows the changes in the piezoelectric constants as a function of the 

mole fraction of Al (x) in LGAS. With increasing Al content, the absolute piezoelectric 

strain modulus, |K..|, increases by about 1.3% while d14 decreases by 7.7%. The 

piezoelectric modulus, |K..|, of LGS decreased with the increasing atomic number of 

the rare-earth element occupying the decahedral site, e.g., when La is replaced by Pr and 

Nd [17]. In these crystals, the D8 value decreased with decreasing ionic radii of the rare 

earth element (rLa > rPr > rNd) [3] while the other distances did not change. Similar 

observations were made for AE3Ga2Ge4O14 (AE = Ca and Sr) crystals [4]. In the LGAS 

crystals, the D8 value appears to extend relative to the reduction of the D4, D4’, and D6 

value (Table 2.6). Based on these results, it is probable that the piezoelectric modulus, 

|K..|, of the Ca3Ga2Ge4O14-type crystals would increase with the extension of D8. 

Because there are few reports about the d14 of these compounds, this tendency was not 

realized until now.   



 

 

 

 

 

 

 

Fig. 2.11 Dependence of the piezoelectric constants, 

La3Ga5–XAlXO14 

guides. 
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Dependence of the piezoelectric constants, |K..|, and 

 on Al substitution. The solid lines are included as visual 

 

 

, and d14 of 

on. The solid lines are included as visual 
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 Table 2.7 shows the material constants of the LGAS single crystals compared 

with those of LGS, La3Nb5.5Ga0.5O14 (LNG), and La3Ta5.5Ga0.5O14 (LTG). LNG and 

LTG crystals are included because they are superior piezoelectric materials that have 

advantages such as ease of growth to a large size and larger kij [3]. All the factors of the 

LGAS with x = 0.6 are greater than those of LGS while excess Al substitution (x = 1.0) 

decreased the factors. In addition, the LGAS crystal with x = 0.6 has piezoelectric 

properties comparable to those of LNG and LTG crystals. Al substitution enables the 

use of a lower amount of expensive gallium oxide as a raw material. For the LGAS 

crystal with x = 0.6, a large reduction (~20%) of the requisite amount of Ga2O3 as 

compared to that for LTG is expected. Therefore, Al substitution of LGS is useful for 

obtaining preferable piezoelectric materials with Ca3Ga2Ge4O14-type structures for both 

bulk and surface acoustic wave applications.  
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Table 2.7 Material constants of La3Ga5-xAl xSiO14 compared with those of other 

Ca3Ga2Ge4O14-type crystals 

 LGS LGAS 
(x = 0.6) 

LGAS 
(x = 0.9) LNGa LTGa 

ρ 5740 5672 5553 5905 6145 

d11 –6.06 –6.11 –6.14 –7.41 –7.06 

d14 5.65 5.48 5.22 6.16 4.32 P..R  8.80 8.73 8.68 9.08 9.18 P.�R  –3.86 –4.41 –3.95 –4.58 –4.53 P.2R  –1.60 –1.48 –1.69 –1.72 –1.84 P.;R  –3.45 –3.44 –3.39 –3.68 –3.66 P22R  5.04 5.00 5.21 5.17 5.23 P;;R  20.36 19.77 19.53 22.08 21.45 P\\R  25.33 26.11 25.25 27.35 27.37 ε..L ε�⁄  19.0 18.5 18.1 20.7 19.6 ε22L ε�⁄  50.3 48.0 46.7 79.0 76.5 

k12 0.159 0.162 0.162 0.160b 0.187c 

k25 0.083 0.088 ― 0.080b 0.072c 

k26 0.147 0.152 ― 0.140b ― 

 

ρ, density (kg·m–3); dij, piezoelectric moduli (pC·N–1); POQR, elastic compliances (pm2·N–1); εOQL ε�⁄ , relative dielectric coefficients; kij, electromechanical coupling factors. 

a [18]; b [19], c [3].  
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2.6. Conclusion 

 We have grown La3Ga5-xAl xSiO14 single crystals without any inclusions and 

cracks up to x = 0.9 using a Czochralski method. The effective segregation coefficient 

(keff) of Al fell between 1.03 and 1.07. The results of the single-crystal x-ray structure 

analysis indicated that Al atoms occupy both octahedral and two tetrahedral sites, 

keeping the magnitude of the site preference. The piezoelectric constant |K..| was 

slightly larger, but K.; was smaller than those of LGS. The electromechanical coupling 

factors (k12, k25, and k26) of LGAS (x = 0.6) were larger than those of LGS. The LGAS 

(x = 0.6) crystal is currently the most promising material with respect to piezoelectric 

properties. On the basis of this research, investigations of LGAS for certain 

applications are still ongoing [20,21]. 
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Chapter 3.  

Growth and Optical Characterization of Zero- 
Birefringence-Controlled LiTaO 3 Crystal 

3.1. Introduction 

 Lithium tantalite (LT), LiTaO3, is one of the best ferroelectric crystalline 

materials. It is widely used for piezoelectric, pyroelectric, electro-optical, and nonlinear 

optical applications. Although the LiTaO3 phase has a wide solid-solution range, a 

high-quality crystal for commercial applications can be grown at the congruent melting 

composition (Li: 48.5 mol% and Ta: 51.5 mol%).  

 The wide range of the solid-solution phase enables the modification of the 

properties of lithium tantalate by changing the [Li]/[Ta] ratio in the crystal. Furukawa et 

al. reported the successful growth of an off-congruent crystal with a stoichiometric 

composition using the double-crucible Czochralski method, which is described in 

Chapter 1 [1]. Excess Li in the composition decreases the number of Ta anti-site defects 

and cation vacancies. Such control of the defects via the [Li]/[Ta] ratio in LiTaO3 

improves the performance of wavelength conversion and holographic data storage 

devices.  

 The composition ratio in LiTaO3 can potentially affect other characteristics as 

well. LiTaO3 has a higher refractive index and transmittance up to the near-ultraviolet 

region than optical glass materials. However, at the congruent melting composition, 

LiTaO3 is a uniaxial crystal and has a small birefringence. This birefringence depends 
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on the [Li]/[Ta] ratio of the crystal composition and can be eliminated at an optimum 

[Li]/[Ta] ratio [2]. Until now, there have only been a few fundamental reports about the 

zero-birefringence properties of LiTaO3. 

 In this chapter, the growth of large and homogeneous crystals and the optical 

properties of LiTaO3 with zero birefringence are described with a focus on practical 

applications.  
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3.2. LiTaO 3 crystal structure 

 LiTaO3, which is a ferroelectric crystalline material, belongs to the trigonal 

crystal system and has a space group of 3m. It has the pseudo-ilmenite structure shown 

in Fig. 3.1 [3]. The structure of LiTaO3 comprises planar sheets of oxygen atoms in a 

distorted hexagonal close-packed configuration. One-third of the octahedral interstices 

formed in this structure are filled with lithium atoms, one-third are filled with niobium 

atoms, and one-third are vacant. The charge separation that results from the shift of the 

lithium and niobium ions relative to the oxygen octahedra causes LiTaO3 to exhibit 

spontaneous polarization at the Curie temperature (~600–700 °C) [4].  

  



 

 

Fig. 3.1 Schematic illustration of 

crystal structures were drawn with VESTA 3 
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Schematic illustration of the pseudo-ilmenite structure of LiTaO

crystal structures were drawn with VESTA 3 [5]. 

 

3011'05 

LiTaO3. The 
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Table 3.1 Physical properties of LiTaO3 

 
LiTaO3 

crystal structure Trigonal 

point group 3m 

lattice constant (nm) [6] a = 0.51543 

c = 1.37835 

density (kg·m-3) 7454 

melting point (ºC) 1650 

Curie temperature (ºC) 605 

Mohs hardness [7] 6 ~ 6.7 

thermal expansion coefficient 

(J10-6 ºC-1) [6] 

α.. = 16.1 

α22 = 4.1 

piezoelectric constant 

(JpC·N-1) [8] 

K.� = 26 K�� = 7 K2. = – 2 K22 = 8 

electrooptic coefficient at 632.8 nm 

(pm·V-1) 

r13 = 7 

r33 = 30.3 

dielectric constant [9] ε..L ε�⁄  = 51 

ε22L ε�⁄  = 45 

refractive index at λ = 600 nm [10] no = 2.1834 

ne = 2.1878 

  



 

3.3. Phase relation in Li

 Phase relation in the vicinity of 

1971 [11]. A wide solid-solution range 

The LiTaO3 phase appears from 45.5 to 50.0% in the range of Li

melting composition was determined 

 

 

 

Fig. 3
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Phase relation in Li2O-Ta2O5 system 

Phase relation in the vicinity of LiTaO3 was first reported by Miyazawa et al

solution range is present in this system, as shown in 

s from 45.5 to 50.0% in the range of Li2O [12]

s determined to be 49.75 mol% as per Li2O/(Ta2

 

3.2 Phase diagram of Li2O-Ta2O5. 

 

by Miyazawa et al. in 

as shown in Fig. 3.2. 

]. The congruent 

2O5 + Li2O).  

 

 



 

 The variation of birefringence in

in 1967 [2] and was found to 

becomes zero at a nearly stoichiometric

the composition of zero-birefringence 

technique could not be applied to 

Therefore, the DC-CZ technique 

 

 

Fig. 3.3 Dependence of

composition of 
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irefringence in LiTaO3 was first investigated by Ballman et al. 

and was found to depend on the [Li]/[Ta] ratio. In fact, the birefringence 

stoichiometric [Li]/[Ta] ratio, as shown in Fig. 

birefringence LiTaO3 is off-congruent, the general Czochralski 

technique could not be applied to the growth of its crystal, as mentioned in Chapter 1. 

CZ technique was employed to grow this crystal.  

Dependence of the birefringence on the 

composition of LiNbO3 and LiTaO3 [13]. 

by Ballman et al. 

. In fact, the birefringence 

Fig. 3.3. Because 

, the general Czochralski 

as mentioned in Chapter 1. 

 

solid 
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3.4. Experimental procedure 

3.4.1. Crystal growth 

 To determine the ideal solution composition for the growth of the zero 

birefringence crystal, the Czochralski method described in Chapter 1 was applied 

because this method enables faster determination of the crystal and solution 

composition. Accordingly, small crystals (diameters of 20 mm) were grown from 

various solution compositions (Li2O ~ 53.0–57.0 mol%). The crystals were sufficient to 

measure their basic properties including composition, refractive indices, transmittance, 

and so on. The resultant crystals have a multi-domain structure of ferroelectric 

properties; therefore, a polling treatment was necessary. An as-grown crystal was placed 

in an alumina ceramic container and sandwiched by two platinum electrodes with the 

LiTaO3 powder. After being heated at 700 °C for several hours with an electric current 

of ~0.1 mA cm−2, the entire system were cooled at a rate of 20 °C h−1. Samples that 

were sliced from the crystals were used to determine the [Li]/[Ta] ratio, measure the 

refractive indices, etc. 

 After determining the solution and crystal composition for a zero birefringence 

LiTaO3 crystal using the small crystals, larger crystals were grown using the DC-CZ 

method with an auto supply system (shown in Fig. 3.4). To grow the crystals, the 

materials for the solution were prepared from Li2O3 (99.99%) and Ta2O3 (99.99%) 

powders by mixing these powders under a dry atmosphere and heating them for 8 h at 

1300 °C in air. The synthesized material was pressed and loaded in the iridium double 

crucible described in Chapter 1. The material charged into the crucible was melted 
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under a nitrogen atmosphere using an RF induction heating system.  

 The material for the supply system was also prepared by weighing and mixing 

Li 2O3 (99.99%) and Ta2O3 (99.99%) powders at the [Li]/[Ta] ratio of the 

zero-birefringence crystal. The mixture was placed in a rubber mold and pressed at a 

hydrostatic pressure of 1.0 ton·cm−2. The pressed powder was then calcined at 1500 °C 

in air and the coarse grains were passed through a sieve (about 200 µm) to be used as 

the feed material. 

 After the materials were melted and homogenized for a sufficient period of 

time, a x 011'0 y seed made of congruent LiTaO3 was placed on the surface of the 

melt and pulled up at a speed of 1 mm h−1. The seed rotation rate was 5 rpm. The 

crucible was also rotated at 1 rpm during growth using the accelerated crucible rotation 

technique (ACRT) [14]. The feed material was continuously supplied to the solution at 

the same rate as the mass growth. An automatic diameter control system was used to 

define the shape of the crystal. Crystal growth was performed under the flow of 1 vol% 

of oxygen-mixed nitrogen gas. At the end of the process, the crystal was quickly 

removed from the melt and slowly cooled. 

 The polling treatment was carried out on the as-grown crystals using the same 

procedure as for the small crystals.  

  



 

 

 

 

 

Fig. 
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Fig. 3.4 DC-CZ crystal growth furnace. 
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3.4.2. Characterization 

 The [Li]/[Ta] ratios of the grown crystals were determined by measuring the 

Curie temperature [2]. Samples cut from the grown crystals were ground and put into a 

differential thermal analysis (DTA) furnace with a reference sample (i.e., α-alumina). 

The increasing and decreasing temperature rate for the scan was ±20 °C min−1. The Li 

content of each sample was determined via the relationship between the [Li]/[Ta] ratio 

of the crystals and their Curie temperature. 

 The ordinary, no, and extraordinary, ne, refractive indices of the crystals at 

room temperature were measured by the prism-coupling technique [15] at wavelengths 

of 450, 632.8, 1300, and 1550 nm. Y-cut wafers (0.5 mm thick), which were optically 

polished on both surfaces, were used for the measurement. The standard deviation of the 

refractive indices measured using this technique was ±0.0001. The obtained data were 

used to determine the [Li]/[Ta] ratio for zero birefringence. 

 To evaluate the homogeneity and birefringence of the crystals, precise 

measurement of the refractive indices was performed using the method of minimum 

deviation of the prism [10]. Prism samples with 40° vertical angles were cut from large 

crystals grown using the DC-CZ method. The accuracy of the refractive indices 

measured using this method is ±0.00001.  

 

3.5. Results and discussion 

 Fig. 3.5 shows the relationship between the [Li]/[Ta] ratio and the refractive 

indices (ordinary, no, and extraordinary, ne refractive indices) of the crystals measured at 
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a wavelength of 632.8 nm. ne is more sensitive to variations in the [Li]/[Ta] ratio than no 

is. The point at which no and ne lines intersect is the zero-birefringence point of the 

crystal. We determined that a [Li]/[Ta] ratio of 0.979 gives a crystal with zero 

birefringence. Fig. 3.6 shows the relationship between the crystal composition in Fig. 

3.5 and the corresponding solution composition. From this data, we determined that the 

required composition of the solution to grow a zero-birefringence crystal is 55.0 mol% 

Li 2O. 

  



 

Fig. 3.5 Dependence of 

 

 

Fig. 3.6 Relationship between the [Li]/[Ta] ratio

resultant crystals
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Dependence of refractive indices on [Li]/[Ta] ratio.

Relationship between the [Li]/[Ta] ratios of the solution and the

s. 

 

[Li]/[Ta] ratio. 

 

solution and the 



 

 Fig. 3.7 shows zero

method. The boules were 

80 mm in diameter and 80 mm 

 

 

Fig. 3.7 As-grown zero

ruler is mm. 
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zero birefringence LiTaO3 boules grown using 

 slightly yellow but transparent and crack-free 

diameter and 80 mm in length.  

grown zero birefringence LiTaO3 crystals. The scale of 

 

using the DC-CZ 

free with a size of 

 

The scale of the 
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 Conoscopic observation of uniaxial crystals such as LiTaO3 using a polarizing 

microscope enables convenient characterization of the optical quality of the crystal. 

Conoscopic figures perpendicular to the optical axis are shown in Fig. 3.8. The 

observation was done using an optical transmittance microscope (Axio imager A1m; 

Carl Zeiss) with an objective lens of NA = 0.55. The samples had a thickness of 10 mm. 

 

 

 

Fig. 3.8 Conoscopic interference patterns of LiTaO3 crystal plates 

perpendicular to the optical axis (Z): (a) 48.3 mol% (i.e., congruent 

composition) and (b) 49.5 mol% (i.e., zero birefringence composition). 

 

Interference patterns consist of two phenomena: isogyres and isochromates [16]. Both 

crystals shown in Fig. 3.8 clearly show isogyres. However, isochromates were not 

observed for the zero birefringence crystal in the same field of vision. The 

characteristics of interference patterns depend on many factors including birefringence, 

refractive index, orientation of the crystal, wavelength, sample thickness, and optical 

setup. In this case, the smaller birefringence of the crystal resulted in a decrease of the 

stripe patterns of the isochromates. These results show that the birefringence of LiTaO3 

with a [Li]/[Ta] ratio of 0.98 is very small compared with that of congruent LiTaO3. 



 

 Fig. 3.9 shows the 

LiTaO3 crystal in the wavelength 

indices are almost the same and

longer. 

 

 

Fig. 3.9 Dependence of refractive 
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the refractive indices (no and ne) of the zero

wavelength range from 350 nm to 1200 nm. 

same and exhibit a decreasing trend as the wavelength becomes 

Dependence of refractive indices on wavelength

 

ero-birefringence 

nm. Both refractive 

as the wavelength becomes 

 

on wavelength. 



 

 Fig. 3.10 shows 

zero-birefringence LiTaO3 

a given wavelength, ∆n of the zero

the congruent LiTaO3.  

Fig. 3.10 Dependence of birefringence, 

congruent LiTaO3 

 Fig. 3.11 shows the homogeneity of the zero

by the refractive indices. The dis

growing direction of the boule are within ±0.00

78 

shows |∆n|  (= |ne – no|) of the congruent LiTaO

 crystal in the wavelength range from 350 nm to 1200

of the zero-birefringence LiTaO3 is ten times as 

 

Dependence of birefringence, ∆n, on wavelength. ∆n 

 were based on data from [10]. 

 

shows the homogeneity of the zero-birefringence crystal ch

e refractive indices. The distributions of refractive indices no and 

growing direction of the boule are within ±0.0002.  

|) of the congruent LiTaO3 and the 

nm to 1200 nm. At 

times as small as that of 

 

 values of 

ce crystal characterized 

and ne along the 

 



 

 

 

 

 

Fig. 3.11 Homogeneity of the 

direction. 
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Homogeneity of the refractive indices in the boule along t

 

 

in the boule along the growing 
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 To evaluate the quality of the crystals, strain observation was carried out under 

polarized light. Fig. 3.12 shows wafers cut from the body region of the boule 

perpendicular to the y-axis. Subgrain lines were observed on the plate in Fig. 3.12(a). 

The crystal shown in Fig. 3.12(a) was grown at the early stage under unoptimized 

growth conditions. The quality of the crystal is influenced by the temperature field 

around the growing crystal; stronger fluctuations of temperature in the growth interface 

lead to the formation of more subgrains during growth. Fig. 3.12(b) shows the crystal 

grown under optimized conditions; no subgrain is evident.  

  



 

 

 

 

 

Fig. 3.12 Cross-nicol images of 

the body part of the boule

grown under optimized
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nicol images of the zero-birefringence LiTaO3 wafers cut from

of the boule: (a) crystal grown at the early stage and (b) crystal 

optimized conditions.   

wafers cut from 

(b) crystal 

 



 

 Fig. 3.13 shows the transmittance of the zero

crystals on the /0 1 1' 01 plane sample

measured using a spectrophotometer

273 nm, respectively. The relative 

in the LiTaO3 lattice. 

Fig. 3.13 Linear transmittance of the zero

crystals. The samples are 2.0 mm t
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shows the transmittance of the zero-birefringence and congruent 

' 1 plane sample at wavelengths in the range of

spectrophotometer. The absorption edges of the crystals are 268 and 

relative shift of the spectra is related to the number 

 

 

Linear transmittance of the zero birefringence and congruent LiTaO

The samples are 2.0 mm thick. 

 

birefringence and congruent 

at wavelengths in the range of 200–800 nm, 

crystals are 268 and 

number of defects 

 

birefringence and congruent LiTaO3 



 

3.6. Applications 

3.6.1. Optics applications 
refractive indices  

 In order to miniaturize

higher capacity, optics such as lens and

refractive index and a high transmittance in 

also has a high refractive index and transmittance 

which are higher than those of

 

Fig. 3.14 Internal transmittance of the zero

and optical glass with a high refractive index (S
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applications for transparent materials

miniaturize optical units and realize optical disk memory with a 

pacity, optics such as lens and prisms require new materials with a high 

refractive index and a high transmittance in the near–ultraviolet region 

refractive index and transmittance up to the near-ultraviolet region

than those of glass materials, as shown in Fig. 3.14. 

Internal transmittance of the zero-birefringence LiTaO3 single crystal 

and optical glass with a high refractive index (S-LAH79). 

s with high 

optical disk memory with a 

new materials with a high 

 [17,18]. LiTaO3 

ultraviolet region, 

 

single crystal 
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 Fig. 3.15 shows the position of LiTaO3 in an Abbe diagram, which is produced 

by plotting the Abbe number, νd, of a material versus its refractive index, nd. The Abbe 

number is a measure of the dispersion of a material (i.e., the variation of refractive index 

with wavelength) with respect to the refractive index. Both parameters (νd and nd) are 

very important for the design of optics including lenses, prisms, etc.  

The Abbe number, νd, of a material is defined as follows: 

 

z{ � |}#.|~#|� (3-1) 

 

where nd, nF, and nC are the refractive indices of the material at the wavelengths of the 

Fraunhofer d-, F-, and C- spectral lines, respectively (i.e., 587.6, 486.1, and 656.3 nm, 

respectively). From this diagram, it is evident that, like flint glasses, LiTaO3 has optical 

characteristics such as a large dispersion and high refractive index. However, no glass 

material has a refractive index as high as that of LiTaO3. Optical materials with higher 

refractive indices are used to make miniaturized optical components.   



 

 

 

 

 

Fig. 3.15 Abbe diagram

range of different glasses including other optically transparent materials.

S-LAH79 is a high–refractive
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Abbe diagram of the Abbe number versus the refractive index 

range of different glasses including other optically transparent materials.

refractive-index optical glass produced by OHARA 

 

 

refractive index of a 

range of different glasses including other optically transparent materials. 

by OHARA Inc. 



 

 Zero-birefringence LT is 

and a high refractive index. 

miniaturization of optical systems 

 

 

Fig. 3.16 Example of

lens and prisms made of zero
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birefringence LT is one of the few materials with both high transmission 

and a high refractive index. Therefore, this material is expected to be useful for the 

miniaturization of optical systems (Fig. 3.16). 

 

Example of an optical application: Optical plano-convex

prisms made of zero-birefringence LiTaO3. 

 

high transmission 

to be useful for the 

convex 
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3.6.2. Fabrication of optical polarization modulator using zero- 
birefringence-controlled LiTaO3 crystal  

 An optical polarization modulator/controller is a basic yet important device in 

photonic/quantum electric systems. Optical polarization modulators based on the 

electro-optic (EO) effect are attractive because they can be operated at high-frequency 

ranges (>10 GHz) unlike mechanical devices. Several types of EO polarization 

modulator/controllers have been proposed and implemented. LiTaO3 and LiNbO3 have 

large r42 Pockels coefficients (~30 pm V−1), which are applicable for polarization 

controller/conversion. A key point for highly efficient polarization control using the r42 

Pockels coefficient is phase matching between two orthogonally polarized modes with 

birefringence. Murata et al. proposed a high-speed EO polarization modulator using a 

double periodic poling structure by adopting quasi-phase matching (QPM) and 

quasi-velocity matching (QVM) techniques [19].  

 Fig. 3.17 shows the basic structure of the traveling-wave EO polarization 

modulator , which consists of a single-mode waveguide and coplanar traveling-wave 

electrodes fabricated on a z-cut LiTaO3 or LiNbO3 crystal substrate. The light 

propagation direction is oriented to the x-axis of the LiTaO3 crystal. An electric field for 

optical modulation is applied along the y-axis across the waveguide, as shown in the 

cross-sectional view in Fig. 3.16. With this configuration, coupling between the TE and 

TM modes propagating in the waveguide is induced through the r42 Pockels coefficient. 



 

 

 

 

Fig. 3.17 Basic structure 

a double periodic poling

 

 

Fig. 3.18 Applied electrical field in a 
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Basic structure of the traveling-wave EO polarization modulator with 

a double periodic poling structure. 

Applied electrical field in a cross section of a Z-cut LiTaO

 

 

wave EO polarization modulator with 

 

cut LiTaO3 crystal. 
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 The polarization reversal period, 2L, for the QPM between the TE and TM 

modes is determined by using the following equation: 

 

2L � ��|���#���| (3-2) 

 

where βTE and βTM are the propagation constants for the TE and TM modes, respectively. 

Eq.(3-2) can be also represented as follows:  

 

2L � �|��g#���| (3-3) 

 

where NTE and NTM are the effective indices of the fundamental TE and TM modes, 

respectively, and λ is the free space wavelength of the optical signal. According to Eq. 

(3-3), a smaller |�LR + �L�| value, i.e., birefringence, leads to a wider polarization 

reversal period, 2L. For example, 2L is 150–400 µm for LiTaO3 and 7–20 µm for 

LiNbO3 in the wavelength range of 600–1500 nm, as shown in Table 3.2 The 

polarization reversal period, 2L, for various substrate materials. Because the 

birefringence of the zero-birefringence LiTaO3 is one tenth that of the congruent LiTaO3 

as shown in Fig. 3.10 and one hundredth that of LiNbO3, the double periodic poling 

structure can be fabricated and no phase matching, such as is necessary with the 

polarization reversal structure, is required. 

  



 

Table 3.2 The polarization reversal period, 2L

 

 

 

 

 

 Fig. 3.19 Calculated wavelength 

using LiTaO3 or LiNbO3

wavelength dependence of polarization modulation for LiNbO

devices with a periodic poling structure

and the total electrode length for modulation was 10

bandwidth of modulation broaden

 

 

Fig. 3.19 Calculated wavelength 

modulators using LiTaO

LiNbO

Congruent 

Zero-birefringence 
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The polarization reversal period, 2L, for various substrate materials

 

Calculated wavelength dependence of EO polarization modulators 

3 with a periodic poling structure.shows the calculated 

wavelength dependence of polarization modulation for LiNbO3- and

periodic poling structure; the center operational wavelength was 

ength for modulation was 10 mm. It is clearly 

bandwidth of modulation broadens with smaller birefringence of the substrate.

Calculated wavelength dependence of EO polarization 

modulators using LiTaO3 or LiNbO3 with a periodic poling structure.

 ∆n 2L (µm)

LiNbO3 0.08 7–20

Congruent LiTaO3 0.004 150–400

birefringence LiTaO3 ≤0.0001 ≥8000

for various substrate materials 

of EO polarization modulators 

shows the calculated 

and LiTaO3-based 

the center operational wavelength was 1550 nm 

is clearly evident that the 

substrate. 

 

of EO polarization 

periodic poling structure. 

2L (µm) 

20 

400 

≥8000 
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3.6.2.1 Experimental procedure 

 The steps for the fabrication of the designed polarization modulator are as 

follows. First, a 20 mm long x-propagating optical waveguide was fabricated on a z-cut 

zero birefringence LiTaO3 crystal substrate using the Ni diffusion method [20]. The 

thickness and width of the Ni strip used for waveguide fabrication were 35 nm and 5 µm, 

respectively. The substrate with the Ni strip was sandwiched by two platinum electrodes 

with the LiTaO3 powder. After being heated at 700 °C for several hours, they were 

cooled at a rate of 20 °C h−1 with an electrical current of ~0.1 mA cm−2. These 

conditions were determined from the preliminary experimental results of the Ni 

waveguides to result in a single mode for both TE and TM in the operational 

wavelength of 1550 nm. Secondly, a 0.2 µm thick SiO2 buffer layer was deposited on 

the surface of the substrate using the sputtering method. Finally, 15 mm long Al 

coplanar electrodes were formed on the surface (Fig. 3.20). 

 The modulation characteristics of the fabricated optical polarization modulators 

were tested using linearly polarized light with a wavelength of 1550 nm. 

  



 

 

 

 

 

Fig. 3.20 Schematic configuration of 
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Schematic configuration of the polarization modulator

 

 

polarization modulator 

 



 

3.6.2.2 Results and discussion

 Fig. 3.21 shows the near

waveguide. Laser light was coup

The output end of the wav

lens with NA = 0.40. The light propa

both TE and TM. From the intensity data of

difference in the refractive

material is about 1 × 10−3 for 

 

 

 

Fig. 3.21 Near
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discussion 

shows the near-field patterns for 1550 nm laser light

. Laser light was coupled into the waveguide using a hemispherical

The output end of the waveguide was imaged onto a beam profiler using a

The light propagated through the waveguide by single mode

. From the intensity data of the beam profile, we determined

refractive index of the core of the waveguide and the surrounding 

for the TE mode and 2.5 × 10−3 for the TM mode

Near-field patterns for 1550 nm light of the waveguide

 

light through the 

a hemispherical-end fiber. 

ofiler using an objective 

single modes for 

determined that the 

the core of the waveguide and the surrounding 

for the TM mode [21]. 

 

nm light of the waveguide.  



 

 The modulation performance was tested 

shown in Fig. 3.22. The basic measurement system was 

near-field patterns. TE polarized input light was coupled 

hemispherical-end fiber. 

 

 

Fig. 3.22 Experimental 

 

 Fig. 3.23 shows a

loading with AC voltage at

by loading the voltage without the double periodic po

 

Fig. 3.23 Polarization modulation 
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performance was tested using the experimental

. The basic measurement system was the same as that used for 

TE polarized input light was coupled to the waveguide 

Experimental setup for the modulation measurement

shows an example of the polarization modulation 

at a frequency of 200 Hz. The signal was switched off and 

without the double periodic poling structure for phase matching

olarization modulation response to loading of voltage. 

experimental arrangement 

that used for the 

the waveguide through a 

 

modulation measurements. 

polarization modulation response after 

switched off and on 

ling structure for phase matching. 

 

voltage.  



 

 Fig. 3.24 shows the modulator performa

voltage of ±50 V at a frequency of

gave rise to an asymmetrical curve 

TE and TM that were ment

 

 

Fig. 3.24 Performance of a 

loading of AC voltage 
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shows the modulator performance towards loading 

at a frequency of 200 Hz. The signal followed the loading voltage but 

an asymmetrical curve due to the difference between the index change

mentioned above. 

Performance of a modulator at a wavelength of 1550 nm 

AC voltage with a frequency of 200 Hz.  

 

loading with AC with a 

The signal followed the loading voltage but 

the difference between the index changes for 

 

nm towards the 



 

 Fig. 3.25 shows 

intensity. As shown in Fig.

modulator using zero birefringence LiTaO

 

 

Fig. 3.25 Wavelength de
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shows the wavelength dependence of the measured modulation 

Fig. 3.19, a wide range of bandwidths was observed in this 

efringence LiTaO3. 

Wavelength dependence of measured modulation intensity.

 

measured modulation 

observed in this 

 

pendence of measured modulation intensity. 
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3.7. Conclusion 

 Zero-birefringence LiTaO3 single crystals with 80 mm diameters and 80 mm 

lengths were grown by using the DC-CZ method with an automatic powder supply 

system. The crystals were grown from an off-congruent Li-rich solution (Li2O, 55.0 

mol%). The crystal was determined to have a chemical composition with a [Li]/[Ta] 

ratio of 0.98 based on the Curie temperature and refractive indices. 

 ∆n of the zero-birefringence LiTaO3 single crystal is more than ten times 

smaller than that of a conventional (congruent) LiTaO3 crystal in the visible to 

near–infrared wavelength region. The homogeneity of the refractive indices (i.e., no and 

ne) in a boule is within ±0.0002. 

 Two potential applications for zero birefringence LiTaO3 were proposed. The 

first is as an optical material for optics such as lenses, prisms, etc. Zero-birefringence 

LiTaO3 has a high refractive index and transmittance spanning the ultra-violet to visible 

wavelength range. This is an important characteristic for miniaturizing optical 

components. The second application is as a material substrate for EO devices such as 

the optical polarization modulator.  
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Chapter 4.  

Local Modification of Optical Properties of LiTaO3 
Crystal by Irradiation with Focused Femtosecond 
Laser Pulses 

4.1. Introduction  

 Ferroelectric crystals such as LiTaO3 are important for producing integrated 

optics with various functions because crystals with channel waveguides can function as 

modulators , switches, and frequency convertors. LiTaO3 is particularly appropriate for 

electro-optical applications because its birefringence is about 20 times less than that of 

LiNbO3. This small birefringence enables the fabrication of modulators with a simple 

electrode structure [1]. A well known and commercially established process for the 

fabrication of waveguides is the metal diffusion technique [2]. However, the required 

heat treatment process prevents the fabrication of waveguides with nonlinear optical 

effects in LiTaO3 because the temperature required for the diffusion of metal ions 

(~1000 °C) exceeds the Curie temperature of this crystal (~600 °C); as a result, multiple 

ferroelectric domains form in the crystal [3].  

 The direct writing of waveguides using a femtosecond laser is a potential 

method of fabricating waveguides inside a LiTaO3 crystal while maintaining the single 

ferroelectric domain. Using this method, a region of a waveguide with a high refractive 

index can be created by inducing nonlinear ionization inside transparent materials only 

in the focal volume of the femtosecond laser pulses . To date, various three-dimensional 

optics such as waveguides [4,5], gratings [6], and couplers [7] have been fabricated 
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inside a variety of transparent materials using this method. 

 The localized photoexcitation that is induced inside a transparent solid by a 

focused femtosecond laser pulse allows thermal energy to diffuse from the photoexcited 

region at a much faster rate than the material diffusion rate. Therefore, it is expected that 

the single ferroelectric domain would be preserved in the crystal after photoexcitation 

by a femtosecond laser pulse. Accordingly, a waveguide with a nonlinear optical effect 

may be created inside a LiTaO3 crystal using the femtosecond laser writing method. 

  In this chapter, the formation of a waveguide via direct writing using 

femtosecond laser pulses is discussed. Additionally, applications using the formed 

waveguides in LiTaO3 are proposed. 

 

4.2. Experimental procedure 

4.2.1. Femtosecond laser writing of waveguides 

 The experimental setup for femtosecond laser irradiation inside a crystal is 

shown in Fig. 4.1. The laser pulses used to induce photoexcitation inside the crystal 

originate from a regeneratively amplified mode-locked titanium:sapphire laser 

(Coherent MIRA and RegA 9000) operating at a repetition rate of 250 kHz. The pulse 

duration was controlled in the range of 100–900 fs by operating the pulse compressor in 

the laser system. The beam was focused inside an x-cut LiTaO3 sample (Yamaju 

Ceramics) using a ×10 objective lens with a numerical aperture of 0.3 (Nikon LU Plan 

Fluor). The surface of the sample was optically polished before laser irradiation. In all 

experiments, the lines of the induced structure (i.e., the waveguides) were formed by 



102 

 

scanning the sample in the beam axis during exposure to laser pulses. In this experiment, 

the beam axis was parallel to the x-axis of the LiTaO3 crystal. Scanning in the beam axis 

enabled the formation of a circularly symmetric waveguide because the transverse 

intensity distribution of the laser pulse is circularly symmetric. The scanning velocity in 

these experiments ranged from 10–100 µm s−1 while the pulse energy ranged from 

0.05–2.0 µJ. After writing the waveguides, the end surface of the sample was cut and 

polished to expose the waveguide on the surface. 

  



 

 

 

 

 

 

 

Fig. 4.1 Schematic of t
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Schematic of the experimental setup. 
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4.2.2. Analysis of refractive index profiles in waveguides 

 The refractive index profiles in the waveguides were determined according to 

the procedure described by Mansour and Caccavale [8]. In this procedure, the 

distribution of the refractive index change, ∆n (y, z), is calculated from the near-field 

(NF) pattern of the light guided through the waveguide. The field power intensity, I (y, 

z), of a guided TE-polarized He-Ne laser at the near-field was magnified using an 

objective lens and imaged on the charge-coupled device of a laser beam profiler 

(Newport LBP-2). The normalized electric field intensity, A (y, z), was calculated using 

the following equation: 

 

�$y, z) � e �$�,�)����$�,�) (4-1) 

 

where Imax (y, z) is the maximum power intensity of the measured NF pattern. 

According to ref. [8], ∆n (y, z) is given by the following equation: 

 

Δ�$�, �) � e�c� + .-"�$�,�) ����$�, �) + �c (4-2) 

 

where k (= 2π/λ) is the propagation constant in a vacuum, λ is the wavelength, and ns is 

the refractive index of the LiTaO3 crystal. The effective index change, ∆neff, was 

estimated from the peak-to-valley of the plotted ∆n (y, z) values. 
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4.3. Results and discussion  

 Fig. 4.2 shows the NF pattern of the light guided through the waveguide 

written inside a LiTaO3 crystal at a pulse energy of 1.0 µJ, a pulse duration of 200 fs, 

and a scanning velocity of 10 µm s−1. The pattern was almost Gaussian. The 1/e 

mode-field diameter along the major axis was about 11 µm with an ellipticity of 0.75. 

Fig. 4.2(b) shows the ∆n (y, z) distribution that was reconstructed from the NF pattern 

of Fig. 4.2(a). For this experiment, the ∆neff value was determined to be ~7 × 10-4. 

  



 

 

 

 

Fig. 4.2 (a) NF pattern for light guided th

1.0 mJ, pulse duration of 200 fs, and scanning velocity of 10 

Double-headed arrows indicate the polarization direction of the guided light. 

(b) ∆n (x,y) distribution calculated from the NF pattern in 
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(a) NF pattern for light guided through a waveguide at a pulse energy of 

J, pulse duration of 200 fs, and scanning velocity of 10 

arrows indicate the polarization direction of the guided light. 

(x,y) distribution calculated from the NF pattern in (a). 

 

 

rough a waveguide at a pulse energy of 

J, pulse duration of 200 fs, and scanning velocity of 10 mm s−1. 

arrows indicate the polarization direction of the guided light. 
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Fig. 4.3 shows the NF patterns of light guided through the waveguide written inside a 

LiTaO3 crystal at various pulse energies and pulse durations. All the writing experiments 

shown in Fig. 4.3 were carried out at a scanning velocity of 10 µm s−1. It was 

determined that the guiding performance strongly depends on the pulse energy and 

pulse duration. To determine the optimal irradiation conditions, we used ∆neff as a 

parameter. Fig. 4.4 shows a contour map of ∆neff as a function of the pulse energy and 

pulse duration. Accordingly, the optimal irradiation conditions to obtain maximum ∆neff 

involve a pulse energy between 0.8 and 1.2 µJ and a pulse duration of 100–200 fs. 

 From the results shown in Fig. 4.3 and Fig. 4.4, we classified the beam guiding 

performance of the waveguides into three categories: (a), (b), and (c), as shown in Fig. 

4.3. In category (b), clear NF images were observed if the optimal pulse duration was 

selected. Although NF images could be observed at a shorter pulse duration in category 

(a), the intensities were much less than those in category (b). In category (c), guiding 

light was not clearly observed at any pulse duration.  

  



 

Fig. 4.3 NF patterns for various pulse energies and pulse durations.
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NF patterns for various pulse energies and pulse durations.

 

 

NF patterns for various pulse energies and pulse durations. 

 



 

 

 

 

 

 

 

Fig. 4.4 Contour map of 

a scanning velocity of 10 
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Contour map of ∆neff for various pulse energies and pulse durati

a scanning velocity of 10 µm s−1. 

 

for various pulse energies and pulse durations at 
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To investigate the relationship between the structure and the guiding performance of the 

waveguides, representative transmission microscopic images for each category are 

shown in Fig. 4.5. In category (a), a void-like structural change occurred in the center of 

the photoexcited region and a surrounding bright region was observed. This suggests 

that a large thermal expansion occurred in the photoexcited region during laser exposure, 

which resulted in significant distortion of the surrounding region. In contrast, the 

structures induced in categories (b) and (c) do not have strong bright regions. In 

category (b), the central region is a little darker and the surrounding region is a little 

brighter than the outer regions while only a dark region was observed in category (c). 

Considering that light guiding was observed in category (b) and not in category (c), this 

difference suggests that the dark and bright regions are both essential to create a 

waveguide.  

  



 

 

 

 

 

Fig. 4.5 Representative transmission microscope images for each 

category in Fig. 

regions. 
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Representative transmission microscope images for each 

Fig. 4.3. Dotted circles indicate the photoexcited 

 

Representative transmission microscope images for each 

. Dotted circles indicate the photoexcited 



112 

 

Fig. 4.6 (a) shows the µ-Raman spectrum in the x(zz)�� configuration measured in the 

cross section of the waveguide. In this configuration, the Raman spectrum consists of 

four transverse optical (TO) phonon modes [9]. The spectra in red and blue correspond 

to the unirradiated and irradiated regions, respectively, as shown in Fig. 4.6 (b). Both 

spectra exhibited no appreciable changes in the Raman intensity and number of modes. 

The Raman shift and the line width of the Raman A1(TO4) mode observed at ~598 cm−1 

is focused on, because this mode is isolated from the other modes, which enables facile 

comparison of the unirradiated and irradiated regions. The spatial map of the line width 

in Fig. 4.6 (c) suggests that there is no noticeable degradation of the crystal lattice and 

no change in the crystal orientation after irradiation. A maximum shift of 2 cm−1 was 

observed in the irradiated region, as shown in Fig. 4.6 (d).  

 From Fig. 4.7, the maximum compressive residual stress was estimated to be 

600 MPa based on Reference [10]. We believe that this local compressive stress is 

closely related to the increase in ∆n in the irradiated region.  

  



 

 

 

Fig. 4.6 (a) Raman spectrum of the 

microscope image, (c) spatial map showing the line width, and (d) the Raman 

shift for the A1(TO4) mode at the waveguide cross section. The dotted cir

(b), (c), and (d) indicate the position of the waveguide. 
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(a) Raman spectrum of the �$��)��  configuration, (b) transmitted 

microscope image, (c) spatial map showing the line width, and (d) the Raman 

) mode at the waveguide cross section. The dotted cir

(b), (c), and (d) indicate the position of the waveguide.  

 

 

configuration, (b) transmitted 

microscope image, (c) spatial map showing the line width, and (d) the Raman 

) mode at the waveguide cross section. The dotted circles in 



 

 

 

 

 

 

Fig. 4.7 Distribution of stress 
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Distribution of stress corresponding to Fig. 4.6 (b)

 

 

 

 

(b). 
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 Observing the structure with a polarized microscope elucidates the origins of 

the bright and dark regions in the transmission microscope images; the direction of 

stress cannot be determined from the µ-Raman measurements. The images of the 

structure formed at a pulse energy of 1.0 µJ and a pulse duration of 200 fs were 

observed using a polarized microscope at a wavelength of 546 nm with a liquid-crystal 

universal compensator (LC-PolScope CRi) [11]. Using this microscope, the retardance 

as well as the slow axis azimuth can be obtained by analyzing the images captured at 

various settings of the liquid-crystal universal compensator. Fig. 4.8 (a–c) show the 

transmission image, the corresponding retardance, and the azimuth distributions of the 

birefringence of the structure, respectively. In Fig. 4.8 (c), the color indicates the slow 

axis azimuth of the birefringence. Because birefringence can be generated by loading 

stress in the slow axis, the azimuth indicates the direction of stress. Therefore, Fig. 4.8 

(c) indicates that the stress was loaded in the y-direction in the central region and that 

compression occurred in that direction. Because compression in one direction generates 

expansion in the corresponding vertical direction, it is expected that the surrounding 

region was compressed in the z-direction, which results in birefringence of the slow axis 

in the z-direction. In the transmission image, the darker region likely originated from 

the material compressed in the y-direction while the bright region likely corresponds to 

the material compressed in the z-direction. 

 

 

 

 

 



 

Fig. 4.8 (a) Transmission microscope image, (b) corresponding retardance 

distribution of the biref

birefringence of the structure. The colored spoke of the semicircular wheel in 

(c) indicates the slow axis azimuth of the birefringence.
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(a) Transmission microscope image, (b) corresponding retardance 

distribution of the birefringence, and (c) distribution of slow axis azimuth 

birefringence of the structure. The colored spoke of the semicircular wheel in 

) indicates the slow axis azimuth of the birefringence. 

 

(a) Transmission microscope image, (b) corresponding retardance 

slow axis azimuth of the 

birefringence of the structure. The colored spoke of the semicircular wheel in 
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 The birefringence observed using the polarized microscope indicated that the 

polarization dependence of light guiding in the waveguide should be examined. Fig. 4.9 

shows the intensity of the guided linearly polarized light through the waveguide plotted 

against the polarization direction, θ. The light was most intense when the polarization 

direction was parallel to the y-axis. The polarization-dependent intensity was fitted by 

I0cos(2θ) (i.e., the solid curve in Fig. 4.9), which indicates that only light polarized in 

the y-direction can be guided through the waveguide in a LiTaO3 crystal. The origin of 

the polarization dependence can be explained by the birefringence in the waveguide. 

Observations using the polarized microscope showed that the slow axis of the 

birefringence in the waveguide was parallel to the y-axis; therefore, this birefringence 

should select only y-polarized light. 

  



 

 

 

 

 

 

 

Fig. 4.9 Polarization depend

light. Double-headed

light. 
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Polarization dependence of waveguide on guided linearl

headed arrows indicate the polarization direction of the guided 

 

 

nce of waveguide on guided linearly polarized 

arrows indicate the polarization direction of the guided 
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4.4. Applications 

4.4.1. SHG light through waveguide 

 It was discovered that second-harmonic light can be generated by guiding a 

strong laser beam through the waveguide. We used a Nd:YVO4 laser operating at 700 

mW to directly input incident light at a wavelength of 1064 nm directly into the induced 

structure of the sample without using a phase-matching structure such as quasi-phase 

matching (QPM)(Fig. 4.10). Fig. 4.11 shows the SHG performance of the induced 

structures formed at a pulse energy and pulse duration of 1.0 µJ and 200 fs, respectively. 

This figure confirms that the ferroelectric properties were preserved after 

photoexcitation by femtosecond laser pulses. 

  



 

 

 

 

Fig. 4.10 SHG obser

using femtosecond laser pulses.

 

 

 

Fig. 4.11

 

120 

SHG observation setup for optical waveguides written in LiTaO

using femtosecond laser pulses. 

 

11 SHG performance of induced structure. 

 

 

vation setup for optical waveguides written in LiTaO3 
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4.4.2. Fabrication of optical polarization modulator using LiTaO 3 
with direct writing waveguide 

 Metal diffusion waveguides are widely used for optical modulators, optical 

switches, and so on [2]. The waveguide fabricated by irradiation with femtosecond laser 

pulses is also expected to work as a light guide for EO optical devices.  

 For EO devices, direct writing of a waveguide using femtosecond laser pulses 

was performed using a LiTaO3 wafer, as shown in Fig. 4.12. In this case, an objective 

lens with an NA of 0.8 was focused 50–100 µm beneath the surface of the z cut of the 

LiTaO3 substrate. The substrate was translated along the x direction at a speed of 

10–500 µm s−1, as shown in Fig. 4.12.  

 Fig. 4.13 shows the transmission optical microscope image of the cross section 

of a LiTaO3 substrate with an induced structure and the near field pattern for 632.8 µm 

laser light through the waveguide. The induced structure acts as a waveguide, and both 

TE and TM modes were propagated. The cross-sectional shape of the structure is 

elliptical, which is due to the incident direction of the writing beam.   



 

 

Fig. 4.12 Schematic of the writing procedure of a waveguide for the modulator 

using a femtosecond laser. The LiTaO

perpendicular to the incident direction.

 

 

Fig. 4.13 (a) Transmission optical microscopic image of the waveguide from 

the cross-sectional perspective, and (b) image of the near

the waveguide for orthogonal light.
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Schematic of the writing procedure of a waveguide for the modulator 

using a femtosecond laser. The LiTaO3 wafer was translated at 10–

perpendicular to the incident direction. 

(a) Transmission optical microscopic image of the waveguide from 

sectional perspective, and (b) image of the near-field output light of 

the waveguide for orthogonal light.  

 

Schematic of the writing procedure of a waveguide for the modulator 

–500 µm s−1 

 

(a) Transmission optical microscopic image of the waveguide from 

field output light of 

 



 

 Next, the formed waveguides were examined to 

suitable for practical use. An optical polarization modulator

substrate imprinted with the waveguide by direct writing. 

of the optical polarization 

formed both principal planes

 

 

Fig. 4.14 
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Next, the formed waveguides were examined to determine whether they are 

suitable for practical use. An optical polarization modulator was fabricated using the 

with the waveguide by direct writing. Fig. 4.14 shows the structure 

of the optical polarization modulator. It consists of a waveguide and electrodes, which 

principal planes (z cut). 

 

 Schematic illustration of the modulator. 

 

determine whether they are 

was fabricated using the 

shows the structure 

modulator. It consists of a waveguide and electrodes, which 
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Fig. 4.15 shows the modulation response of the modulator using a direct writing 

waveguide. The loading voltage for the operation was ±50 V with a frequency of 150 

Hz. The light wavelength was 632.8 nm.  

 The modulation signal followed the loading AC voltage. From the results 

shown in Fig. 4.15, the half-wave voltage, Vπ, was estimated to be 55 V; Vπ is defined 

according to Eq. (4-3), which can be used to calculate the complex electro-optic 

constant, rc. 

 

V� � �{|����d (4-3) 

 

Alternatively, the complex electro-optic constant, rc, can be calculated using the 

following equation: 

 

��a � �22 + $ ¡ �)�.2 (4-4) 

 

where r33 is 30.3 pm V−1 and r13 is 7.0 pm V−1 according to literature data [12]. 

 Via Eqs. (4-3) and (4-4), rc and ��a were determined to be 22.2 and 23.3 pm 

V−1, respectively. Because both values are similar, the waveguide worked effectively.  



 

 

 

 

 

 

Fig. 4.15 Measured signal

of ± 50V. 

 

125 

Measured signal of LiTaO3 modulator for the loading voltage 

 

 

for the loading voltage 
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4.5. Conclusion 

 An optical waveguide was successfully written inside a LiTaO3 crystal by 

irradiation with focused femtosecond laser pulses. The optimal conditions to obtain 

maximum refractive index changes were determined by writing waveguides using 

different pulse energies and pulse durations. The polarization selectivity of the 

waveguide is attributed to the birefringence in the guiding region due to stress 

distribution around the photoexcited region. 

 A non-linear optical device, i.e., SHG, and an electro-optical device, i.e., 

polarization modulator, incorporating waveguides fabricated by irradiation with 

femtosecond laser pulses were investigated. Both devices were successful. 
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Summary 

 In the present study, the author focused on the modification of single crystals to 

either improve their electrical and optical characteristics or increase their functionality. 

Initial approaches include the substitution of metal ions into the crystal lattice and 

composition control, which is similar to successful approaches for the synthesis of 

functional ceramics. However, direct modification by femtosecond laser pulses was 

eventually employed. Because oxide single crystals are transparent, lasers can be used 

as powerful modification tools.  

 In Chapter 1, the author reviewed three important technologies or techniques 

related to this thesis. The first two technologies are concerned with crystal growth. One 

is the Czochralski method, which is one of the most suitable and widely applied 

techniques for the production of crystal materials for electrical and optical components. 

Another method is the DC-CZ method, which enabled us to obtain an ideal material. 

The femtosecond laser is a new tool for the modification of transparent materials such 

as single crystals.  

 In Chapter 2, traditional approaches for substitution into the crystal were 

performed. Piezoelectric properties such as the piezoelectric constants and 

electromechanical coupling factors were improved by substituting Ga in the langasite 

structure with Al. Here, the author defined elemental substitution as one of the 

modifications that involved the appropriate selection of a substitution element to 

improve the piezoelectric properties.  

 In Chapter 3, the author discussed a new LiTaO3 single crystal with 
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zero-birefringence indices. LiTaO3 with zero birefringence has already been reported, 

but no studies concerning the growth of the crystal for practical applications have been 

published. In this study, we grew a large LiTaO3 crystal with zero birefringence using 

the DC-CZ method. The author also fabricated an EO polarization modulator using the 

LiTaO3 wafer that had excellent performance. 

 In Chapter 4, the author applied the femtosecond laser as a new tool for crystal 

modification to fabricate waveguides. The index change of the waveguide fabricated 

using this method was a tenth of that of conventional methods such as metal diffusion. 

However, wavelength conversion and polarization modulation performance were 

successfully demonstrated.  

  



130 

 

List of Publications 

Chapter 1 

1. K. Shimamura, M. Kumatoriya , and T. Fukuda: Journal of Crystal Growth, 147, 

pp.99-103 (1995) “Effect of starting melt composition on crystal growth of calcium 

niobium gallium garnet.” 

2. H. Sato, M. Kumatoriya , and T. Fujii: Journal of Crystal Growth, 242, pp.177-182 

(2002) “Control of the facet plane formation on solid-liquid interface of LGS.” 

Chapter 2 

3. T. Fukuda, H. Takeda, K. Shimamura, H. Kawanaka, M. Kumatoriya , S. 

Murakami, J. Sato, and M. Sato: Proceedings of the eleventh IEEE international 

symposium on applications of ferroelectrics, ISAF 98, 315–319 (1998) “Growth of 

New Langasite Single Crystal for piezoelectric Applications.” 

4. V. V. Kochurikhin, M. Kumatoriya , K. Shimamura, H. Takagi, and T. Fukuda: 

Journal of Crystal Growth, 181, 452–454 (1997) “Czochralski growth of 

Sr3Ga2Ge4O14 single crystals for piezoelectric applications.” 

5. H. Takeda, R. Uecker, M. Kumatoriya , K. Shimamura, P. Reiche, and T. Fukuda: 

Crystal Research and Technology, 32, 939–945 (1997) “Growth and 

Characterization of Na2Ca2Ge6O14 Single Crystals.” 



131 

 

6. M. Kadota, J. Nakanishi, T. Kitamura, and M. Kumatoriya : Proceedings of 1998 

IEEE Ultrasonic symposium, 1, 311–314 (1998) “Surface Acoustic Wave Properties 

on Various Rotated Y-cut Langasite Crystal Substrates Grown by Czochralski 

Method.” 

7. M. Kadota, J. Nakanishi, T. Kitamura, and M. Kumatoriya : Japanese Journal of 

Applied Physics, 38, 3288–3292 (1999) “Properties of Leaky, Leaky Pseudo, and 

Reyleigh Surface Acoustic Waves on Various Rotated Y-cut Langasite Crystal 

Substrate.” 

8. M. Kumatoriya , H. Sato, J. Nakanishi, T. Fujii, M. Kadota, and Y. Sakabe: Journal 

of Crystal Growth, 229, 289–293 (2001) “Crystal Growth and Electromechanical 

Properties of Al Substituted Langasite (La3Ga5-xAl xSiO14).”  

9. H. Takeda, M. Kumatoriya , and T. Shiosaki: Applied Physics Letters, 79, 

4201–4203 (2001) “Effect of Aluminum Substitution in La3Ga5SiO14 Crystals on 

their Structure and Piezoelectricity.” 

10.  H. Takeda, M. Kumatoriya , and T. Shiosaki: Key Engineering Materials, 216, 

43–46 (2002) “Structure and Piezoelectric Properties of Al-substituted Langasite 

(La3Ga5-xAl xSiO14) crystals.” 

 

 



132 

 

Chapter 3 

11.  M. Kumatoriya , H. Sato, T. Takagi, M. Nakamura, S. Takekawa, M. Geho, T. 

Fujii, and K. Kitamura: Journal of Crystal Growth, in press, “Growth and Optical 

Characterization of Zero-birefringence Controlled LiTaO3 Crystal for High 

Refractive Index Applications.”  

12.  M. Kumatoriya , T. Takagi, J. Ushizawa, and M. Geho: Journal of Crystal Growth, 

to be submitted (2011) “Effect of Heavy MgO Doping on Improving Optical 

Properties of Zero-Birefringence Controlled LiTaO3 Crystal.”  

13.  M. Kumatoriya , H. Murata, Y. Okamura, M. Geho, and N. Wada: “Optical 

Polarization Modulator Using Zero-Birefringence Controlled LiTaO3 Crystal,” to be 

submitted.  

Chapter 4 

14.  M. Kumatoriya , M. Nakabayashi, M. Sakakura, Y. Shimotsuma, T. Fujii, K. 

Miura, and K. Hirao: Optical Review, 18, 166–170 (2011), “Optical Properties of a 

Waveguide Written Inside a LiTaO3 Crystal by Irradiation with Focused 

Femtosecond Laser Pulses.” 

15.  M. Kumatoriya , M. Nakabayashi, K. Miura, K. Hirao, and A. Ando: IOP Conf. 

Series: Materials Science and Engineering 18, 102004 (2011) “Characterization of 

Structures Induced in LiTaO3 by Femtosecond Laser Pulses.”  



133 

 

Acknowledgments 

 The present dissertation was carried out under the direction of Professor 

Kazuyuki Hirao at the Graduate School of Engineering at Kyoto University. 

 First, the author wishes to express his sincere gratitude to Professor Kazuyuki 

Hirao of Kyoto University for his helpful advice and discussions. The author also 

expresses his gratitude to Professor Kiyotaka Miura and Professor Katsuhisa Tanaka of 

Kyoto University for their instructive suggestions. 

 Much gratitude goes to Dr. Hiroshi Takagi, Vice President and Director of 

Materials Department Group of Murata Manufacturing Co., Ltd. for providing the 

opportunity to the author for conducting this study. The author wishes to express his 

grateful thanks to Mr. Tsuneo Murata, President of Murata Manufacturing Co., Ltd. for 

allowing the author to continue this study. The author is grateful to Mr. Hideharu Ieki, 

Executive Vice President and Director of Technology & Business Development unit of 

Murata Manufacturing Co., Ltd. for his understanding and for enabling the author to 

continue this study. The author also expresses his true gratitude to Dr. Yukio Sakabe, 

former Executive Vice President of Murata Manufacturing Co., Ltd., Dr. Michio Kadota, 

Director of Kadota’s Laboratory of Murata Manufacturing Co., Ltd., and Mr. Takashi 

Fujii, Manager of the Product Development Department of Murata Manufacturing Co., 

Ltd. for giving precise advice and encouragement. In addition, the author expresses his 

special thanks to Dr. Akira Ando, General Manager of the Functional Materials 

Research Department of Murata Manufacturing Co., Ltd. for his considerable assistance 

and helpful advice. The author also would like to thank Mr. Nobuyuki Wada, General 



134 

 

Manager of the Analysis Center of Murata Manufacturing Co., Ltd. and Dr. Keisuke 

Kageyama, General Manager of Research Center for Next Generation Technology of 

Murata Manufacturing Co., Ltd. for their support. 

 The author is also grateful to Professor Tsuguo Fukuda of Tohoku University, 

Professor Emeritus Mitsuru Ishii of the Shonan Institute of Technology, Fellow Dr. 

Kenji Kitamura of the National Institute for Material Science, and Professor Yasuyuki 

Okamura of Osaka University for their valuable and strict guidance. Group leader Dr. 

Kiyoshi Shimamura, Dr. Shunji Takekawa, and Dr. Masaru Nakamura of the National 

Institute for Material Science, Associate Professor Hiroaki Takeda of the Tokyo Institute 

of Technology, Associate Professor Hiroshi Murata of Osaka University, and Dr. 

Vladimir V. Kochurikhin of the Science Academy of Russia are gratefully 

acknowledged for their useful discussions and technical advice. The profitable 

discussions and suggestions from Associate Professor Dr. Yasuhiko Shimotsuma, Dr. 

Masaaki Sakakura, and Mr. Miki Nakabayashi of Kyoto University are also gratefully 

acknowledged. 

 Further, the author wishes to express his heartfelt thanks to his excellent 

colleagues Mr. Masaru Fujino, Mr. Mikio Geho, Mr. Nobuhiko Tanaka, Dr. Takenori 

Sekijima, Mr. Takashi Takagi, Dr. Hideto Sato, Mr. Jisaburo Ushizawa (presently at 

Oxide Corporation) of Murata Manufacturing Co., Ltd., who helped with much of the 

experimental work and provided useful discussions. The author would like to thank Mr. 

Gensaku Imae and Mr. Toshihiro Terada of Murata Manufacturing Co., Ltd. for their 

assistance with precision cutting and polishing of crystals. The author also appreciates 

the generous support in the compositional, structural, and thermal analyses received 

from Mr. Haruyuki Yorita, Mr. Toshiyuki Tamura, Mr. Toshikatsu Usuda, Mr. Kenji 



135 

 

Akiyama, Mr. Yasuhiro Motoyoshi, and Mr. Yoshihiro Takase of Murata 

Manufacturing Co., Ltd. 

 Heartfelt thanks to all the students and staff of Hirao’s laboratory and Miura’s 

laboratory of the Kyoto University for their helpful discussions and excellent assistance. 

 Finally, the author would like to express his sincere appreciation to his beloved 

sons Kenji and Shogo who have been a continual source of encouragement for 

confronting difficult challenges and to his wife, Maya, who supported him in every 

possible way and helped him keep his life in proper perspective and balance. This 

dissertation is dedicated to her with deepest gratitude. 

 

 

Kyoto, Spring 2012 

 

Makoto Kumatoriya 

 


