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GENERAL INTRODUCTION 

This thesis presents the results of studies on the third-order nonlinear 

optical properties of transition metal oxide thin films prepared by the sol-gel 

method. In this study, the third-order nonlinear optical susceptibility, xP>, of 

the sol-gel derived simple and complex oxides containing Ti, V, Nb, Ta, Fe 

and Pb has been measured by the third-harmonic generation (THG) method 

and the results have been discussed on the basis of the linear optical 

properties, microscopic local structures and electronic structures of these 

oxides. 

The present information-carrying capacity of optical communications 

is limited not only by the transmission of media but also by the speed of 

electronics. [1] Nonlincar optical devices can switch and process signal in the 

time range (10-15 s) inaccessible to electronics (10-12 s) without converting it 

to electronic form. Such nonlinear optical devices arc based on the nonlincar 

optical phenomena of materials, e.g., change in refractive index and/or 

absorption coefficient caused by an electric field as will be described below. 

Optical response of a material is generally described in the 

approximation of interaction of electric dipole with the radiation. [2] In this 

model, the electric field of radiation induces a polarization in the material. 

When the material is subject to a strong electric field by high power laser, the 

macroscopic nonlinear polarization of the material, P, can be expressed as a 

power series in the electric field, E, as follows: [3] 

(1) 

where P0 is the spontaneous polarization of the material, and x<t> and x<n> 

(n~2) are the linear and nth-order nonlinear optical susceptibilities, 
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respectively. P, P0 and E arc vectors, and x<"> (n2:::1) is (n+l)th-rank tensors. 

Analogously, the microscopic nonlinear polarization of the molecule, p, can 

be given using permanent dipole moment, !J, and linear polarizability, a(l>, and 

nth-hypcrpolarizabilitics, a<"+1) (n2:::l), as a power series in the electric field. 

For diluted media, x<"> is related with a<"> as follows: [2] 

x<n> '"' Nrx<n> ' (2) 

where N is the number of atoms or molecules per unit volume. In condensed 

matters, however, the induced dipole-dipole interaction becomes important 

and leads to the so-called local-field correction. The x<"> is no longer simply 

proportional to a<"> but represented as follows: [2] 

(3-a) 

and 

(3-b) 

where f<"> is the Lorentz local-field correction factor for x <"> and n..,. the 

refractive index at w". 

The nth-order nonlincar optical susceptibility, x <">, is dependent on the 

frequencies of the interacting lights and complex. Strictly speaking, one 

should specify the x(n) dispersion as x <">( -wn+1;w1,w2>w3; .. wJ ( wn+l=w 1+w2+w3 

+ .. ·+ wJ. This dispersion also cautions one to be careful in comparing the x <"> 

obtained by the various techniques. For example, one measures x<3>(-

3w;w,w,w) by the third-harmonic generation (1HG) method and x (3>( -w;w,w,-w) 
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by the degenerate four-wave mixing (DFWM) method. The complex xm is 

observed as follows: [.f] 

(4) 

where Rcx(3> and Imx<3> arc the real and imaginary parts of the complex xm, 

respectively. Therefore, the two x<3> values measured by the THG and 

DFWM arc not expected to be identical because of the dispersion effect and 

complex nature. However, a qualitative correlation of the two xm values 

serves a purpose to identify if one measured a nonrcsonant, or real xn>. 

Some physical processes can contribute to nonlincar optical response: 

"elcctronic"-arising from induced distortions of the electron orbit about the 

nuclei (response time 10-14-10-16 s); "nuclcar"-optically induced change in the 

motion of the nuclei (response time 10-12 s); "electrostriction"-electric field 

induced strain (response time 10-7-10-9 s) and "thermal"-resulting from 

absorption (response time 10-1 s). [5] Therefore, the determination of 

response time is very important not only in understanding the origin of optical 

nonlinearity but also in device applications. The nonrcsonant optical 

nonlinearitics, which involve only virtual electronic states as intermediate 

levels for interaction, have the fastest response time limited only by the laser 

pulse width. However, some resonant optical nonlinearities can also have 

extremely fast response time, when the exited state relaxation is ultrafast as 

can be seen for materials such as semiconductor- [6-8] and metal- [9-11] 

doped glasses. 

The influence of the spatial symmetry of material on the (n+ 1 )th-rank 

nonlinear optical susceptibility tensor, x<">, is presented. x<"> must be invariant 

under the symmetry operations that transform it into itself. This yields a 

number of relations between the components of x <">, from which one can 

extract the independent and non-zero components [2]. A practically 
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important consequence is that x<2n> is zero for material with inversion 

symmetry, while x (2n-t) have non-zero components for all materials (n~l). 

Since the higher-order nonlinear optical susceptibilities than x<3> arc too small 

to be obser\'Cd, second- and third-order nonlinear optical phenomena arc 

significant m practical application. Table 1 summarizes second- and third­

order nonlinear phenomena. [5, 12) This thesis concerns third-order 

nonlinear optical phenomena and the x(3) has been determined as x(3>(-

3w;w,w,w) by the THG method. 

The THG process is the generation of light at frequency, 3w, by 

non linear interaction of a material and a laser light at frequency, w. The THG 

intensity from a transparent slab, 13..,, can be expressed as follows: [3] 

(5) 

where the coherence length, 2c=M[ 6(nJ.., -n..,) ], is the distance over which the 

bound third-harmonic wave and the free third-harmonic wave accumulate a 

phase-mismatch of n and is regarded as effective interaction path length. 

The bound third- harmonic wave is a nonlinear electric field in the material, 

which is oscillating at 3w that is driven by the fundamental field. Even 

though its frequency is 3w, it propagates with the same velocity as the 

fundamental wave. The free third-harmonic wave at 3w propagates with a 

velocity dependent on the refractive index at 3w. The above expression is 

appropriate to the case of nonphase-matched THG. 

In isotropic materials far from resonance, the refractive index shows 

normal dispersion, i.e., n.., increases with increasing frequency, leading to n
1

.., 
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Table 1. Second- and third-order non linear optical phenomena. ( w =0 
indicates the DC electric field.) 

Frequencies 
of incident 
fields 

frequencies of fields 
generated by material 
polarization 

0 

Susceptibility Process or method of 
measurement 

nuee-wave <;urn and 
difference· frequency 
mixing 

Second harmonic 
generation (SI ICi) 

Inverse linear elec:trooptic 
effect (Optical 
rectification) 

Unear electrooptic effect 
(Pockels effect) 

Three- wave parametric 
gain and oscillator 

--~~:::;;-----:~~~:~~:~~:~---------;;~:~:~:~~±-~:~:~)---;~:;.~a~-;~~-;;;------

(,.)1 <...>z 

0,<...>1 2<...>1 

0,<...>1 (,.)1 

<...>1,<...>2> <...>,,<...>~( w,+<...>~=<...>1+<...>z}, 
(,.)1 <...>l,<...>J,<...>~( <...>l+w,+<...>~=<...>J 

x(l>( -<...>z;<...>l,-<...>1,<...>z} 

x(l>( -2w1;0,w1,w1) 

x(3>( -w1;0,0,w1) 

x(l>( -w~;wl,w2>-w3), 
x(3>( -<...>~;<...>v-<...>2>-<...>3) 

-5-

difference frequency 
mixing 

Third harmonic 
generation (fl I G) 

Optical Kerr effect, 
Degenerate four wave 
mi:dng (Dl:WM), ltme­
resolved interferometry 
(rRI), Two photon 
absorption (I'PA}, Z· scan 

Nearly degenerate three· 
wave mixing (IWM), 
Coherent anti -Stokes 
Raman scattering (CARS) 

Stimulated Raman and 
Orillouin scattering 

Electric field induced 
second harmonic 
generation (EFI SI I) 

Nonlinear electrooptic 
effect (DC Kerr effect) 

Four-wave pammetric 
gain and o-;cillator 



> n..,. Phase-matching (n1 .. =n..,) in the THG can be achieved by using the 

birefringence of uniaxial or biaxial crystal compensated for the dispersion of 

the refractive index, or by anomalous dispersion associated with a resonance. 

Anomalous dispersion due to electronic resonances has been used to achieve 

phase-matched THG in gases [2] and liquids [13]. 

Measurements of the THG intensity and 2c of a sample in comparison 

with that for a reference material with known x(3> and 2c allow us to 

detem1ine x.O> of the sample. Generally speaking, nonphase-matched THG 

me<Lc;urement requires to vary the phase-mismatch, L\ w, continuously to extract 

the maximum THG intensity and 2c from the observed fringe. This can be 

accomplished easily by rotating a slab sample or by translating a wedged 

sample. In this thesis, the former is utilized. 

For the case of rotating a slab sample, the fringes (often referred to as 

Maker fringes [14]) become more closely spaced as the rotation angle, (), is 

increased, because the sample length increases nonlinearly with the incident 

angle. The THG intensity of the fringes also decreases with increasing (), 

because of the increased reflection loss of the fundamental light at larger 

incident angles. 

The representative third-order nonlinear optical materials include 

"inorganic crystals" (e.g. PbO [5, 15), Ti02 [5, 15, 16) AlGaAs/ALAs 

superlattice [17]), "inorganic amorphous materials" (e.g. Te0
2 

[18], 

chalcogenide glass [19), Au-doped glass [10, 11]) and "organic molecules" 

(e.g. polyacetylcne (20], polydiacctylenc [21], C
60 

[22]). So far, x<3> data of 

inorganic crystals arc not so sufficient compared with organic molecules and 

even with inorganic amorphous materials, although it is considered that x0-> 

of oxide crystals is useful for interpreting that of oxide glasses including the 

corresponding oxide components. Table 2 summarizes the x(3> values of oxide 

crystals and Si02 glass often used as standard, which were measured with 
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Table 2. x(3> values of oxide crystals measured with near-infrared 
fundamental lights h} means of various techniques. 

Sample 

M gO 

CaO 

SrO 

ZnO 

PbO 

Alz01 

Ga20 1 

Y20l 

Erz03 

Si02 

Si02 
glass 

Zr02 

LiNb03 

KTa01 

BeAiz04 

MgAlzO. 

CaC03 

eawo. 
SrTi03 

.8-BaB20 4 

YA103 

Y3Ais011 

Y1Gas011 

Gd1Gas0u 

Refractive index 

n(1064)=1.72 

n(I064)=1.83 

n(1064)=1.81 

n(1064)=1.96-1.99 

n(?)=2.6 

n(1064)=1.75 
n(589)= I. 77 

n(1064)=1.96 

n(1064)=1.92 

n(1064)=1.96 

n(1064)=1.53-I 54 
n(1 064)= 1.53 1.54 

n(1064)=1.45 
n(589)=1.46 
n(636)=1.46 

n(530)=2.00 2 11 

n(1064)=2.48 
n(1 064 )=2.4R 

n(l 064)=2.12 

n(633)=2.26 

n(I064)=2.25 

n(1064)=1.73 
n(589)=1.74 

n(1064)=1.72 

n(1064)=1.48-1.64 

n(1 064)= 1.89-1.91 

n(l 064)=2.3 I 

n(633)=1.63 

n(1064)= 1.93 

n(1064)=1.82 
n( 589)= 1.84 

n(1064)=1.91 

n(1064)=1.95 

2.9 

10 

9.8 

48-53 

1400 

2.2-2.4 
2.0 

12 

11 

9.4 

1.8-2.0 
3.8 

1.3 
1.5 
2.8 

500 

150 
310 

13 

39 

69 

2.8 
1.5 

2.7 

1.3-1.9 

8.4-11 

66 

0.46 

7.0 

5.2 
6.2 

11 

12 

Method of 
measurement 

TWM (1064)• 

1WM (1064) 

TWM (1064) 

TWM (1064) 

01-WM (1064)•• 

'lW M ( 1064) 
TRI (1064)••• 

TWM (1064) 

TWM (1064) 

1WM (1064) 

'lW M (1 064) 
TIIG (1907)• • • • 

TWM (1064) 
TRI (1064} 
ll!G (1907) 

TI IG (1064) 

TWM (1064} 
DI.WM (1064) 

1WM (1064) 

TRI (R40} 

TWM (1064} 

'IWM (1064) 
TRI (1064} 

1WM (1064} 

1WM (1064) 

1WM (1064) 

'JWM (1064) 

TIIG (1054} 

1WM (1064) 

1WM (1064) 
TRJ (1064) 

1WM (1064) 

'IWM (1064) 

References 

16 

16 

16 

16 

5,15 

16 
23 

16 

16 

16 

16 
24 

16 
23 
::?.S 

26 

16 
5,15 

16 

27 

16 

16 
23 

16 

16 

16 

16 

28 

16 

16 
23 

16 

16 

The number in parentheses denote'> wavelength in nm unit., •: Nearly degenerate thre;e-~ave mixin~. 
••: Degenerate four-wave mixing, •••: Time- resolved interferometry, • • ••: 11urd- harmontc 
generation 
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near-infrared fundamental lights by means of various techniques. [5, 15, 16, 

23-28) 

There arc known several empirical and theoretical models to predict xm 

in terms of lmcar optical properties. 

In the visible and near-infrared region, i.e. far from rcsonanccs, linear 

and third order nonlincar optical susceptibilities arc related to each other by 

Miller's rule (29, 30] 

(6-a) 

and 

(6-b) 

It should be noted that this empirical equation can be used for any types of 

xm such as xC3>( -3w;w,w,w) and xC3>( -w;w,w,-w) if one considers dependence 

of x(3>(-w4;wl,w 2, w1) on frequencies of interacting lights. This prediction 

suggests that materials with high refractive index have a high third-order 

nonlincar optical susceptibility, in accordance with more complicated Soling's 

empirical equation in this respect [31]. 

One can expect that enhancement in xC3> occurs when any frequency of 

the interacting lights approaches that of a one-, two- or three-photon 

resonance as in the case shown in Figure 1 as follows: [32] 

v<J>(-3w,·'-','·','·') oc N ~ p(g)~('·')A A A A (esu) 
"- w w ....., 3 L.,.; .r l ....., ugnunm ~4mn1~4n1g • 

}) gnmn' (7-a) 
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n' 

---- -- --------
w 

---- - ~--- -----
m 

w 3 w 
n 

-~---

w 

n 
a ••••• • •••••••••••••••••••••••• a •••••••• I g 

Fig. 1. Schematic representation of third-harmonic generation process. Solid, 

broken and dotted lines represent exited, virtual and ground states, 

respective! y. 
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and 

(7-b) 

F(w) 1 
--~--------------- +~------------------

(£118 3w)(E1116 - 2w)(En'g- w) (E +w)(E - 2w)(E 1 - w) ng mg ng 
+ 1 + 1 

(Eng +w)(Emg +2w)(En'g - w) (Eng +w)(Emg +2w)(En'g +3w) ' 

1 

where p(g), E;1 and Q,1 arc the density matrix element of fundamental state 
' 

the energy difference between states i and j in r, (=h/2.n, h: Planck's constant) 

units and the transition matrix elements, respectively. Some transition metal 

oxides show d electron- derived spectra in the visible region. Therefore, it is 

expected that Xc:~> may be enhanced by three- photon resonance or near three­

photon rcc.;onancc at 633 nm in this study using near-infrared fundamental 

light at 1900 nm. 

Transition metal oxides arc considered to be promising nonlincar optical 

materials, because most of them meet the above requirements. However, the 
(J) f t . . l . 

X o ransJtiOn m eta OXIdes has not been measured so far except x C3>(-

w;w ,w,- w) of ZnO, Y20 3, Ti02 and Zr02 as shown in Table 2, because most 

of transition metal oxides arc not commercially available in the form of single 

crystal. Therefore, transparent polycrystallinc films arc used in this study. 

A number of film fabrication techniques such as sol-gel technique, 

vacuum deposition, sputtering and chemical vapor deposition (CVD) arc 

known. Since the sol- gel method is advantageous for preparing optically 

transparent oriented and unoricntcd polycrystalline and amorphous thin films 

because of low processing temperature, easy coating of large surface and 

small film thickness [33], this method is applied for preparing transparent 

polycry1-.tallinc films in this study. 

-10-

Thus, the third-order nonlincar optical properties of transition metal 

oxides thin films prepared by the sol-gel method are focused on in this stud). 

This study has been undertaken aiming at finding linear optical properties 

(refractive index and optical band gap, etc.), microscopic local structures 

(bond length, valence of cation and coordination number. etc.) and electronic 

structures determining xc3> of transition metal oxides using the TllG method. 

This thesis consists of General Introduction, five Chapters and 

Summary. 

In General Introduction, background and purpose of this study arc 

described. 

In Chapter 1, the results of the third-order nonlincar optical properties 

of Ti02 thin films arc presented. The effects of Ti02 polymorph (rutilc and 

anatasc) and porosity of the Ti02 films on x CJl arc discussed. Comparison of 

the measured x P> with the calculated x CJl for Ti02 polymorphs is given on the 

basis of three models which relate xP> to linear optical properties. The re.,ults 

of phase-matching for the THG of rutilc single crystal (11 0) arc also 

described from the viewpoint of the practical application in optical devices. 

In Chapter 2, the results of the third-order nonlincar optical properties 

of V 20 5, Nb20 5 and Ta20 5 thin films are described. The effect of the local 

structures (metal-oxygen bond length and valence of cation) on x (.ll of 

transition metal oxides with empty d orbitals is discussed in comparison with 

non-transition metal oxides. 

In Chapter 3, the results of the third-order nonlincar optical properties 

of a-Fc20 3, y-Fc20 , and Fc,0 4 thin films are presented. First, the effects of 

corundum isomorph (a-Fc20 , and a-AI20 3) on xc:~> arc described. Second, 

xc3> of iron oxides (a- Fc20 , and y-Fc20 1) is discussed in tcrmc.; of 

supcrcxchangc interaction between Fc3
• and Fc3

• ions though 0 2 ions. 
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In Chapter 4, the results of the third-order nonlinear optical properties 

of FeTi01 thin films are described. The effect of Fe ions (valence and 

coordination number) on xC3> is discussed in terms of the microscopic second­

hyperpolarizability, y. 

In Chapter 5, the results of the third-order nonlincar optical properties 

of Ph-complex perovskite thin films are presented. Comparison between 

measured and theoretical x<J> is made for complex oxides such as 

Pb(Fe112Nb1,z)03 and Pb3Nb40 1,. Here, the theoretical xC3> is calculated based 

on the sccond-hyperpolarizabilities of constituent ions which one in turn 

obtained from x<3
> of single oxides studied in Chapters 1 to 5. 

In Summary, the results of this study described in Chapters 1 to 5 are 

summarized. 
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SECTION 1.1 EFFECT OF Ti02 POLYMORPH 

(RUTILE AND ANATASE) ON x<3
> 

l. Introduction 

A material with high refractive index should exhibit a high third-order 

nonlinear optical susceptibility, x(3), on the basis of Miller's rule [1, 2]. Ti02 

is then considered to be a promising nonlinear optical (NLO) material because 

of the high refractive index more than 2.5 [3] and high transparency in the 

visible region. In fact, x(3> values of 1.5x10-12 esu and 3.1x10-12 csu for a 

Ti02 single crystal, which were measured by nearly degenerate three-wave 

mixing (TWM) [4] and degenerate four-wave mixing (DFWM) [5, 6] 

methods, respectively, have been reported. There are, however, no 

comparative studies on the third-order nonlinear optical properties of Ti02 

polymorphs except a theoretical study by Lines [7] dealing with the 

contribution of empty d orbital as well as sp orbitals to linear and nonlinear 

optical properties. 

In this section, the results of the preparation of Ti02 thin films of rutile 

and anatase phases on Si02 glass substrates by the sol-gel method and the 

third-order nonlinear optical properties investigated by the THG method arc 

presented. The effects of Ti02 polymorph (rutilc and anatasc) and porosity 

of the Ti02 films on x<3> arc discussed. For Ti02 polymorphs comparison of 

xr> between measured and calculated values are given on the basis of three 

models which relate x<3> to linear optical properties. 

2. Experimental 

2.1 Preparation of Ti02 Thin Films 

Ti02 thin films were prepared by the sol-gel method. As starting 

solutions, Ti(O~H/)4-i-~H70H-H20-HN(CH2CH20H)2 and Ti(OC3H/)4-i-

-16-

c,H,OH-H20-HNO~ solutions were selected for rutile and anatasc films, 

respectively. The chemical compositions of the solutions were 1:20:1: l and 

1:20:1:0.1 in molar ratio, respective!). The difference between these two 

solutions is whether the solution includes diethanolaminc (HN(CH2CH20HL 

DEA) or HN0
3

• In the former solution, titanium tetraisopropoxidc 

(Ti(OC
1
H/)

4
, TTIP) was first dissolved in a solution of DEA and half of a 

prescribed amount of isopropyl alcohol (i-C.~H70H). Then, the solution was 

mixed with a solution of H20 and the remainder of t- C3H,OH. For the latter 

solution, TTIP was first diluted by half of a prescribed amount of t-C3H,OH. 

Then, the solution was mixed with a solution of HN03aq containing a given 

amount of H
2
0 and the remainder of i-C3H70H. Both coating solutions were 

allowed to stand at 30 oc for 2 h prior to use. 

Dip-coating was used for film formation. A SiO glass substratc was 
. I Th 

immersed in a coating solution, and pulled up at a rate of 3 cm mm · c 

films were heated at 400, 500, 650 or 800 oc for 10 min immediately after 

each coating procedure. This cycle was repeated 10 times to attain the 

desired film thickness of -0.3 pm. To enhance the laser-induced damage 

threshold (LIDT) [8], a Si02 coating was further applied onto the Ti02 films. 

Otherwise, a part of Ti0
2 

films peeled off upon laser irradiation. In the 

present coating process, films arc formed on both surfaces of the Si02 glass 

substratc. The Ti0
2 

and additional Si02 films on one surface were removed 

afterwards to minimize the interference effect [9] of THG lights in the THG 

measurement. 

2.2 Characterization of Ti02 Thin Films 

The crystalline phases precipitated in the TiO, thin films were identified 

by X-ray diffraction method using CuKa radiation. The refractive indices 

of Ti0
2 

films were determined by an ellipsomcter in the wavelength region 

-17-



from 500 to 1 000 nm. The ellipsometry measurement also gave the film 

thickness. The absorption spectra of Ti02 films with and without additional 

SiO.! coating were measured in the wavelength region from 200 to 2000 nm 

by a UV-visible spectrophotometer. 

THG measurements of Ti02 thin films were made by means of a 

nonlinear optical measurement apparatus (Tokyo Instruments, Inc., Tokyo, 

Japan). The Q -switched Nd:YAG laser was operated at the fundamental 

wavelength of 1064 nm with a pump pulse duration of 10 ns and a peak 

power density of 200 MW cm-2
• The laser frequency at 1900 nm was 

obtained directly by stimulated Raman scattering in a high pressure hydrogen 

cell, which was excited by the Nd:YAG line at 1064 nm. The THG light at 

633 nm, which was isolated by a monochromator, was detected by a 

photomultiplier connected to a box-car integrator. The sample was mounted 

on a goniometer and rotated at 0.25° intervals from -40 to +40° by a 

computer-controlled stepper motor with respect to the axis perpendicular to 

the incident light. 

In both absorption spectrum and THG measurements, the samples were 

irradiated from the side without films. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction patterns of Ti02 thin films 

prepared from solutions containing (a) DEA and (b) HN03 by the sol-gel 

method. The crystalline phases precipitated in the sol-gel derived rutile and 

anatase thin films were identified referring to JCPDS-FILE 21-1276 

(tetragonal) and 21-1272 (tetragonal), respectively. Preferable orientation is 

not seen for rutile and anatase films. The films prepared from a solution 

containing DEA were amorphous below 500 °C, and consisted of a mixture 
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Fig. l(a). X-ray diffraction patterns of Ti02 thin films prepared from 

solutions containing DEA by the sol-gel method. 
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Fig. l(b). X-ray diffraction patterns of Ti02 thin films prepared from 

solutions containing HN03 by the sol-gel method. 
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of anatase and rutile phases at 650 oc and a single phase of rutile at 800 

oc. On the other hand, the films prepared from a solution containing HN0 1 

were crystallized into a single phase of anatase at 400 oc and no changes in 

the crystalline phase and the X-ray diffraction peak intensity were seen aboYe 

500 oc. The crystallite sizes in the Ti02 films prepared from the solutions 

containing DEA and HN03 were 40-45 nm and 35-40 nm, respectively. 

Rutilc and anatasc films which were prepared by heating at 800 oc 
were selected for measurements of various optical properties . 

3.2 Refractive Index and Optical Transmittance 

The wavelength dependencies of refractive index, n, for Ti02 thin films 

arc shown in Figure 2. It is seen that the refractive indices of both Ti02 

films decrease with increasing wavelength and the refractive index of rutile 

films is higher than that of anatasc films as well known. Figure 3 presents 

linear plots of (n2-1) 1 versus E2 for Ti02 thin films based on Wemple's 

equation [ 1 0] 

1 Eo E2 

= - ---
n2-1 Ed EoEd (1) 

where E, E0 and Ed arc the photon energy, the average oscillator energy and 

dispersion energy in eV unit, respectively. E0 and Ed arc important optical 

properties of materials (10). The refractive indices were estimated as n3w= 

2.40 at 633 nm and nw=2.27 at 1900 nm, and the coherence length, 

i?c=l.9/ [6(n3w - nw)J, was 2.3 pm for the rutile films. In a similar manner, n1w, 

nw and Re for the anatasc films were estimated as 2.29, 2.16 and 2.4 pm, 

respectively. The thickness of the Ti02 films obtained by 10 clippings was 

typically 0.30-0.35 pm. 
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Fig. 2. Wavelength dependencies of refractive index, n, for Ti02 thin films. 

-22-

0.4 

e Rutile 

• Anatase 

0.3 

...... 
I ,..-.... 
T"'" 0.2 I 

C\J 
c -

0.1 

0.0 1 2 3 4 5 6 7 
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From refractive indices, ns and nP, of single crystals [3, 11] and porous 

thin films, the porosities, p, of both Ti02 films can be estimated as follows 

[12]: 

(2-a) 

and 

(2-b) 

where n. corresponds to a radius of refractive index sphere having the same 

volume ac; that of a refractive index ellipsoid with the two n
0 

radii and one 

ne radius (o: ordinary ray, e: extraordinary ray) for uniaxial crystals such as 

rutile and anatasc. The porosities of rutilc and anatasc films were estimated 

as 22.6 and 19.9 %, respectively. 

Figure 4 shows the absorption spectra of Ti0
2 

thin films with and 

without additional Si02 coating. All spectra have a number of mountains and 

troughs arising from the interference of light. The larger amplitude of 

interference spectra of rutilc films compared with anatase films results from 

the higher refractive index of the former. It is seen that the additional Si0
2 

coating reduces the optical loss due to reflection especially in the wavelength 

region above -400 nm. The optical band gaps, E
8

, of rutile and anatase films 

were estimated to be 3.0 and 3.2 cV, respectively, corresponding to an energy 

between the conduction band, which predominantly has a Ti 3d character, and 

the 0 2p valence band [13). These values arc in good accordance with those 
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reported previously [14]. 

3.3 Evaluation of x·31 Values 

The THG intcnsitics as a function of the rotation angle arc given for (a) 

rutilc films, (h) anatasc films and (c) Si02 glass in Figure 5. The 11-IG 

intcnsit) patterns of both Ti02 films clearl) show the interference between the 

THG lights from Ti02 films and Si02 glass substrate as previously reported 

!9]. The THG intensity was obtained by the least squares method as solid 

line in Fig. 5. 

(3) 
Xjilm 

In the present study, x<3
> values were determined by the equation [15) 

n~. fillnn3r..>, filmi!.,, Si02T3r..>, Si0
2 (esu) , 

n~. Si01 n3r..>, Si02 i!.,, filmT3r..>, film 

(3) 

where I denotes the THG peak intensity. The film thickness is used for 2, 

because the film thickness is less than the coherence length. The values of 

x(3>s;o.=2.8x l0 
14 

csu and 2c.s,02=18.1 pm were used for Si02 glass as both 

standard sample and substrate (16]. 

The intensity of THG signal generated from Ti02 films was determined 

by the equation (9] 

= 
2 2 (4) 

where Imn and lm'" arc the upper and lower envelopes of the superimposed 

THG intcno;,it) pattern. The THG light from the additional Si0
2 

coating on 

the TiO, films was neglected, because the x(3>s;o, is low and the thickness of 

Si02 coating (less than - 0.2 pm) is much smaller than the coherence length. 
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Fig. 5. 11-IG intensities as a function of rotation angle for (a) rutile films, (b) 

anatase films and (c) Si02 glass. Solid curves arc computed using the 

least squares method. 
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The xCJ> values of rutilc and anatase films were determined to be 1.4x10_1z 

and 9.7x10-13 csu, respectively. Table 1 summarizes the optical properties of 

Ti02 thin films. 

The accuracy of the present THG measurement for thin fi lm samples is 

estimated to be xr> £=3x10 13 esu JliTl from the weakest THG intensity that 

can be resolved into two components of films and substrate. This value 

agrees with the value of 3x10-13 esu JliTl reported by Kubodera et at. [9]. 

4. Discussion 

Rutile [3] and anatase [11] have values of -0.3 and -0.1, respectively, 

for the birefringcncc, ~n=ne-n0• This means that Ti02 has a large optical 

anisotropy. However, m the present sol-gel derived Ti02 thin films 

crystallites arc very small in size and randomly oriented, as seen in Fig. 1, 

and so the films can be regarded as almost optically isotropic material. 

Therefore, the present analysis and interpretation concerning the refractive 

index and xC3> arc made based on the isotropic values. 

4.1 Relation between XC3l and Refractive Index, n 

It is possible to estimate xC3> of a material from refractive index, n, 

according to Miller's rule [1, 2) 

(5-a) 

and 

(5-b) 
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The xc~> value!. of 1.2x10"12 and 7.3x10-13 esu, which arc predicted by Miller's 

rule for rutilc and anatasc thin films, respectively, as in the third row of Table 

2, arc in good accordance with the measured x f.l> values, 1.4x10-12 and 

9.7x 10 " esu, as in the first row. 

Since the present sol-gel derived Ti02 thin films arc porous in nature, 

it is of essence to estimate the x0> dense values of hypothetical dense films 

corrected for porosity, p. This can be accomplished by combining Eqs. (2) 

and (5) as follows: 

(3) 
'XtU.nse 

(3) ~ 100 )
4 

'Xpcro (esu) . 
lOO-p (6) 

The xc~>dcn-c values of 4.0x 10-12 and 2.4x10-12 esu for rutile and anatasc dense 

films, respectively, as in the second row of Table 2 arc - 100 times as high 

as x(3> of Si02 glass as standard sample, 2.8x10 14 esu. The x (3> dense value of 

rutile is in reasonable accordance with x f.l>(-w;w,<.&>,-<.&>) of 1.5x10-12 esu 

(TWM) (4] and 3.1x10 12 esu (DFWM) [5, 6] reported previously if one 

assumes that the x<J>( - <.&>;<.&>,<.&>,-<.&>) corresponds to x (3>( -3w;w,w,<.&>) obtained by the 

THG method. 

Figure 6 shows a relation between x<3> and refractive index, n .. , at 1900 

nm for Ti02 thin films and other nonlinear optical materials reported so far 

115- 22 J. It is seen that inorganic materials with high refractive index 

inherently exhibit high optical nonlinearity. 

The x <J> values of organic polymers such as polydiacetylene (PDA) [20) 

and poly(2,5-dimethoxy p-phenylene vinylene) (MO-PPY) [21) deviate from 

the relation to a considerable extent, due to the enhancement by the so-called 

three- photon resonance or near three-photon resonance (23). Since the 

measured x0 > includes the significant contribution of the imaginary part, there 
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Table 2. Comparison of the measured x f.l> with the calculated x<J> for Ti02 

thin films on the basis of three models. 

x (3> 1 esu 

Rutilc Anatase 

Measured value (porous) 1.4x10-12 9.7x10 11 

Corrected value (dense) 4.0x10-12 2.4xl0 12 

Miller's rule (porous) 1.2x10-12 7.3xHl" 11 

Miller's rule (dense) 3.4x 10"12 2.1 x10"12 

Band gap model 3.4x10-12 2.3xl0"12 

Lines' model (porous) 2.3x10-12 1.7 x 10 12 

Lines' model (dense) 4.7x10-12 2.7x10 12 
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Fig. 6. Relation between xCl> and refractive index, n.,, for Ti01 thin films together with other NLO 

materials. Circles, triangles and squares denote inorganic crystals, inorganic amorphous 

materials and organic materials, respectively. Oosed circles are the data measured in the 

present "udy Letter; of r, a. d and p in parentheses denote rutile, anatase, dense and porous, 

respectively PDA: polydiacctylene, MO-PPV: poly(2,5-dimethoxy p-phenylene vinylene). 
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are no simple relations between xm and refractive index for these organic 

materials, that is, Miller's rule does not hold. 

4.2 Relation between x01 and Optical Band Gap, E
11 

One can expect that an enhancement in x0>(-3<.t>;<.t>,<.t>,<.t>) occurs when in 

a material a frequency of interacting light approaches either one of one-, 

two- or three-photon resonance frequencies according to the relation (23] 

(7-a) 

and 

1 1 
F(<.t>) = ----------+---------

(£111 -3<.t>)(E""
8 
- 2<.t>)(E

11
,
8 

-<.t>) (E118 +<.t>)(Emg -2<.t>)(En'g -<.t>) 
1 1 

+--------------+ ' 
(E +<.t>)(E +2<.t>)(E I -<.t>) (E +<.t>)(E +2<.t>)(E 'g+3<.t>) ng mg 11 g ng mg n 

(7-b) 

where p(g), Eii and Qii arc the density matrix clement of fundamental state, 

the energy difference between states i and j in 'h (=h/27r, h: Planck's constant) 

unit and the transition matrix elements between states i and j, respectively. 

For materials having optical band gap, Eg, higher than three-photon energy, 

3<.t>, the three-photon resonance makes the greatest contribution to the 

enhancement of x(3>. Then, to a good approximation, the most significant 

term due to the three-photon resonance in Eq. (7) may be expressed as 

follows: 
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A 
--------- (esu) (E

8
>1.96) , 

(E
8 
-1.96)(£

8 
-1.31)(£

8 
-0.65) (8) 

where A i~ the phenomenological constant. 

Figure 7 gh·cs a relation between x(3> and optical band gap, Eg, for Ti02 

thin films and other nonlinear optical materials shown in Fig. 6. In Fig. 7, 

for organic materials the absorption edge of exciton absorption is used instead 

of E
11

• Taking into account that Eg should not depend on the porosity, the 

corrected xf.l> values for Ti02 thin films are plotted as a function of Eg. In 

this figure, the x<3> values of these materials show a clear tendency to increase 

asymptotically as the E& approaches 1.96 eV corresponding to the photon 

energy of THG signal. This change obeys Eq. (8) when the parameter, A, 

takes a value of 1.4xl0 11
• From this equation, x(3> values were estimated to 

he 1.4x10 12 and 2.3x10 12 csu for rutile and anatase, respectively, as in the 

fifth row of Table 2, which arc also in good accordance with the corrected x<3> 

values, 4.0x10 12 and 2.4xl0-12 esu, as in the second row. 

4.3 Calculation of x01 Based on Lines' Model 

Lines introduced a bond-orbital theory dealing with the contribution of 

empty d orbital in addition to sp orbitals to linear and nonlinear optical 

properties, giving the following equation to estimate x(3) [7, 24): 

2.5 x 10 12 ~(n: - llfrE~ 
-------- (esu) , 

31t[Ei-E2]4 
(9) 

where eb denOtes the bond length between cation and anion, fL =(nw 2+2)/3 the 

Lorentz local-field correction factor, Es the Scllmcicr gap which is in practice 
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equal to the average oscillator energy, E0, in Eq. (1). From Eq. (9), one can 

obtain xm values of 4.7xl0-12 and 2.7x10-12 esu for rutile and anatase dense 

films, respectively, as in the seventh row of Table 2, which are in good 

accordance with the corrected values, 4.0x10-12 and 2.4x10-12 esu, as in the 

second row. 

Therefore, the much higher x(3) values of both Ti02 polymorphs 

compared with Si02 glass can be ascribed to the higher refractive index and 

the narrower optical band gap or Sellmeier gap of the former, which all result 

from the significant contribution of Ti 3d orbital due to the large p-d 

overlapping caused by the short Ti-0 bond length of 0.195-0.196 nm [25). 

4.4 Comparison of x(3> between Rutile and Anatase 

The difference in crystal structure between two Ti02 polymorphs is that 

the two edges shared Ti06 octahedra form straight chains in rutile, as distinct 

from the zigzag chains consisting of four edges shared Ti06 octahedra in 

anatase as seen from Figure 8. A band structure calculation reveals that the 

straight chains of Ti06 octahedra in rutile give rise to two important results 

of the broader t2g part of Ti 3d conduction band which lies around -9.5 eV 

of the density of states (DOS), and the higher DOS around the bottom of the 

conduction band compared with anatase (Figure 9) (25]. On the other hand, 

the noticeable difference in 0 2p valence band around -15.5 eV between both 

Ti02 polymorphs is not seen. The broader conduction band explains the 

narrower optical band gap, and the higher refractive index due to the higher 

optical transition probability of rutile than that of anatasc. The higher DOS 

around the bottom of conduction band also gives rise to the higher optical 

transition probability of rutile compared with anatase. In fact, it has been 

reported that the optical transition between 0 2p valence band and Ti 3d 

conduction band is direct for rutile, whereas it is indirect fo r anatase [26]. 
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Since the THG process requires the same parity as linear optical transition, 

the higher F( w) and Q,, in Eq. (7) resulting from the characteristic DOS of 

rutile is considered to be responsible for the slightly higher x.(3) value of rutile 

compared with anatase. 

5. Conclusion 

In this section, the third-order nonlinear optical properties of the sol­

gel derived Ti02 thin films of rutile and anatase phases have been 

investigated by the THG method. Chiefly, the effects of Ti02 polymorph 

(rutilc and anatase) and porosity on x.(3) has been examined. The following 

results were obtained. 

(1) The measured x.<3
) values of rutile and anatase thin films were 

1.4x10 12 and 9.7x10 13 esu, respectively. The x. CJ> values corrected for 

porosity were 4.0x10 12 (rutile) and 2.4x10-12 esu (anatase), which arc -100 

times as high as that of Si02 glass. 

(2) The much higher x. CJ> values of both Ti02 polymorphs compared 

with Si02 glass were ascribed to the higher refractive index and the narrower 

optical band gap of the former due to the significant contribution of Ti 3d 

orbital as a result of the large p-d overlapping caused by the short Ti-0 bond 

length of 0.195-0.196 nm. 

(3) The slightly higher x.(3) value of rutile compared with anatase was 

also attributed to the higher refractive index and the narrower optical band 

gap of the former, which both possibly arise from the broader Ti 3d 

conduction band as a result of the formation of the straight chains of Ti06 

octahedra in rutile, as distinct from the zigzag chains of Ti06 octahedra in 

anatasc. 
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SECTION 1.2 PHASE-MATCHING OF RUTILE 

SINGLE CRYSTAL 

1. Introduction 

In Section 1.1, it was presented that Ti 0 2 has high xm of 1 0 t2 esu. In 

order to take efficiently the THG light out of the Ti02, phase matching 

between fundamental and THG waves generated from Ti0 2 arc necessary. 

In this section, the results of phase-matching for the THG of rutile 

single crystal (110) arc described from the viewpoint of the practical 

application in optical devices. 

2. Experimental 

2.1 Rutile Single Crystal 

Rutile single crystal (110) was obtained from Scimarcc Co., Ltd. The 

sample of 740 pm in thickness was used for the measurements. 

2.2 Phase-Matching of Rutile Single Crystal 

THG measurements of rutile single crystal (110) were made by means 

of a nonlinear optical measurement apparatus (Tokyo Instruments, Inc., 

Tokyo, Japan). For phase-matching rutile single crystal (110) was mounted 

in such way that the optic axis (z or c-axis) is perpendicular to the rotation 

axis. 

3. Results 

The THG intensity of rutilc single crystal (11 0) relative to Si02 glass 

as a function of rotation angle is shown in Figure 1. A drastic increase in 

THG intensity is observed at -±40 °, the peak intensity being -1.7xl 05 times 

as high as the nonphase-matched THG intensity of Si02 glass. The THG 
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Fig. 1. THG intensity as a function of rotation angle for rutile (110) single 

crystal. 
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light at 633 nm is so intense that one can see the red light by C) cs. 

4. Discussion 

A technique that is used widely to satisfy the phase- matching 

requirement, n.., =n3.., , makes use of the natural birefringence of anisotropic 

crystals. ln rutile single crystal, the wavelength dependence of refractive 

index for ordinary and extraordinary rays in nm unit is given b) ( 1) 

2 
= 5.913 + 

2 .441x10S 
no 

A 2 - 0.803x10s (1- a) 

and 

2 
= 7.197 + 

3.322x 10S 
ne 

A 2 - 0.843x10S (1- h) 

Figure 2 represents these relations. It should be noted that the refractive 

index for extraordinary ray depends on the angle, 4>, between the propagation 

vector of light and the crystal optic axis (z or c axis) and varies from ne 

( 4>=0)=n
0 

to ne( 4>=90)=ne (Figure 3) according to the next relation [2] 

(2) 

It is seen from the Figs. 2 and 3 that the so-called Type l phase- matching 

[3], in which three incident lights of all e rays at w arc converted to THG 

light of an o ray, can be achieved at ne,..,(4>J=n0 .3.., for positive (ne>n0 ) uniaxial 
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rutilc crystal. Therefore, the phase-matching angle, 4>m, is determined by the 

next equation 

(3) 

Solving for 4>m 

=sin-1 2.584 2-2.446-2 
= 49.6 ° . (4) 

The relation between incident angle, fJ, and 4> in the THG measurement is 

given from Fig. 3 as follows 

(5) 

Therefore, phase-matching can be attained at fJm=40.4 o in good accordance 

with the values at fJm=39.7 o experimentally determined by the least squares 

fitting [2] of the next relation 

13w, no
2 

= Bsin2 [C(6 - 6m)] 

l3w, sio
2 

[C(6 - em)]2 (6) 

where B and C arc the fitting parameters. 

The \'cry strong THG light from rutilc single crystal is based on the 

high x(3> and transparency in the visible and near infrared wavelength region, 

proving that Ti02 is one of the most promising nonlinear optical materials. 
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S. Conclusion 

In this section, phase- matching for the THG of rutile single crystal 

(110) have been investigated. As a result, third-harmonic generation with a 

visible red light was clearly observed, indicating that Ti02 is one of the most 

promising NLO materials. 
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CHAPTER 2. THIRD-ORDER NONLINEAR 

OPTICAL PROPERTIES OF V20 5, Nb20 5 AND Ta20 5 

THIN FILMS 

1. Introduction 

As described in Chapter 1, the third-order nonlinear optical 

susceptibilities, x'3>, of transition metal oxides with the high refractive index, 

such as Ti02, were on the order of 10-12 esu, which is higher than that of 

Si02 glass by two orders of magnitude. This was ascribed to the high 

refractive index of transition metal oxides on the basis of Miller1S rule [1, 2] 

which predicts that a material with the high refractive index shows the high 

xC3>. On the other hand, the resonance or near-resonance effect is also an 

important factor determining xC3>. In fact, x(J) increases asymptotically, as the 

optical band gap approaches the three- photon energy as stated in Chapter 1. 

Transition metal oxides are considered to be the promising nonlinear optical 

(NLO) materials, because most of them can meet the above two demands. 

Since electrons in many transition metal oxides are localized at the 

metal and the nearest neighboring oxygens, the electronic spectra and even 

magnetic properties can be described in terms of the electronic structures of 

coordination polyhedra of metal cations (3-5]. This implies that x'3> of 

transition metal oxides can be also expressed by the local structures including 

metal-oxygen bond length and valence of metal cation. Lines [6] has dealt 

with the contribution of the empty d orbitals as well as sp orbitals to the 

linear and nonlinear optical properties based on the bond-orbital theory. 

Lines, model gives a prediction that transition metal oxides with the shortest 

average bond length, .eb, show the highest xC3>. Taking these things into 

account, V 20 5, Nb20 5 and Ta20 5 are selected as the present target materials, 
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because V 20 5 (Rb=0.183 nm) is one of transition metal oxides with the 

shortest Rb, and Nb20 5 (Rb=0.200 nm) and Ta20 5 (Rb=0.204 nm) have the 

much longer .eb than Y20 5 while these transition metals belong to the same 

YA group as vanadium. 

In this chapter, the results of preparation of V20 5, Nb
2
0

5 
and Ta

2
0

5 
thin 

films on Si02 glass substrates by the sol- gel method and the third- order 

nonlinear optical properties investigated by the THG method are described. 

The effect of the local structures (metal-oxygen bond length and valence of 

cation) on x<3
> of transition metal oxides with empty d orbitals is discussed in 

comparison with non-transition metal oxides. 

2. Experimental 

2.1 Preparation of V 20 5, Nb20 5 and Ta20 5 Thin Films 

V20 5, Nb20 5 and Ta20 5 thin films were prepared by the sol - gel method. 

As starting solutions, VO(CH(COCH3)2)2-CH30CH2CH20H- HN03, 

Nb(OC2H 5) 5-CH30CH2CH20H - H20-HN03 and Ta(OC2H 5) 5 -

CH30CH2CH20H-H20 - HN03 solutions were selected for Y20 5, Nb20 5 and 

Ta20 5 films, respectively. The chemical compositions of the solutions were 

1:50:1, 1:15:1.5:0.1 and 1:20:1.5:0.1 in molar ratio, respectively. In Y20 5 

solution, vanadium oxyacetylacetonate (VO(CH(COCH3)2)~ was dissolved in 

a solution of 2- methoxyethanol (CH30CH2CH20H) and HN03aq ( - 15 N). 

For Nb20 5 (or Ta20 5) solution, niobium pentaethoxide (Nb(OC2H5) 5) (or 

tantalum pentaethoxide (Ta(OC2H5) 5)) was first diluted by half of a prescribed 

amount of CH30CH2CH20H. Then, the solution was mixed with a solution 

of HN03aq containing a given amount of H20 and the remainder of 

CH30CH2CH20H. V20 5 and Nb20 5 (or Ta20 5) coating solutions were 

allowed to stand at 60 and 30 oc for 2 h prior to use, respectively. 
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Dip-coating was used for the film formation. A Si02 glass substrate 

was immersed in a coating solution, and pulled up at a rate of 3 cm min-1
• 

The films were heated at 500 and 800 °C for 10 min immediately after each 

coating procedure for V20 5 and Nb20 5 (or Ta20 5) , respectively. This cycle 

was repeated 6 and 15 times to attain the desired film thickness for V 20 5, and 

Nh20 5 (or Ta20 5) , respectively. 

2.2 Characterization of V20 5, Nb20 5 and Ta20 5 Thin Films 

For reason mentioned in Chapter 1, an Si02 coating was further applied 

onto the V 20 5, Nb20 5 and Ta20 5 films and then the V 20 5, Nb20 5 and Taz05 

and additional Si02 films on one face were removed. These films were 

characterized by X-ray diffraction, ellipsometry, UV-visiblc 

spectrophotometry and THG measurements as gone into details in Chapter 1. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction patterns of (a) V20 5, (b) Nb20 5 

and (c) Ta20 5 thin films prepared by the sol-gel method. The crystalline 

phases precipitated in the sol-gel derived V 20 5, Nb20 5 and Ta20 5 thin films 

were identified referring to JCPDS-FILE 41-1426 (orthorhombic), 27-1003 

( orthorhombic) and 18-1304 (hexagonal), respectively. Preferable orientation 

along the (001) plane is seen for V20 5 films while not for Nb20 5 and Ta
2
0

5 

films. The crystallite sizes in the V20 5, Nb20 5 and Ta20 5 films were -40, 

-45 and -20 nm, respectively. 

3.2 Refractive Index and Optical Transmittance 

The waYelength dependencies of refractive index, n, for V 
2
0

5
, Nb

2
0

5 

and Ta20 5 thin films arc shown in Figure 2. It is seen that the refractive 

indices of V 20 5, Nb20 5 and Ta20 5 films decrease with increasing wavelength 
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Fig. 1(a). X-ray diffraction pattern of V20 5 thin films prepared by the sol­

gel method. 
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Fig. l(b). X-ray diffraction pattern of Nb20 5 thin films prepared by the sol­

gel method. 

-54-

I I I I 

• • Ta20 5 -Cl) 
.~ 
c 
::J • .0 .._ 
eo -
.£ 
Cl) 

c -Q) ..- - . ~ -0 ....... 0 0 C\1 c 0 0 • g 
~,- \...:s ,.-

........... ......___ 

I I I I I 

20 30 40 50 

2 fJ I deg 
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as well known. Figure 3 presents the linear plots of ( n2-1 t' versus E2 for 

V20 5, Nb20 5 and Ta20 5 thin films bac.;ed on Wcmple's equation [9] 

1 Eo Ez 
= -- ' n2-1 Ed EoEd (1) 

where E, E0 and Ed are the photon energy, the average oscillator energy and 

dispersion energy in eV unit, respectively. E0 and Ed arc important optical 

properties of materials [9]. The refractive indices were estimated as nlw=2.59 

at 633 nm and nw=2.31 at 1900 nm, and the coherence length, .ec=1.9/j6(nlw­

nw)], was 1.1 pm for V20 5 films. In a similar manner, n~w• ne.~ and Re for 

Nb20 5 films were estimated as 2.20, 2.12 and 3.6, and for Ta20 5 films 2.09, 

2.03 and 6.1 pm, respectively. The thickness of the V
2
0

5
, Nb

2
0

5 
and Ta

2
0

5 

films obtained by 6, 15 and 15 clippings was 0.08, 0.74 and 0.57 11m, 

respectively. 

Figure 4 shows the absorption spectra of V
2
0

5
, Nb

2
0

5 
and Ta .. ::0

5 
thin 

films with and without additional Si02 coating. All spectra have a number 

of mountains and troughs arising from the interference of light. It is seen that 

the additional Si02 coating reduces the optical loss due to the reflection, 

especially in the wavelength region above -500 nm. The optical band gaps, 

E8, of V20 5, Nb20 5 and Ta20 5 films were estimated to be 2.5, 3.2 and 4.2 eV, 

respectively. 

3.3 Evaluation of x(J> Values 

The THG intensities as a function of the rotation angle for (a) V
2
0 5 

fi lms, (b) Nb20 5 films, (c) Ta20 5 fi lms and (d) Si02 glass arc given in Figure 

5. The THG intensity patterns of V20 5, Nb20 5 and Ta20 5 films clearly show 

the interference between the THG lights from V 20 5 (or Nb20 5 and Ta
2
0

5
) 
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films and Si02 glass substrate as previously reported [8]. The THG 

intcnsitics were obtained by the least squares method as solid curves in Fig. 

5. 

(3) 
Xjilm 

In the present study, x0
> was determined by the equation [10] 

(2) 

where I denotes the THG peak intensity, £ the film thickness and T the 

transmittance. The values of x(3>si<n=2.8x10-14 csu and £c.sio
1
=18.1 f.Jm were 

used for Si02 glass as both standard sample and substrate Ill]. 

The intcnsitics of the THG signals generated from V 20 5, Nb20 5 and 

Ta20 5 films were determined by the equation [8] 

I +I . ISiO max mm _ __ 2 

2 2 

I +I . l__L_M~ 
max nun .,. .. ,.,"""' 

2 2 (3) 

where Imn and Im1n arc the upper and lower envelopes of the superimposed 

THG intensity pattern, respectively. The THG light from the additional Si02 

coating on V20 5 (or Nb20 5 and Ta20 5) films was neglected, because x'\,n, 
itself is very small and moreover the thickness of Si02 coating (less than - 0.2 

,urn) is much smaller than the coherence length. The x<3
> values of V 20 5, 

Nb20 5 and Ta20 5 films were determined to be 1.1 x 10 11
, 1.3 x 10 12 and 

6.1 xl0-13 esu, respectively. Table 1 summarizes the optical properties of 

V 20 5, Nb20 5 and Ta20 5 thin films. 
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4. Discussion 

4.1 Relation between Xr3> and Refractive Index, n 

It is possible to estimate xm of a material from refractive index, n, 

according to Miller's rule (1, 2] 

(4-a) 

and 

(4-b) 

The xr> values of 1.4x10-12
, 5.9xl0-'3 and 3.9x10- 11 esu, which arc predicted 

by Miller's rule for V20 5, Nb20 5 and Ta20 5 thin films, respectively, as in the 

second row of Table 2, arc not in good accordance with the measured ones, 

1.1 x lo-'1, 1.3x10-12 and 6.1 xlO 13 esu, as in the first row. 

Figure 6 shows a relation between xC3> and refractive index, n .... , at 1900 

nm for V20 5, Nb20 5 and Ta20 5 thin films together with other NLO materials 

reported so far [10-17). There is seen a clear tendency that inorganic 

materials with the high refractive index inherently exhibit the high x(3>. 

xC3> of organic polymers such as polydiacetylene (PDA) [15] and 

poly(2,5-dimethoxy p-phenylene viny lene) (MO-PPV) (16] deviates from the 

relation to a considerable extent due to the enhancement by the so-called 

three-photon resonance or near three-photon resonance [ 18 j. In such case, 

x<3> is complex and there arc no simple relations between xCJ> and refractive 

index, that is, Miller's rule no longer holds. 
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Table 2. Comparison of the measured x(3> with the calculated x<3> for v 0 
2 S• 

Nb20s and Ta20 5 thin films on the basis of three models. 

x<3> 1 esu 

V20 s Nb20 S Ta20 5 

Measured value 1.1 xl0-11 1.3x10-12 6.lx10-13 

Miller's rule 1.4xl0-12 5.9x10-'3 3.9x10-13 

Band gap model 1.2x10-11 2.3x10-12 6.1 xl0-13 

Lines' model 4.3x10-12 l.lxlO 12 5.7x10-13 
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4.2 Relation between x0 > a nd Optical Band Gap, Eg 

One can expect that an enhancement in x(3)(- 3w;w,w,w) occurs when a 

frequency of interacting light approaches either one of one-, two- or three­

photon resonance frequency according to the relation (18] 

(5-a) 

and 

F(w) 1 ---------------------+-------------------
(Eng 3w)(£

1918 
-2w)(En'g -w) (Eng +w)(Emg -2w)(En'g -w) 

1 

1 1 
+ + ' 

(Eng +w)(Emg +2w)(En'g -w) (Eng +w)(Emg +2w)(En'g +3w) 
(5-b) 

where p(g), E;J and Qij arc the density matrix clement of fundamental state, 

the energy difference between states i and j in 'h (=h/2n, h: Planck's constant) 

unit and the transition matrix elements between states i and j, respective! y. 

For materials having optical band gap, E
8

, higher than three-photon energy, 

3'hw, the three-photon resonance makes the greatest contribution to the 

enhancement of x<J). Then, to a good approximation, the most significant 

term due to the three-photon resonance in Eq. (5) may be expressed as 

follows: 

(6) 
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where A is the phcnomcnological constant. 

Figure 7 gives a relation between x<J) and optical band gap, E
8

, for 

V 20 5, Nb20 5 and Ta20 5 thin films together with NLO materials shown in Fig. 

6. In Fig. 7, the absorption edge of cxciton absorption for some materials is 

used instead of E8. It is clear from Fig. 7 that x (3) of these materials increases 

asymptotically as the E8 approaches 1.96 eV corresponding to the three­

photon energy. This change obeys Eq. (6) when the parameter, A, takes a 

value of 1.4x10-11
• From Eq. (6), the x f.!) values were estimated to be 1.2x10-

11' 2.3 X w-12 and 6.1 X w-n esu for V 20 5, Nb205 and Ta20 5, respective! y' as in 

the third row of Table 2, which arc in excellent accordance with the measured 

ones, l.lxl0-11
, 1.3x10-12 and 6.lxlo-n csu, as in the first row. 

4.3 Calculation of x<3> Based on Lines' Model 

Lines introduced a bond-orbital theory to deal with the contribution of 

the empty d orbitals in addition to ~p orbitals to the linear and nonlinear 

optical properties, giving the following equation to estimate x(J) (6, 19): 

(7) 

where .eb denotes the average bond length, fL =(n.., 2+2)/3 the Lorcntz local- field 

correction factor, Es the Scllmcicr gap which is in practice equal to the 

average oscillator energy, E0, in Eq. (1). It is known that EjE8 is - 2 over a 

wide range of insulators and semiconductors with Es 2: 4 eV. [20) From Eq. 

(7), one can obtain the x<3> values of 4.3x10-12, 1.1x10 12 and 5.7x10 11 esu 

for V 20 5, Nb20 5 and Ta20 5 films, respectively, as in the fourth row of Table 

2, which are in reasonable accordance with the measured ones, 1.1 x 10 11
, 

1.3x10-12 and 6.lx10-13 esu, as in the second row. 
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Figure 8 shows the comparison of the measured x0->(meas.) with the 

calculated xm( calc.) on the basis of three models for NLO materials cited in 

Figs. 6 and 7. It is obvious that the consistency between them increases in 

the order: 

Miller's rule < band gap model < Lines' model. 

This means that x(3) of a material depends on the optical band gap rather than 

the refractive index, if one takes into consideration that Miller's rule, band 

gap model and Lines' model deal with n, Es, and both E~ (or Eg) and n, 

respectively. 

4.4 Effect of Metal-Oxygen Bond Length on x<3
> of Transition Metal 

and Non-Transition Metal Oxides 

Relations between Sellmeier gap, E5, and bond length, eb, for transition 

metal (T.M.) and non-transition metal oxides arc shown in Figure 9-(a). [ 6, 

9] In non-transition metal oxides, E5 increases with decreasing eb, which can 

be interpreted in terms of the electronic repulsion between the bonding and 

antibonding orbitals. On the contrary, Es of transition metal oxides decreases 

almost linearly with decreasing .eb according to the equation [6]: 

Es = 15(~b - 1.6) (eJI). (8) 

This phenomenon can be explained by considering that overlapping between 

the empty d orbitals of transition metal and 0 2p orbitals, <dIp>, becomes 

large with decreasing .eb, and Es is dominated by the resultant broadening of 

both conduction and valence bands rather than the electronic repulsion 

between the bonding and antibonding orbitals. (6] It is also seen from Fig. 

9-(a) that the influence of the metal-oxygen bond length on Es of transition 

metal oxides is much larger than that of the valence and coordination number 

of metal cation. 
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Relations between refractive index, n~.~ , and Rb for oxides plotted in Fig. 

9-(b) arc given. f 6, 9] For non- transition metal oxides, n decreases with an 

decrease of £11 while n of transition metal oxides increases with an decrease 

of .eb. 

Figure 9- (c) shows relations between x<3>(calc.) calculated from Eq. (7) 

and Rb for oxides plotted in Figs. 9-(a) and 9-(b). Es of Sc20 3, Hf02, Zr02, 

Y20 1 , Cc02 and La20 3 was calculated from Eq. (8). It is expected from Fig. 

9- (c) that transition metal oxides with the shortest .eb show the highest xC3> 

while non- transition metal oxides with the longest .eb do the highest X(3)· This 

is attributed to the fact that xC3> of a material is enhanced by the optical band 

gap (or Sellmeier gap) close to the resonance photon energy and the high 

refractive index, which can be achieved by the shortest and longest Rb for 

transition metal and non-transition metal oxides, respectively. 

In fact, the x<3> values of V20 5, Nb20 5 and Ta20 5 thin films were 

1.1 xlO 11
, 1.3x10-12 and 6.lx10 13 esu, respectively, which corresponds to an 

increase of the average bond length in the order of Y-0 (£b=0.183 nm), Nb-

0 (2b=0.200 nm) and Ta-0 (Rb=0.204 nm). The relation also applies to Ti02 

polymorphs (x(3>=4.0x10 12 esu, £b=0.196 nm for rutile: xC3>=2.4xl0-12 esu, 

211=0.195 nm for anatase) with different valence of metal cation. The results 

indicate that xm of these transition metal oxides with the empty d orbitals is 

dominated mainly by the metal-oxygen bond length rather than the valence 

of metal cation. However, it should be noted that the shortest bond length in 

coordination polyhedra of transition metal cations does not always contribute 

to the enhancement of X(3)· As mentioned above, x<3> of rutile is higher than 

that of anatase. In both Ti02 polymorphs, the average bond lengths arc 

almost the same (0.196 nm for rutilc, 0.195 nm for anatase) and the shortest 

bond length in the former is smaller than that in the latter (0.195 nm for 

rutile, 0.193 nm for anatase ). The presence of the shortest bond length, or the 
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low symmetry of coordination polyhedra of metal cations may reduce the 

overlapping between d orbitals of transition metal and 0 2p orbitals. 

Lines states that the contribution of d orbitals to the linear and nonlinear 

optical properties is negligible for eb > 0.23 nm, but it increases rapidly for 

.eb < 0.20 nm. [6] In fact, x (3) of transition metal oxides seems to be much 

higher than those of non-transition metal oxides especially, for .eb < 0.20 nm 

as clearly seen from Fig. 9-(c). Therefore, compounds including small 

transition metals and large non-transition metals such as Ph- containing 

perovskitcs arc also considered to be promising NLO materials, for which 

preparation and characterization arc on the way in this laboratory. 

5. Conclusion 

In this chapter, the third-order nonlincar optical properties of the sol­

gel derived V 20 5, Nb20 5 and Ta20 5 thin films have been investigated by the 

THG method. Mainly, the effect of the local structures (metal-oxygen bond 

length and valence of cation) on x<3) of transition metal oxides with empty d 

orbitals have been examined in comparison with non- transition metal oxides. 

The following results were obtained. 

(1) The x(3) values of V 20 5, Nb20 5 and Ta20 5 thin films arc 1.1 x 10 11
, 

1.3x10-12 and 6.lxlo-n esu, respectively, which is in reverse relation to an 

increase of the average bond length in the order of V- 0 (£b=0.183 nm) , Nb-

0 (£b=0.200 nm) and Ta-0 (£b=0.204 nm). 

(2) The above relation is also applicable to Ti02 polymorphs (x<3)=4. 

Oxl0-12 esu, .eb=0.196 nm for rutilc: x<3)=2.4xl0 12 csu, .eb=0.195 nm for 

anatase) with different valence of metal cation from the above metal cations. 

The results indicate that x<3) of these transition metal oxides with the empty 

d orbitals is dominated mainly by the metal-oxygen bond length rather than 

the valence of metal cation. 
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(3) It is predicted on the basis of Lines' model that transition metal 

oxides with the shortest £b have the highest '1.(3) while non-transition metal 

oxides with the longest £b do the highest '1.(3). 
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CHAPTER 3. THIRD-ORDER NONLINEAR 

OPTICAL PROPERTIES OF a-Fe20 3, y-Fe20 3 AND 

Fe30 4 THIN FILMS 

Section 3.1 Effect of Corundum Isomorph (a- Fc20 3 and a-Al20 3) on x<3> 
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SECTION 3.1 EFFECT OF CORUNDUM 

ISOMORPH (a- Fe20 3 AND a-AI20 3) ON x<3
) 

1. Introduction 

As presented in Chapters 1 and 2, the third- order nonlincar optical 

susceptibility, x(3>, of transition metal oxides with empty d orbitals in a form 

of thin films such as and Ti02, V 20 5, Nb20 5 and Ta20 5 is as high as 10 P to 

10-11 esu, which is higher than that of Si02 glass by t\vo to three orders of 

magnitude. As a result, it was concluded that the high x<3> of materials 

containing transition metal oxides is attributed to the high refractive index and 

the optical band gap close to the three- photon energy. Since they generally 

satisfy the above two requirements, transition metal oxides with partly filled 

d orbitals, especially, a-Fe20 3 (n-3 and E
8
- 2 eV) arc also considered to be 

promising nonlincar optical (NLO) materials. 

There have been no comparative studies on x (Jl of inorganic oxides with 

the same structure and quite different optical properties such as refractive 

index and band gap. For this purpose, a-Al20 3 was selected, which has the 

same corundum crystal structure as a - Fe20 3• 

In this section, the results of the preparation of a-Fc20 3 thin films on 

Si02 glass substratcs by the sol- gel method and the third-order nonlinear 

optical properties of a - Fe20 3 thin films and a-Al20 3 single crystal (1120) 

studied by the THG method arc presented. The effect of corundum isomorph 

(a-Fc20 3 and a-Al 20~) on xc3> is described. 

2. Experimental 

2.1 Preparation of a-Fe20 3 thin films 

a-Fe20 3 thin fi lms were prepared by the sol- gel method. Iron (Ill) 

nitrate enncahydrate (Fe(N0 3) 1·9H 20) was dissolved in a mixture of 
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2-methoxyethanol (CH30CH2 CH20H) and 2,4-pentanedione 

(CH
3
COCH

2
COCH3) and allowed to stand for 2 h at 30 oc. The molar ratios 

of 2-methoxyethanol and 2,4-pentanedione to iron nitrate enneahydrate were 

20 and 2, respectively. Dip-coating was used for film formation. A Si02 

glass substrate was immersed into a coating solution, and pulled up at a rate 

of 3 cm min-1• The films were heated at 800 °C for 10 min immediately 

after each coating procedure. This cycle was repeated 4 times to attain the 

desired film thickness. 

2.2 a-Al20 3 Single Crystal 
-

a- AI20 1 single crystal (1120) was supplied by Kyocera, Inc. The 

sample of 320 ,um in thickness was used for the measurement. 

2.3 Characterization of a-Fe20 3 Thin Films and a-Al20 3 Single Crystal 

For reason mentioned in Chapter 1, an Si02 coating was further applied 

onto the a-Fe20 3 films and then the a-Fe20 3 and additional Si02 films on 

one face were removed. a-Fe20 3 films and a-A120 3 single crystal were 

characterized by X -ray diffraction, ellipsometry, UV -visible 

spectrophotometry and THG measurements as gone into details in Chapter 1. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction pattern of a-Fe20 3 thin films 

prepared by the sol-gel method. The crystalline phase precipitated in the 

sol- gel derived a-Fe20 3 thin films was identified referring to JCPDS-FILE 

33- 0664 (hexagonal). Preferable orientation along the (001) plane is not seen 

for a-Fe20, films. The crystallite size in the a-Fe20 3 films was -35 nm. 

-80-

- • a -Fe20 3 - V 
C/) ...... 

.-t::: 0 
c ..-......... 
::J • ..0 
~ 

CO -..__.. 
0 -c IC\1 - - <0 ..- (") V IC\1 -·u; IC\1 IC\1 c:o ..- ..- I..-c ......... ..- C\1 ..-

0 - ...-
Q) - 0 ...... • • -c 

30 40 50 60 

2 e 1 deg 

Fig. 1. X-ray diffraction pattern of a-Fe20 3 thin films prepared by the sol­

gel method. 
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3.2 Refractive Index and Optical Transmittance 

The wavelength dependencies of refractive index, n, for a - Fc20 3 thin 

films and a - Al.P 1 single crystal arc shown in Figure 2. It can be seen that 

the refractive index of a -Fc20 3 films strongly depends on the wavelength in 

contra<.;t with that of a-Al20 3 single crystal which remains almost unchanged 

within the wavelength range in this measurement. Figure 3 presents the linear 

plots of (n2- 1) 1 versus E2 for a - Fe20 3 thin films and a-Al20 3 single crystal 

based on Wcmplc's equation (1] 

(1) 

where E, E0 and Ed arc the photon energy, the average oscillator energy and 

dispersion energy in cY unit, respectively. E0 and Ed arc important optical 

properties of materials [ 1]. The refractive indices were estimated as n:~(j) =3.00 

at 633 nm and n(j)""2.57 at 1900 nm, and the coherence length, .l?c=l.9/[6(n3(j)­

n(j))], was 0.7 pm for a-Fc20~ films. In a similar manner, n3..,, n.., and .ec for 

a-Al20 3 single crystal were estimated as 1.77, 1.74 and 11.3 fliT!, 

respectively. The thickness of the a-Fe20 3 films obtained by 4 dippings was 

0.07 pm. 

Figure 4 shows the absorption spectra of a-Fe20 3 thin films with and 

without additional Si02 coating and a-Al20 3 single crystal. Most spectra 

have no mountains and troughs arising from the interference of light due to 

the small film thickness. It is seen that the additional Si02 coating effectively 

reduces the optical loss due to reflection at the surface especially in the 

wavelength region above - 600 nm. The optical band gap, Eg, of a-Fe
2
0

3 

films was estimated to be 2.1 cY. E
8 

of a-Al20 3 was cited to be 7.3 cV (2], 

which is beyond the measurable wavelength region in the present study. 
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3.3 Evaluation of x13
> Values 

The THG intensitics as a function of the rotation angle for (a) a-Fe20 3 

films, (b) (J. Al"O, ~ingle crystal, (c) Si02 glass are given in Figure 5. The 

THG intensit) pattern of a -Fe20 3 films clearly shows the interference 

between the THG lights from a - Fe20 3 films and Si02 glass substrate as 

previously reported [3], while a well-defined Maker fringe pattern was not 

obtained for a-AI20 3 single crystal owing to the small sample thickness. The 

THG intensity was obtained by the least squares method as solid curve in Fig. 

5. 

(3) 
Xjilm 

In the present study, x<3> was determined by the equation [ 4] 

n!. filmn3,, film 'I!. SiOz T 3w, SiOl 
---------=-----=- (esu) , 

n!. Si0 1 n 3,, Si02 i!. filmT3w, film 

(2) 

where I denotes the THG peak intensity. The film thickness is used for £, 

because the film thickness is less than the coherence length. The values of 

x~;6,=2.8xl0 14 esu and .ec.s;o.=l8.1 pm were used for Si0 2 glass as both 

standard sample and substrate [5]. 

The intensity of THG signals generated from a-Fe20 3 fi lms was 

determined by the equation [3) 

I +I . mu mtn I +I . I SiO = max mm_ 2 

2 2 (3) 

1subsrrate 

2 2 

where l mn and Imin arc the upper and lower envelopes, respectively, of the 

superimposed THG intensity pattern. The THG light from the additional Si0
2 

coating on the a-Fc>O, films was neglected, because x~~ln itself is very small 
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Fig. 5. THG intcnsities as a function of rotation angle for (a) a-Fe20 3 films, 

(b) a-Al20 3 single crystal, (c) Si02 glass. Solid curves arc computed 

using the least squares method. 
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and moreover the thickness of Si02 coating (less than - 0.2 ,urn) is much 

smaller than the coherence length (18.1 ,urn). The X(3) values of a -Fe20 1 

films and a - AJ20 1 single crystal were determined to be 5.8x1o-u and l.OxlO 

13 esu, respectively. Table 1 summarizes the obtained optical properties of a­

Fe20 1 thin films and a-AI20 3 single crystal. 

4. Discussion 

4.1 Relation between xm and Refractive Index, n 

One can roughly predict x<3> of a material from refractive index, n, 

based on Miller's rule [ 6, 7] 

(4- a) 

and 

(4- b) 

The xP> values of 3.9xl 0 12 and 6.7xl0-14 esu, which arc predicted by Miller's 

rule for a-Fe20 3 thin films and a-A120 3, respectively, as in the second row 

of Table 2, are inconsistent with the measured ones, 5.8x10-11 and l.OxlO 13 

esu, as in the first row. 

Figure 6 shows a relation between x(3> and refractive index, n..,, at 1900 

nm for a-Fe20 3 thin films and a-A120 1 single crystal together with other 

NLO materials reported so far [4, 5, 8-13]. It is found that the a-Fe20 3 is 

one of the inorganic materials with the largest x(3> values as expected from 

generalized Miller's rule. Inorganic materials with the high refractive index 

tend to exhibit high x<3> while x(3> of organic polymers such as polydiacetylene 
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Table 2. Comparison of the measured x<3) with the calculated x<3) for a-Fe20 3 

thin films and a-Al20 3 single crystal on the basis of three models. 

x<3) I esu 

a -Fe20 3 a-Al20 3 

Measured value 5.8x10-11 l.Oxl0-13 

Miller's rule 3.9x10-12 6.7x10-14 

Band gap model 8.7x10-11 6.6x10-14 

Lines' model 1.3x10-11 6.3x10-14 
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(PDA) [11] and poly(2,5-dimethoxy p-phenylene vinylene) (MO-PPV) [12) 

deviates from Miller's rule to a considerable extent. The latter is due to the 

enhancement by the "so-called" three-photon resonance or near three-photon 

resonance [ 14]. 

4.2 Relation between x(3> and Optical Band Gap, E8 

An enhancement in x.(3)( -3w;w,w,w) occurs when a frequency of 

interacting light approaches either one of one-, two- or three-photon 

resonance frequency according to the relation [14) 

(5-a) 

and 

1 1 
F(w) = ----------+---------

(Eng -3w)(Emg - 2w)(En'g -w) (Eng +w)(Emg - 2w)(En'g - w) 

+ 1 + 1 
(Eng +w)(Emg +2w)(En'g -w) (Eng +w)(Emg +2w)(En'g +3w) ' 

(5-b) 

where p(g), E;i and Q ii are the density matrix element of fundamental state, 

the energy difference between states i and j in 'h (=h/27l, h: Planck's constant) 

unit and the transition matrix elements between states i and j, respectively. 

If the three-photon resonance is dominant in the THG process as in the case 

of optical band gap, Es, higher than three-photon energy, 3'hw, one can obtain 

the most significant term due to the three-photon resonance in Eq. (5) as 

follows: 
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(6) 

where A is the phenomenological constant and a laser light of 1900 nm (0.65 

e V) is used as incident beam. 

Figure 7 gives a relation between x.<3> and optical band gap, Es, for a­

Fe203 thin films and a-Al20 3 single crystal together with other NLO 

materials shown in Fig. 6. For some organic materials, the absorption edge 

of exciton absorption for some materials is used instead of E . It is clear g 

from Fig. 7 that x.<3> of these materials increases asymptotically as the Es 

approaches 1.96 e V corresponding to the three-photon energy in the present 

case. This change obeys Eq. (6) as shown in the figure by a solid line when 

the parameter, A, takes a value of 1.4x10-11 determined in Chapter 1. From 

Eq. (6), the x.<3> values were estimated to be 8.7x10-11 and 6.6x10-14 esu for 

a-Fe20 3 and a-AI20 3, respectively, as in the third row of Table 2, which are 

in reasonable accordance with the measured ones, 5.8x10- 11 and l.Oxl0-13 esu, 

as in the first row. 

4.3 Calculation of x. (3> Based on Lines' Model 

Recently, Lines has proposed a model dealing with the contribution of 

the empty d orbitals in addition to sp orbitals to the linear and nonlincar 

optical properties based on a bond-orbital theory as follows [15, 16]: 

(7) 
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where Rb denotes the average bond length, fL =(n~+2)/3 the Lorentz local-field 

correction factor, E5 the Sellmeier gap which is in practice equal to the 

average oscillator energy, E0, in Eq. (1). It is known that EjE
8 

is - 2 over a 

wide range of insulators and semiconductors with Es 2! 4 eV. [17] From Eq. 

(7), one can obtain the x<3> values of 1.3x10-11 and 6.3xl0-14 esu for a-Fe20 3 

films and a-Al20 3 single crystal, respectively, as in the fourth row of Table 

2, which are not in accordance with the measured ones, 5.8x10- 11 and l.Oxlo-

13 esu, as in the second row. Such large discrepancies indicate the improper 

application of Lines' model to these iron oxides with partially occupied d 

orbitals as expected [15, 16]. 

4.4 Comparison of x(3> between a-Fe20 3 and a-Al20 3 

a-Al20 3 has the same crystal structure as a-Fe20 3, but their optical 

properties such as the refractive index and band gap arc largely different. 

Therefore, it is interesting to compare their x(3>. 

The x<3> value of a-Al20 3 single crystal was l.Ox10-13 esu, which is 

nearly three orders of magnitude lower than for a-Fe20 3 and only two to 

three times larger than that for Si02 glass. a-Al20 3 has a wide band gap of 

7.3 eV, and so the enhancement of x<3> by the three-photon resonance can not 

be expected. It has been stated in the previous section that the three- photon 

resonance makes a great contribution to x<3
> in a - Fe20 3, although the 

contribution is smaller than in PDA. Therefore, the large difference of x<3
> 

between a-Fe20 3 and a - Al20 3 may be attributed to the presence of the 

three-photon resonance and the large refractive index of a-Fe20 3• 

5. Conclusion 

In this section, the third-order nonlinear optical properties of the sol­

gel derived a -Fc20 3 thin films and a - Al20 3 single crystal (1120) have been 
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investigated by the THG method. Mostly, the effect of corundum isomorph 

on the x<3> has been examined. The following results were obtained. 

(1) The x<3> value of a-Fe20 3 thin films was 5.8x10-11 esu, which is the 

highest value among inorganic oxides reported so far. The high nonlinearity 

was ascribed to the optical band gap close to three-photon energy as well as 

the high refractive index. 

(2) The x(3> of a-Al20 3 single crystal was l.Ox10-13 esu, which nearly 

three orders of magnitude lower than that for a-Fe20 3• It is found that the 

effect of corundum isomorph on the x<3> is small and instead the Fe clement 

plays an important role in enhancement of the x<3>. 
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SECTION 3.2 COMPARISON OF x<3
> BETWEEN 

a-Fe20 3, y-Fe20 3 AND Fe30 4 

1. Introduction 

In Section 3.1, it was shown that a-Fe20 3 exhibits the highest X(3) 

among oxides reported so far. It is easily expected that other iron oxides, e.g. 

y -Fc20 3 and Fc30 4, may also show high y_<J>. 

In this section, the results of preparation of a-Fe20 3, y-Fc20 3 and 

Fe10 4 thin films prepared on the Si02 glass substrates by the sol-gel method 

and the third- order nonlincar optical properties investigated by the THG 

method arc presented. x(3> of iron oxides is discussed in terms of 

· 3+ d F 3+ • h gh 0 2- • Fo supcrexchange interactiOn between Fe an e IOns t ou IOns. r 

a better understanding and to ensure a reliable comparison, the data of a­

Fe203 arc remea"ured in this section. 

2. Experimental 

2.1 Preparation of a-Fe20 3, y-Fe20 3 and Fe30 4 Thin Films 

a-Fe
2
0:\, y -Fc20 3 and Fe30 4 thin films were prepared by the sol-gel 

method. As starting solution, Fe(N03) 3·9H20-CH30CH2CH20H­

CH:\COCII2COCH3 solution was selected for a-Fe20 3, y-Fe20 3 and Fe304 

films. The chemical compositions of the solutions were 1:20:2 in molar ratio. 

lron (Ill) nitrate enneahydrate (Fe(N03) 3·9H20 ) was dissolved in a solution 

of 2-methoxyethanol (CH30CH2CH20H) and 2,4-pentanedione 

(CH,COCH,COCH:~)· The coating solution was allowed to stand at 30 oc for 

2 h prior to use. 

Dip-coating was used for film formation. An Si02 glass substrate was 

immersed in the coating solution, and pulled up at a rate of 3 cm min-•. The 

films were heated at 800 °C for 10 min immediately after each coating 
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procedure. This cycle was repeated 4-6 times to attain the desired film 

thickness. Sample embedded in carbon powders (No. 1) was heated at 600 

°C for 5 h in N .. (No. 2) [ 1] and further at 200-600 °C for 5 h in air (No. 3-

7). 

2.2 Characterization of a-Fe20 3, y-Fe20 3 and Fe30 4 Thin Films 

For reason mentioned in Chapter 1, an Si02 coating was further applied 

onto the a-Fe20~, y-Fc20 1 and Fc30 4 films and then the a-Fc20,, y Fc20 l 

or Fe30 4 and additional Si02 films on one face were removed. These films 

were characterized by resistivity, X-ray diffraction, ellipsomctry, UY-visiblc 

spectrophotometry and THG measurements as gone into details in Chapter 1. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction patterns of iron oxide thin films 

prepared by the sol-gel method. The crystalline phases precipitated in the 

sol-gel derived a-Fe20 3, y-Fe20 3 and Fe30 4 thin films were identified 

referring to JCPDS-FILE 33-0664 (hexagonal), 19-0629 (cubic) and 39-

1346 (cubic), respectively. Preferable orientation is not seen for a fe20 l, y ­

Fc20 3 and Fe30 4 films. Reduction of a-Fe20 3 films (No. 1) yields Fe,0 4 

films (No. 2) and the scquent oxidation converts Fe30 4 films into y Fe20 , 

films (No. 3-6). Note that the excess oxidation results in a-Fe20 3 films (No. 

7). As .summarized in Table 1, the final identification of crystalline phases 

precipitated in the films (No. 1-7) was made based on the combined results 

of the absorption spectra (Fig. 2) and the resistivity (Table 1). The crystallite 

sizes in the a-Fc20,, y-Fc20 1 and Fe30 4 films were -35, -30 and -30 nm, 

respective! y. 
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cited to be 0.3 e V [3] , which is beyond the measurable wavelength region in 

the present study. 

3.3 Evaluation of x<J> Values 

The THG intensities as a function of the rotation angle for (a) a-Fe20 , 

films, (b) y - Fe20 3 films, (c) Fe10 4 films and (d) Si02 glass arc given in 

Figure 6. The THG intensity patterns of a -Fe20 3 and y - Fe20 1 films clearly 

show the interference between the THG lights from a - Fc20 , (or y-Fe20~) 

films and Si02 glass substrate as previously reported [4] , while the parabolic 

one with small modulation is observed for Fe30 4 films, because the THG 

signal of Fe30 4 films is much stronger than that of Si02 glass. The THG 

intensity was obtained by the least squares method as solid curve in Fig. 6. 

(3) 
'X film 

In the present study, xCJ> was determined by the equation [5] 

2 (3) Qc, Si02 = 7t Xs;o2_Q_ 
J3w, film 

]3w, Si02 

n~. filmn3w, filmY!, Sr0 2T3w, Sr01 (esu) , 

n !. Si01 n 3w, Si02 1!. filmT3w, film 

(2) 

where 1 denotes the THG peak intensity. The film thickness is used for e. 
because the film thickness is less than the coherence length. The values of 

x~~&=2.8 x 10-14 esu and .ec.s,cn= 18.1 flTll were used for Si02 glass as both 

standard sample and substrate [ 6]. 

The intensities of THG signals generated from a - Fe20 3, y- Fe20 3 and 

Fe30 4 fil.ms were determined by the equation [4] 

I +I . LL_AO_ 
MU miD .¥Uo.nr,.... 

2 2 2 2 (3) 
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where lmu and Iaun are the upper and lower envelopes, rcspectivcl) , of the 

superimposed THG intcnsit) pattern. The THG light from the additional Si02 

coating on the a -Fe20 , (or y-Fc20 3 and Fe30 4) films was neglected, because 

x~~{n itself is very small and moreover the thickness of Si02 coating (less than 

- 0.2 .urn) is much smaller than the coherence length (18.1 ,urn). The xr> 

values of a-Fc20 3, y-Fe20~ and Fe30 4 films were determined to be 5.8x10 11
, 

2.1 x10-11 and 4.0x10-10 esu, respectively. Table 2 summarizes the obtained 

optical properties of a-Fe20 l, y- Fc20 3 and Fc30 4 thin films. 

4. Discussion 

4.1 Relation between x<J> and Refractive Index, n 

One can roughly predict xm of a material from refractive index, n, 

based on Miller's rule (7, 8] 

x<3> [x<l)]4x l0-to (esu) , (4- a) 

and 

n 2 - 1 x<I> = --
41t (4- b) 

The x(3> values of3.9x10-12, 1.4x10-12 and 3.lx10 11 esu, which arc predicted 

by Miller's rule for a-Fc20 3, y-Fc20 3 and Fc30 4 thin films, respectively, as 

in the second row of Table 3, arc inconsistent with the measured ones, 

5.8x10 11 , 2.lx10-11 and 4.0x10 10 csu, as in the first row. 

Figure 7 shows a relation between x(3> and refractive index, n...,, at 1900 

nm for a-Fe
2
0

3
, y-Fc20 3 and Fe30 4 thin films together with other NLO 

materials reported so far [ 5, 6, 9-14]. Inorganic materials with the high 
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Table 2. Optical properties of a-Fe20~, y-Fe20 3 and Fe30 4 thin films. 

Compound n3., n.., T3., I T., I Eo / Ed I E, l 13t.>,tilm ec I 2 I x{3. , csu 
--

% % eV eV eV 13o.>.Si0> fAITI fl.IU 

a-Fe20 3 3.00 2.57 62.4 78.2 3.6 19.4 2.1 5.98 0.7 0.07 5.8x l0 11 

I ,..... 
y-Fe20 3 2.59 83.2 75.1 3.9 16.6 2.2 2.92 0.11 2.1 xl0-11 ,..... 2.31 1.1 

0 
I 

Fc30~ 2.47 1.99 31.7 29.4 2.7 7.4 0.3 40.0 0.7 0.11 4.0x10-10 

The physical meanings of all the notations in the table are described in the section 3. 

Transmittances are values for a-Fe20 3, y-Fe20 3 and Fe30~ thin films with additional Si02 coating. 
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refractive index tend to exhibit high xm while x<3> of organic polymers such 

as polydiacetylene (PDA) (12] and poly(2,5-dimethoxy p-phcnylcnc 

vinylene) (MO-PPV) (13] deviates from Miller's rule to a considerable extent. 

The latter is due to the enhancement by the "so-called" three-photon 

resonance or near three-photon resonance [15]. Since xm of Fe~04 salient!) 

deviates from the relation, the THG process ma) also be enhanced hy the 

resonance effect similarly to these organic compounds. This problem will he 

mentioned in more details in the next section. 

4.2 Relation between x<3> and Optical Band Gap, E
11 

An enhancement in x0)( -3w;w,w,w) occurs when a frequency of 

interacting light approaches either one of one-, two- or three-photon 

resonance frequency according to the relation [15) 

x<3)( - 3w;w,w,w) oc N ~ p(g)F(w)Q
1 

0 0_ ,Q ,
1 

(esu) , 
"'3 L n nm "'" n 
n gnmn' (5-a) 

and 

1 1 F(w) ---------------------+--------------------
(Eng -3w)(E,.

8 
- 2w)(E,.,

1 
- w) (E,.

8 
+w)(E,.

1 
- 2w)(En'g - w) 

1 1 
+ + , 

~E,.8 +w)(Emg +2w)(E,.,
8 

- w) (E,.
1 
+w)(Emg +2w)(E,. ,

8 
+3w) 

(5-h) 

where p(g), Ei; and Q ,J arc the density matrix clement of fundamental state, 

the energy difference between states i and j in 11 (=h/2n', h: Planck's constant) 

unit and the transition matrix elements between states i and j, respectively. 

If the three-photon resonance is dominant in the THG process as in the case 
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of optical band gap, Es, higher than three-photon energy, 3~w, one can obtain 

the most significant term due to the three-photon resonance in Eq. (5) as 

follows: 

A 
--------- (esu) (E

8
>1.96) , 

(E
8 
- 1.96)(E

8 
- 1.31)(£

8 
-0.65) (6) 

where A is the phcnomcnological constant and a laser light of 1900 nm (0.65 

c V) is used as incident beam. 

Since the optical band gap of Fe30 4 of 0.3 cV is much narrower than 

one- photon energy of 0.65 eV, the THG process may be enhanced by both 

one- and three-photon resonances. However, it is not clear whether two­

photon resonance contributes to the THG process, because a two-photon 

absorption band could not be measured in the present study. 

Figure 8 gives a relation between x(3> and optical band gap, Es, for a­

Fc20~, y- Fc20 1 and Fc30 4 thin films together with other NLO materials 

shown in Fig. 7. For some organic materials, the absorption edge of cxciton 

absorption for some materials is used instead of Es. It is clear from Fig. 8 

that x(3> of these materials increases asymptotically as the Es approaches 1.96 

c V corresponding to the three-photon energy in the present case. This 

change obeys Eq. (6) as shown in the figure by a solid line when the 

parameter, A, takes a value of 1.4x10-11
• From Eq. (6), the x(3> values were 

estimated to he 8.7x10-11
, 4.2x10-11 and 2.4x10-11 esu for a-Fc20 3, y-Fe20 3 

and Fe10 4 , respectively, as in the third row of Table 3, which arc in 

reasonable accordance with the measured ones, 5.8 x 1 o-ll, 2.1 x 1 o-11 and 

4.0x10 10 esu, as in the first row. Since the band gap model is derived on the 

assumption of the three-photon resonance (Es > 1.96 e V), the x(3> value 

calculated from the model for Fe30 4 is physically meaningless. 
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4.3 Calculation of x131 Based on Lines' Model 

Recently, Lines has proposed a model dealing with the contribution of 

the cmpt) d orbitals in addition to sp orbitals to the linear and nonlinear 

optical properties based on a bond-orbital theory as follows [16, 17]: 

(7) 

where£~> denotes the average bond length, fL=(n~+2)/3 the Lorcntz local-field 

correction factor, E5 the Scllmeier gap which is in practice equal to the 

average oscillator energy, E0, in Eq. (1). It is known that E/Eg is -2 over a 

wide range of insulators and semiconductors with Es ~ 4 cV. [18) From Eq. 

(7), one can obtain the xC3> values of 1.3x10-11
, 4.9x10-12 and 4.3x10-12 esu 

for a-Fc20,, y - Fc20 3 and Fe,04 films, respectively, as in the fourth row of 

Table 3, which arc not in accordance with the measured ones, 5.8x10-11
, 

2.1 x1o-11 and 4.0x10-10 esu, as in the second row. Such large discrepancies 

indicate the improper application of Lines' model to these iron oxides with 

partially occupied d orbitals as expected [16, 17]. 

4.4 Comparison of x(31 between a-Fe20 3 and y-Fe20 3 

It was considered in the above sections that x<3> of Fe30 4 is enhanced 

by both one- and three-photon resonances, and much higher than that of a­

Fc20 , and y-Fe20 1. xC3> of a-Fe20 3 and y -Fc20 3 (E
8 

> 1.96 cV) can be 

related to the transition probability around 1.96 eV as will be discussed 

below. 

It is expected that since the d-d transition in Fe'• ions with 3d5 

electronic configuration is Laporte- and spin-forbidden in nature, it does not 

contribute to the THG process. However, in practice the d-d transition 
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occurs with high transition probability and is the origin of the strong color in 

iron oxides containing Fe 1+ ions. This is explicable in terms of a 

superexchangc interaction between two neighboring Fc3• ions though 0 2 ion, 

which results from overlapping between Fe 3d and 0 2p orbitals. [ 19) The 

overlapping between Fe 3d and 0 2p orbitals relaxes Laportc-forbiddcn 

transition. However, it is obvious from Fig. 5 that the transition probabilit) 

for spin-forbidden transitions (6A1-71 at 1.4 eV and 6A,-72 at 1.9-2.0 eY 

[19, 20]) seems very low in these oxides. On the other hands, pair excitation 

process (6A 1+
6A,-71+

41\) [19- 21] involving the simultaneous excitation of 

magnetically-coupled two neighboring Fe3
• ions is spin-allowed because of 

no change in the total spin quantum number, and gives rise to an absorption 

peak at 2.2-2.4 cY with the much higher transition probability than the spin­

forbidden transition. Therefore, this pair excitation process may also be the 

most contributive to the THG process for a-Fe20 3 and y - Fc20 1 even though 

the excitation energy for 6A1-72 transition is very close to 1.96 cV. 

Next, we discuss a difference in crystal structure between a-Fc20 , and 

y-Fe20 3 in relation to their NLO properties. An Fe06 octahedron in a-Fe20 , 

with a corundum structure is connected to the nearest ncighboring ones via 

face-sharing bonds in addition to corner- and edge-sharing ones. (Figure 9) 

In y-Fe20 3 with a defect spine! structure there are two kinds of polyhedra, 

an Fe04 tetrahedron and an Fe06 octahedron, and in the former a central Fe 

atom is surrounded by the corner-sharing oxygens only and the latter contains 

both corner- and edge-sharing oxygens. The presence of face-shared Fe06 

octahedra in a-Fe20 3 should enhance the transition probability in pair 

excitation process by the following two reasons. One is the more relaxed 

Laporte-forbidden transition in a-Fe20 3 due to the lower symmetry of Fe06 

octahedra. The other is the largest magnetic coupling between the 

neighboring Fe ions in face-shared Fe06 octahedra through the three 
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interacting bonds giving rise to the higher transition probability for spin­

allowed transition in a-Fe20 1. 

A Neel (or Curie) temperature of magnetic materials reflects the degree 

of the superexchange interaction as well known. Figure 10 represents a 

relation between Ncel (or Curie) temperature and the number of unpaired 

electrons for iron oxides and other magnetic oxide materials. In fact, it is 

seen from Fig. 10 that a material with a smaller number of unpaired electrons 

shows a higher Nccl (or Curie) temperature, and iron oxides containing Fe~· 

ions have an exceptionally high transition temperature and moreover the Nccl 

temperature for a - Fe20 3 is higher than the Curie temperature for y - Fe20 1. 

This means that the pair excitation process in a - Fc20 1 can facilitate the THG 

process rather than in y-Fe20~ . 

5. Conclusion 

In this section, the third-order nonlinear optical properties of the sol­

gel derived a-Fe20 3, y-Fe20 3 and Fc30 4 thin films have been investigated h) 

the THG method. Primarily, the effect of the valence and coordination 

number of Fe ions on the x.<3> has been examined. The following results were 

obtained. 

(1) The x.(3> values of a-Fc20 1, y-Fe20 1 and Fe30 4 thin films were 

5.8x10-11
, 2.1 x10"11 and 4.0x10 10 csu, respectively , which arc the highest 

values among inorganic oxides reported so far. 

(2) x.<3> of a-Fe20 3 and y-Fe20 3 may be enhanced by the pair excitation 

process involving the simultaneous excitation of magnetically coupled two 

neighboring Fe'• ions while x.(3> of Fc30 4 by both one- and three photon 

resonances. The difference in x.<3> between a-Fc20 3 and y-Fc20 3 may result 

from the presence of face-shared Fc06 octahedra in a - Fe20 3• 
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CHAPTER 4. THIRD- ORDER NONLINEAR 

OPTICAL PROPERTIES OF FeTi0 3 THIN FILMS 

1. Introduction 

It was found in Chapter 2 that x<3> of transition metal oxides with the 

empty d orbitals is dominated mainly by the metal-oxygen bond length rather 

than the valence of metal cation. It is therefore interesting whether this 

concept is applicable to transition metal oxide with the partially occupied d 

orbitals. 

In Chapter 3, it was shown that iron oxides consisting of Fe ions in 

different local environments and with different valcnccs exhibit the highest 

x<J> among oxides reported so far. A comparison of xm between them will 

reveal effects of the local environment and valence of Fe ions on the x0>. For 

this purpose x0 > data of Fc2+ -containing oxides arc further required. 

In this chapter, the results of the preparation of FeTiO~ thin films on 

Si02 glass substrates by the sol-gel method and the third- order nonlincar 

optical properties investigated by the THG method arc presented. FcTiO ~ 

(ilmenite) was selected, because it contains both Fc2+ and Ti4
+ ions which arc 

substituted for Al3
+ ions in a- Al20 3 corundum structure. The effect of Fe 

ions (valence and coordination number) on x<3> is discussed in terms of the 

microscopic sccond-hypcrpolarizability, y. 

2. Experimental 

2.1 Preparation of FeTi03 Thin Films 

FeTi03 thin films were prepared by the sol-gel method. As starting 

solution, Fc(N03) 3·9H 20 - Ti(OC3H/)4-CH30CH2CH20H-CH3COCH2COCH 3 

solutions were selected. The chemical composition of the solution was 

1:1:40:4 in molar ratio. Iron (III) nitrate enneahydratc (Fc(N03) 3·9H20) was 
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first dissolved in a solution of2,4-pentanedione (CH3COCH2COCH3) and half 

of a prescribed amount of 2-methoxyethanol (CH30CH2CH20H). Then, 

titanium tetraisopropoxide (Ti(OC3H/ )4) which was diluted by the remainder 

of CH10CH .. CH20H in advance was mixed with the solution. Coating 

solutions were allowed to stand at 60 oc for 24 h prior to use. 

Dip- coating was used for film formation. A Si02 glass substrate was 

immersed in a coating solution, and pulled up at a rate of 3 cm min 1
• The 

films were heated at ROO °C for 10 min immediately after each coating 

procedure. This cycle was repeated 10 times to attain the desired film 

thickness . 

2.2 Characterization of FeTi03 Thin Films 

For reason mentioned in Chapter 1, an Si02 coating was further applied 

onto the FeTiO, films and then the FeTi03 and additional Si02 films on one 

face were removed. These films were characterized by X-ray diffraction, 

ellipsometry, UV- visible spectrophotometry and THG measurements as gone 

into details in Chapter 1. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction pattern of FcTi03 thin films 

prepared by the sol- gel method. The crystalline phase precipitated in the 

sol- gel derived FeTi03 thin films was identified referring to JCPDS-FILE 

29- 0733 (hexagonal). Preferable orientation is not seen for FeTi03 films. 

The main crystalline phase was FeTi03 (ilmenite) although small amounts of 

Fe2Ti05 (pseudobrookite), Fc2Ti30 9 (pseudorutile) and Ti02 (rutile) phases 

were precipitated. In the present study, Ti-containing solution was added to 

Pc- containing solution. The reversed mixing lead to the increased Ti02 

phase. The reducing treatment of the resultant films was further attempted 
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Fig. 1. X-ray diffraction pattern of FeTi03 thin films. 
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in order to convert the residual Fc3+ to Fe2+ ions. Although impurity phases 

such as Fc2Ti05 and Fc2Ti,0 9 decreased, the films became slightly blackish 

in color probably due to the formation of the reduced species such as Fe 

metal or Tih ion, which could not be detected by an X-ray diffraction. The 

crystallite size in the FeTi03 films was -30 nm. 

3.2 Refractive Index and Optical Transmittance 

The wavelength dependencies of refractive index, n, for FeTi03 thin 

films is shown in Figure 2. It is seen that the refractive index of FeTi0 3 

films decreases with increasing wavelength. Figure 3 presents a linear plot 

of (n2- 1) 1 versus E2 for FeTi03 thin films based on Wcmplc's equation [3) 

(1) 

where E, E0 and Ed are the photon energy, the average oscillator energy and 

dispersion energy in eV unit, respectively. E0 and Ed are important optical 

properties of materials [3]. The refractive indices of FeTi03 films were 

estimated as n3~.~=2.33 at 633 nm and n~.~=2.17 at 1900 nm, and the coherence 

length, l?c=l.9/[6(n3~.~-nJ], was 2.0 fliTl· The thickness of the FeTi0 3 films 

obtained by 10 dippings was typically 0.27 11-m. 

Figure 4 shows the absorption spectra of FeTi0 3 thin fil ms with and 

without additional Si02 coating. Both spectra have a number of mountains 

and troughs arising from the interference of light. It is seen that the 

additional Si02 coating reduces the optical loss due to reflection especially in 

the wavelength region above - 400 nm. Fe2
+ and Fe"+ ions in octahedral 

coordination arc known to show absorption bands around 1100 and 800 nm, 

respectivcl) [4). The difference in absorbance due to reflection loss between 
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both spectra i!. relatively small around 1100 and 800 nm, indicating that the 

present FcTiO, films include other Fe3+-containing compounds as indicated 

by the result of X-ray diffraction measurement. The optical band gap, E8, of 

FcTi03 films was estimated to be 2.2 eV. 

3.3 Evaluation of xc31 Value 

The THG intcnsities as a function of the rotation angle arc given for (a) 

FcTi0
3 

films and (b) Si02 glass in Figure 5. The THG intensity pattern of 

FcTi03 films clearly shows the interference between the THG lights from 

FcTi0
3 

films and Si02 glass substrate as previously reported [5]. The THG 

intensity was obtained by the least squares method as solid line in Fig. 5. 

(3) 
X film 

In the present study, xC3> value was determined by the equation [6] 

(esu) , (2) 

where l denotes the THG peak intensity. The film thickness is used for £, 

because the film thickness is less than the coherence length. The values of 

xC3>si<n=2.8xlO 14 esu and Rc.si<n=18.1 f.Lm were used for Si02 glass as both 

standard sample and substrate [7]. 

The intensity of THG signals generated from FcTi03 films was 

determined by the equation (5] 

I +I . mu mm 

2 

1srJJstrau 

2 

I +I . ISiO 
max =- 2 

2 2 
(3) 

where lmn and lmsn arc the upper and lower envelopes of the superimposed 

THG intensity pattern. The THG light from the additional Si02 coating on 
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the FeTi0
3 

films was neglected, because xC3>s;o, is low and the thickness of 

Si0
2 

coating (less than -0.2 ,urn) is much smaller than the coherence length. 

The xC3> value of FeTi03 films was determined to be 3.3x10-
12 

esu. Table 1 

summarizes the optical properties of FeTi03 thin films. 

4. Discussion 

4.1 Relation between xCJ> and Refractive Index, n 

It is possible to estimate xC3> of a material from refractive index, n, 

according to Miller's rule (1, 2] 

(4-a) 

and 

(4-b) 

The x(3> value of 7.6x10 11 esu, which arc predicted by Miller's rule for 

FcTi0
3 

thin films, as in the second row of Table 2, is not in good accordance 

with the measured one, 3.3x10-12 esu, as in the first row. 

Figure 6 shows a relation between x(3) and refractive index, nw, at 1900 

nm for FeTi0
3 

thin films and other nonlincar optical materials reported so far 

[ 6-13). It is seen that inorganic materials with high refractive index 

inherently exhibit high optical nonlincarity. 

The x<3) values of organic polymers such as polydiacetylene (PDA) [ 11) 

and poly(2,5-dimcthoxy p-phenylene vinylcne) (MO-PPV) [12] deviate from 

the relation to a considerable extent, due to the enhancement by the so-called 

three-photon resonance or near three-photon resonance (14]. Since the 
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Table 2. Comparison of the measured xY> with the calculated xC3> for FeTi0 3 

thin films on the basis of three models. 

x(3> 1 esu 

Measured value 3.3x10-12 

Miller's rule 7.6x10-13 

Band gap model 4.2x10-11 

Lines' model 2.4x10-12 
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mea'>ured xc~> includes the significant contribution of the imaginary part, there 

arc no simple relations between xfJ> and refractive index for these organic 

materials, that is, Miller's rule does not hold. 

4.2 Relation between x<3
> and Optical Band Gap, Eg 

One can expect that an enhancement in xm(-3w;w,w,w) occurs when in 

a material a frequency of interacting light approaches either one of one-, 

two- or three-photon resonance frequencies according to the relation (14] 

(5-a) 

and 

F(w) 1 1 ---------------------+-------------------
(£118 -3w)(Emg - 2w)(En'g -w) (Eng +w)(E,.

8 
- 2w)(En'g - w) 

1 1 (5-b) 
+ +--------------------

(Eng +w)(E,.
8 

+2w)(En'g -w) (Eng +w)(Emg +2w)(En'g +3w) ' 

where p(g), Eii and Q ,J are the density matrix element of fundamental state, 

the energy difference between states i and j in 1l (=h/2n, h: Planck's constant) 

unit and the transition matrix elements between states i and j, respectively. 

For materials having optical band gap, E,, higher than three-photon energy, 

3w, the three-photon resonance makes the greatest contribution to the 

enhancement of xP>. Then, to a good approximation, the most significant 

term due to the three-photon resonance in Eq. (5) may be expressed as 

follows: 
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A 
= (E

8 
-1.96)(E

8 
-1.31)(£

8 
-0.65) (esu) (Eg> 1.96) ' (6) 

where A is the phenomenological constant. 

Figure 7 gives a relation between :xr-> and optical band gap, E,. for 

FeTi03 thin films and other nonlinear optical materials shown in Fig. 6. In 

Fig. 7, for organic materials the absorption edge of cxciton absorption is used 

instead of E,. ln this figure, the :x(J> values of these materials show a clear 

tendency to increase asymptotically as the E, approaches 1.96 eV 

corresponding to the photon energy of THG signal. This change obeys Eq. 

(6) when the parameter, A, takes a value of 1.4xl0-11
• From Eq. (6), the :x<~> 

value was estimated to be 4.2xl0-11 esu for FeTi01, as in the third row of 

Table 2, which is not in accordance with the measured one, 3.3x10 12 esu, as 

in the first row. 

The above discussion indicates that the large :x0> value of 3.3 xI 0 17 c~u 

for FcTiO~ films, which is comparable to those for Ti02 pol}morphs (rutilc 

and anatasc), is explained by the balanced contributions of two opposite 

effects, the lower refractive index (negative contribution) and the narrower 

optical band gap (positive contribution) compared with Ti02 polymorph~. On 

the other hand, the :x<~> value of FeTi03 films is one order of magnitude lower 

than that of a-Fe20 3 because of the lower refractive index and the wider 

optical ba_nd gap compared with a-Fe20 3. 

4.3 Calculation of :x<J> Based on Lines' Model 

Lines introduced a bond-orbital theory dealing with the contribution of 

empty d orbital in addition to sp orbitals to linear and nonlinear optical 

properties, giving the following equation to estimate :xm [15, 16): 
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Fig. 7. Relation between x(3> and optical band gap, E
8

, for FeTi03 thin films 

together with other NLO materials. Notations are the same as in Fig. 

6. 
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(7) 

where eb denotes the bond length between cation and anion, fl =(n(o) 2+2)/3 the 

Lorentz local- field correction factor, Es the Sellmeicr gap which is in practice 

equal to the average oscillator energy, E0, in Eq. (1). From Eq. (7), one can 

obtain x(3> value of 2.4x10 12 esu for FeTi03 films, as in the fourth row, 

which is in reasonable accordance with the measured value of 3.3x10-12 esu, 

as in the second row, compared with those calculated by the above two 

models. This is possibly because two important optical properties (refractive 

index and Sellmcier gap) arc included in Eq. (7). 

Weak absorption bands around 1,100 nm (1.13 eY) and 800 nm (1.55 

eV) due to the presence of Fe2
• and Fe3

• ions, respectively, do not always 

cause two-photon resonance at 1.31 eY, because the process requires parity 

opposite to one and three- photon related ones. Also, Kajzar et al. [ 141 

reported that as for PDA the effect of two-photon resonance on the third­

order nonlincar optical susceptibility is smaller than that of three-photon 

resonance. 

4.4 Effect of Valence and Coordination Number of Fe Ions on x<J> 

In order to make the effect of the valence and coordination number of 

Fe ions on the third-order nonlinear optical properties clear, microscopic 

second- hyperpolarizability, y, has to be taken into account, because 

macroscopic x<3> depends on both Yi and the number density, N, of the ith 

constituent as follows [17, 18]: 

fL4 
= -~ N .y

1
• (esu), 

24~ I 
I 

(8) 
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For a metal oxide, M,OY, y per MXJYO formula unit, y(MXIYO), can be derived 

as follows: 

1944x<3>Mw 
y(MxfyO) = ----- (esu cm 3

), 
N_..(n~+2)4yD 

(9) 

where Mw, D and NA arc the molecular weight and density of MxOy and 

Avogadro's number, respectively. Table 3 summarizes microscopic and 

macroscopic nonlinear optical properties of Fe-containing oxides together 

with other NLO materials. 

The y(Fci;10)oct and y(Fc2+0)oe~ values of Fc3+ and Fe2+ ions in Fc06 

octahedra, which were calculated using xC3> values of a-Fe20 3, FcTi03 and 

Ti02, were estimated to be 3.5x10-34 and 9.8x10-35 esu cm3, respectively. 

y(Fe;;10)oc, is three to four times as high as y(Fe2•o)oct. Therefore, xf.l> of 

transition metal oxides with partially occupied d orbitals is also influenced by 

the bond length as in the case of the transition metal oxides with empty d 

orbitals. This result may be attributed to the larger p-d overlapping resulting 

from the shorter Fe- 0 bond length of the former. This short distance is due 

to the smaller ionic radius of Fe3
• ions compared Fe2

• ions. In fact , the bond 

lengths of Fe-0 and Ti-0 in FeTi01 are 0.209 and 0.203 nm [19] , 

respectively, whereas those in a-Fc20 3 and Ti02 are 0.203 [19] and 0.195-

0.196 nm [20], respectively. Since the Ti-0 bond length in FeTi03 was 

assumed to be the same as that in Ti02 on calculation of y(Fe2+0) value, the 

true y(Ti4
\ 20) value for FeTi03 should be lower than that in Ti02 and then 

the y(Fe2. 0) value should be larger than 9.8x10-35 csu cm3• Therefore, it can 

be said that the xm value of FeTi03 may be governed by the y(Fe2•o) rather 

than y(Ti4
\ 120). 
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Analogously, y(Fei;30) values was calculated using x(3> value of y­

Fe20 1 to be 2.5x10-~ esu cm3
• If one assumes the independent contributions 

of y(Fe~: 
1
0) for Fe,. ions in Fe06 octahedra and Fe04 tetrahedra for y-Fe20 3 

to the total xCl>, y(Fe~\O)~e1 value of Fe3
• ions in oxygen tetrahedra is 

calculated to be 8. 9 x 10 35 esu cm3 using y(Fe213
3.0) and y(Fei;30)oct values. 

y(Fe~;30)oc1 is four times as high as y(Fe3.0)~e1 • This may be ascribed to the 

effective p-d overlapping due to the p-d hybridization (sp3cfl) in Fe3
• ions in 

octahedral sites, which is not available for Fe3
• ions in tetrahedral sites (sp3

), 

and in part to the longer Fe-0 bond length in octahedral sites, because 

y(M.:~yO) is proportional to the cube of the M-0 bond length as is known 

from Eq. (9). 

Fe
3
0 4 contains Fe2• and Fe3

• ions octahedrally coordinated by oxygens 

and tetrahedrally coordinated Fe3• ions. It is considered that above Verwey 

temperature at 120 K the octahedral sites are occupied by Fe25
+ ions rather 

than discrete Fe2• and Fe3
• ions, because the electron hopping on a time scale 

is short compared with pulse width of laser. [21] y(Fe~·o) value was 

calculated using x(3> value of Fe30 4 to be 1.1 x10-32 esu cm3 and y(Fe~;~·o)oct 

values of Fe25+ ion in Fe06 octahedra was obtained to be 1.8x10-32 esu cm3 

using y(Fe813• 1140) and y(Fe~;30)1e1 values. y(FeU•o)~11 which is weighted­

average between y(Fe2•0)oct and y(Fe~;3o)oc1, is 2.5x10 ~ esu cm3 but lower 

than y(Fe~i~·o)oct by two orders of magnitude. The physical meaning of this 

value is the average contribution of y(FelllyO) for the Fe2
• and Fe3

• ions in 

Fe06 octahedra to the x<3> of Fe30 4 below Verwey temperature. Therefore, 

it is predicted from Eq. (8) and Table 5 that x(3> of Fe30 4 is -7xl0-12 esu 

below Verwey temperature on the assumption of the constant refractive index 

and density. It is necessary to examine x<3> of Fe30 4 at low temperatures 

below Verwey temperature by means of Z-scan method [22]. 
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5. Conclusion 

In this chapter, the third-order nonlinear optical properties of the sol­

gel derived FeTi03 thin films have been investigated b) the THG method. 

Primarily, the effect of valence and coordination number of Fe ions on the xc1> 

has been examined. The following results were obtained. 

(1) The Xm value of FeTi03 thin films was 3.3x10 12 esu, which is 

comparable to those for Ti02 polymorphs (rutile and anatase), but one order 

of magnitude lower than that of a-Fe20 3• 

(2) The y(Fe2•0) was -4 times as large as y(Ti4• 1120), indicating that the 

x<3
> value of FeTi03 is governed by the y(Fe2.0) rather than y(Ti4+

112
0). 

(3) The higher y(FelllyO) is obtained when Fe ions arc 3+ rather than 2+ 

and octahedrally rather than tetrahedrally coordinated by oxygens. It is 

expected that y(Fe:,~·o) under the resonant condition is extremely high. 
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CHAPTER 5. THIRD-ORDER NONLINEAR 

OPTICAL PROPERTIES OF Ph-COMPLEX 

PEROVSKITE THIN FILMS 

Section 5.1 Third-Order Nonlinear Optical Properties of a-PbO Thin Films 

Section 5.2 Third-Order Nonlincar Optical Properties of Pb(Fc 112Nb1rJO, and 

Pb3Nb40 13 Thin Films 
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SECTION 5.1 THIRD-ORDER NONLINEAR 

OPTICAL PROPERTIES OF a-PbO THIN FILMS 

1. Introduction 

In Chapter 2, it was revealed that x.m of transition metal oxides with the 

empty d orbitals is dominated mainly by the metal-oxygen bond length rather 

than the valence of metal cation. It was also predicted on the basis of Lines' 

model that transition metal oxides with the shortest bond length exhibit the 

highest x.<:l) while non-transition metal oxides with the longest ones do the 

highest X <1>. The latter prediction states that oxides containing large cation 

such as PhO show the high X(J)· One expects that PbO consisting of Pb ions 

with high polarizahility may be exhibit the high x.<3
> as well as high refractive 

index. Although there arc some studies on x. (3) of PbO-containing glasses [ 1-

3), the third- order optical nonlincarity of single component PbO itself has not 

been discussed except Yogel's study by means of DFWM method (1064 nm) 

[4, 5). Her data however dose not include any information on polymorph and 

refractive index and moreover the wavelength of incident beam differs from 

1900 nm employed in the present study. Therefore, it is indispensable to 

determine x. <:~> and refractive index at 1900 nm of a known PbO polymorph 

in order to estimate the contribution of Pb2+ ions to the x.<3>. 

ln this section, the results of the preparation of a-PbO thin films on 

Si02 glass substratcs by the sol-gel method and the third-order nonlincar 

optical properties studied by the THG method arc presented. 

2. Experimental 

2.1 Preparation of a-PbO thin films 

a-PhO thin films were prepared by the sol-gel method. As a starting 

solution, Ph(OCOCH,)2·3H 20-CH30CH2CH20H- HN03 solution was selected 
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for a-PhO films. The chemical composition of the solution was 1:60:0.1 in 

molar ratio. In a-PhO solution, lead acetate trihydrate Ph(OCOCHl)!·3H _O 

was dissolved in a mixture of 2- methoxyethanol (CHlOCH2CH70H) and 

HN03aq ( - 15 N). Coating solution was allowed to stand for 2 h at 30 oc 
prior to use. 

Dip- coating was used for film formation. A Si02 glass suhstrate was 

immersed into a coating solution, and pulled up at a rate of 3 cm m in 1• The 

films were heated at 400 °C for 10 min immediately after each coating 

procedure. This cycle was repeated 10 times to attain the desired film 

thickness. 

2.2 Characterization of a-PbO Thin Films 

An Si02 coating was not further applied onto the a - PhO films to avoid 

reaction of a-PbO films with the additional Si02 coating as usually formed 

and then the a-PbO films on one face were removed. These films were 

characterized by X-ray diffraction, ellipsometry, UV- visible 

spectrophotometry and THG measurements as described in detail in Chapter 

1. 

3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X- ray diffraction pattern of a - PbO thin films 

prepared by the sol- gel method. The crystalline phase precipitated in the 

sol-gel derived a - PbO thin films was identified referring to JCPDS-FILE 5-

0561 (tetragonal). Preferable orientation along the (002) plane is seen for a· 

PbO films. The crystallite size in the a-PbO films was - 20 nm. 
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Fig. 1. X-ray diffraction pattern of a-PbO thin films prepared by the sol-gel 

method. 
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3.2 Refractive Index and Optical Transmittance 

The wavelength dependence of refractive index, n, for a-PhO thin films 

is shown in Figure 2. It can be seen that the refractive index of a PhO films 

strongly depends on the wavelength as well-known. Figure 3 presents the 

linear plot of (n
2
-1) 

1 
versus E2 for a-PbO thin films based on Wemple's 

equation [ 6] 

(l) 

where E, E0 and Ed arc the photon energy, the average oscillator energy and 

dispersion energy in cV unit, respectively. E0 and Ed arc important optical 

properties of materials [ 6]. The refractive indices were estimated as n~ ... =2.13 

at 633 nm and n..,=1.92 at 1900 nm, and the coherence length, Rc=-1.9/(6(n,..,­

n..,)], was 1.5 pm for a-PbO films. The thickness of the a-PhO films 

obtained by 10 dippings was 0.10 pm. 

Figure 4 shows the absorption spectrum of a-PbO thin films without 

additional Si02 coating. This spectrum has no mountains and troughs arising 

from the interference of light due to the small film thickness. The optical 

band gap, Es, of a-PbO films was estimated to be 3.0 eV. 

3.3 Evaluation of x<3> Value 

The ·THG intensities as a function of the rotation angle for (a) a PbO 

films and (b) Si02 glass arc given in Figure 5. The THG intensity pattern of 

a-PbO films clearly shows the interference between the THG lights from u.­

PbO films and Si02 glass substrate as previously reported [7). The THG 

intensity was obtained by the least squares method as solid curve in Fig. S. 

In the present study, xCJ> was determined by the equation (8] 
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Fig. 2. Wavelength dependence of refractive index, n, for a-PbO thin films. 
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(3) 
'X film 

I3w, film 

I3w, Si02 

n~. filmn3w, film~. SiOz T3w, SiOz _________ ....;;. (esu) , 

n~. Si02 n3w, Si02 ~. filmT3w, film 

(2) 

where I denotes the THG peak intensity. The film thickness is used for £, 

because the film thickness is less than the coherence length. The values of 

x.B6.=2.8x10-14 esu and £c,s;o.=18.1 pm were used for Si02 glass as both 

standard sample and substrate (9). 

The intensity of THG signals generated from a-PbO films was 

determined by the equation (7] 

I +I. 
max l11lD 

2 (3) 

where Imax and Imin are the upper and lower envelopes, respectively, of the 

superimposed THG intensity pattern. The x.<3> value of a-PbO films was 

determined to be 3.8x10-12 esu. Table 1 summarizes the obtained optical 

properties of a-PbO thin films. The present value is lower than that after 

Yogel"(1.4x10-11 esu), because the present a-PbO films have the much lower 

refractive index (2.13) compared to single crystal ( -2.6 after JCPDS-FILE 5-

0561). The x.<3> value corrected using the following equation given in Chapter 

1 turn out to be -2.7x10-11 esu, which is in reasonable accordance with 

Vogcl's data. 

(3) 
'X<Unse 

and 

(3) ~ 100 )
4 

'Xporo (esu) . 
100-p (4-a) 
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( 
2 l n - 1 

p = 1 -f-- xlOO (%) , 
n - 1 s 

(4-b) 

Since refractive indices at arbitrary wavelengths of a-PbO is not known, x(J) 
value for porous a-PbO films will be used in the following discussion. 

4. Discussion 

4.1 Relation between x (JJ and Refractive Index, n 

One can roughly predict xC3> of a material from refractive index, n, 

based on Miller's rule [10, 11] 

(5-a) 

and 

(5-b) 

The x<3> value of 2.1 x10-11 esu, which is predicted by Miller's rule for a-PbO 

thin films, a5 in the second row of Table 2, is inconsistent with the measured 

one, 3.8x10 12 esu, as in the first row. 

Figure 6 shows a relation between x<3> and refractive index, n...,, at 1900 

nm for a-PbO thin films together with other NLO materials reported so far 

[8, 9, 12- 17]. It is found that the a-PbO is one of the inorganic materials 

with much larger x<3> values than expected from Miller's rule. Inorganic 

materials with the high refractive index tend to exhibit high x (3) while x(J) of 

organic polymers such as polydiacetylene (PDA) (15] and poly(2,5-

dimethoxy p - phenylene vinylene) (MO-PPV) (16) deviates from Miller's rule 
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Table 2. Comparison of the measured x(3) with the calculated x(3> for a:-PbO 

thin films on the basis of three models. 

a-PbO 

Measured value 3.8x10 12 

Miller's rule 2.1 xlO 13 

Band gap model 3.4x10 12 

Lines' model 2.0x10 12 
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where A is the phenomenological constant and a laser light of 1900 nm (0.65 

e V) is used as incident beam. 

Figure 7 gives a relation between x<J> and optical band gap, E
8

, for a­

PbO thin films together with other NW materials shown in Fig. 6. For some 

organic materials, the absorption edge of exciton absorption for some 

materials is used instead of E8. It is clear from Fig. 7 that x<J> of these 

materials increases asymptotically as the E
8 

approaches 1.96 eV corresponding 

to the three- photon energy in the present case. It is also seen that a-PbO is 

one of transparent inorganic oxides with the highest x<3> reported so far. This 

change obeys Eq. (7) as shown in the figure by a solid line when the 

parameter, A, takes a value of 1.4x10-11 as determined in Chapter 1. From 

Eq. (7), the xm value was estimated to be 3.4x10-12 esu for a-PbO, as in the 

third row of Table 2, which is in good accordance with the measured one, 

3.8x10 12 esu , as in the first row. 

4.3 Calculation of X<Jl Based on Lines ' Model 

Recently, Lines has proposed a model dealing with the contribution of 

the empty d orbitals in addition to sp orbitals to the linear and nonlinear 

optical properties based on a bond-orbital theory as follows (14, 15]: 

(8) 

where eb denOteS the average bond length, fL =(n~+2)/3 the Lorentz local-field 

correction factor, Es the Sellmeier gap which is in practice equal to the 

average oscillator energy, E0, in Eq. (1). It is known that EjE
8 

is -2 over a 

wide range of insulators and semiconductors with Es 2:: 4 cV. [16] From Eq. 

(8), one can obtain the x<3> values of 2.0x10-12 esu for a-PbO films as in the 

-160-

10-W 

:::J 
(/) 
Q) - 1 o- 11 -~ 
~ 

1o-12 

1 o-13 

10-14 
9 8 7 6 5 

Band gap model 
I 

PDAO 

r - Fe20 3 
V20s 

Ti02 (r) As2S3 
Sn02 ~ e FT 
Ti02 (a) ~O : 
Te02 I 

Nb20s 

E9=1.96 eV 

4 3 

I 
I 

2 1 

Optical band gap, E9 I eV 

0 
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fourth row of Table 2, which is reasonable accordance with the measured one, 

3.8x10-12 esu, as in the second row. 

5. Conclusion 

In this section, the third-order nonlinear optical properties of the sol­

gel derived a-PbO thin films have been investigated by the THG method. 

As a result, the xc3> value of a-PbO thin films was 3.8x10-12 esu. It was 

found that a-PbO has high x0> as expected from Lines' model. 
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SECTION 5.2 THIRD-ORDER NONLINEAR 

OPTICAL PROPERTIES OF Pb(Fe112Nb11z)03 AND 

Pb3Nb40 13 THIN FILMS 

I. Introduction 

As easily expected from Chapter 2 oxides consisting of small transition 

metal cations and large non-transition metal cations may show high x0>. Ph­

complex pcrovskitcs such as Pb(Fe112Nb112)03 and Pb(Fcw W 113)03 meet the 

above requirements. These compounds have several interesting features as 

follows. (1) Simultaneous realization of high x<3> and optical transparency 

differing from a - Fc20 3 with highest x0> and relatively low optical 

transparency. (2) Change in x<3> as cubic phase (paraclcctricity) transfonns 

to tetragonal phase (fcrroclectricity). (3) Most of Ph- complex perovskitcs in 

tetragonal phase refer to "rclaxor", which is a fcrroelcctric or antiferroclectric 

material accompanied with diffuse phase transition. Pb-complex perovskitcs 

without inversion symmetry arc an important material for not only third-order 

NLO but also second-order NLO. 

In this section, the results of the preparation of Pb-complex perovskitc 

(Pb(Fc 112Nb1a)03) thin films on Si02 glass substratcs by the sol-gel method 

and the third-order nonlincar optical properties studied by the THG method 

arc presented. The third- order nonlincar optical properties of pyrochlorc 

Pb,Nb40 13 thin films, which arc often formed on preparing Pb(Fe112Nb112)03 

as an undesirable phase were also examined. Chiefly, for complex oxides 

such as Pb(Fe"2Nb112)0, and Pb3Nb40 13 comparison of the measured x0> 

measured with the theoretical x0> calculated using sccond­

hyperpolarizabilitics, which arc estimated from x<3> of single oxides treated in 

Chapters 1 to 5, arc given. 
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2. Experimental 

2.1 Preparation of Pb(FemNb112)03 and Pb
3
Nb

4
0

13 
Thin Films 

Pb(Fet12Nb112)03 and Pb,Nb40 11 thin films were prepared by the sol- gel 

method. As starting solution, Pb(OCOCH1) 2·3H 20-Fe(N03) 3·9H20 -

Nb(O~H5)5-CH30CH2CH20H-HN03 and Pb(OCOCH3)2' 3H20-Nb(OCzH5}~­
CH30CH2CH20H-HNO, solutions were selected for Pb(Fcv2Nb

1
J0

3 
and 

Pb3Nb4013 films, respectively. The chemical compositions of the solutions 

were 1.2:0.5:0.5:70:0.1 and 3.6:4:220:0.3 in molar ratio. In preparing the 

former solution, Iron (III) nitrate enneahydrate (Fc(N03)
3
·9H20) and 

Nb(OC2H5)5 were separately dissolved tn 2- methoxycthanol 

(CH30CH2CH20H) and Pb(OCOCH3h3H 20 was in a solution of 

CH30CH2CH20H and HN03• After stirring for 15 h these solutions were 

mixed together. The latter solution was prepared in the same way as the 

fonner solution. The coating solution was allowed to stand at 30 oc for 2 h 

prior to use. 

Dip-coating was used for film fonnation. An Si02 glass substratc was 

immersed in the coating solution, and pulled up at a rate of 3 cm m in 1
• The 

films were heated at 800 oc for 10 min immediately after each coating 

procedure. This cycle was repeated 4-6 times to attain the desired film 

thickness. 

2.2 Characterization of Pb(Fe 112Nb112)03 and Pb3Nb40 13 Thin Films 

For .reason mentioned in Chapter 1, an Si02 coating was further applied 

onto the Pb(Fe112Nb1a)03 and Pb3Nb40 13 films and then the coating films on 

one face were removed. These films were characterized by X- ray diffraction, 

cllipsomctry, UV-visible spectrophotometry and THG measurements as 

described in Chapter 1. 
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3. Results 

3.1 Crystallization Behavior 

Figure 1 shows the X-ray diffraction patterns of (a) Pb(Fc112Nb1a)0 3 

and (b) PhlNb40 13 thin films prepared by the sol-gel method. The crystalline 

phases precipitated in the sol-gel derived Pb(Fe112Nb1n)03 and Pb3Nb40 13 thin 

films were identified referring to JCPDS-FILE 32-0522 (cubic) and 25-0443 

(cubic), respectively. Preferable orientation is not seen for both films. The 

crystallitc sizes in the Pb(Fe112Nb1n)03 and Pb3Nb40 13 films were -40 and -30 

nm, respectively. 

3.2 Refractive Index and Optical Transmittance 

The wavelength dependencies of refractive index, n, for Pb(Fc112Nb1n)03 

and Pb1Nh40 13 thin films arc shown in Figure 2. It is seen that the refractive 

indices of Ph(Fc112Nb1n)0 3 and Pb3Nb40 13 films decrease with increasing 

wavelength as well known. Figure 3 presents the linear plots of (n2-lt1 

versus E2 for Pb(Fc112Nb1n)03 and Pb3Nb40 13 thin films based on Wemple's 

equation [ 1] 

Eo E2 
~ - --- ' 

Ed EaEd (1) 

where E, E0 and Ed arc the photon energy, the average oscillator energy and 

dispersion energy in eV unit, respectively. E0 and Ed are important optical 

properties of materials [1]. The refractive indices were estimated as n3(,)=2.41 

at 633 nm and n(o)=2.27 at 1900 nm, and the coherence length, 2c=l.9/[6 

(nl.., -n..,)], was 2.2 pm for Pb(Fc112Nb1n)0 3 films. In a similar manner, n3..,, n.., 

and €c for Pb3Nb40p films were estimated as 2.27, 2.13 and 2.3 pm. The 

thickness of the Pb(Fc112Nb1J 0 3 and Pb3Nb40 13 films obtained by 10 dippings 

-166-

..--.. 
Cl) 

-~ 
c 
:l 

...0 
\..-

ro -0 ........... 
0 

.£ ..----Cl) • c 
Q) ...... 
c 

20 

• 

30 

.--.. ..-
..-
..­-• 

40 

2 e 1 deg 

s 
0 
C\J -• 

50 

Fig. l(a). X- ray diffraction pattern of Pb(Fc112Nb1n)0 3 thin films. 

-167-



• Pb3Nb40 13 
.--.. 
(f) 
+-' ,...._ 
c N 
:J N 

N .......... 
.0 0 
~ • ro 0 

............ ~ ,...._ 

c 0 • '<3-
(f) '<3-.......... 
c 
Q) • +-' c 

20 30 40 50 

2 e 1 deg 

Fig. l(b). X-ray diffraction pattern of Pb3Nb40 13 thin films. 
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was 0.19 and 0.27 pm, respectively. 

Figure 4 shows the absorption spectra of Pb(Fc112Nb
12

)0, and Pb
3
Nb40 1

, 

thin films with and without an additional Si02 coating. Most spectra have 

mountains and troughs arising from the interference of light. It is seen that 

the additional Si02 coating effectively reduces the optical loss due to 

reflection at the surface especially in the wavelength region above -600 nm. 

The optical band gaps, Eg, of Pb(Fc112Nb112)0, and Pb,Nb40p films were 

estimated to be 2.6 and 3.1 cV, respectively. 

3.3 Evaluation of x(3> Values 

The THG intcnsitics as a function o the rotation angle for (a) 

Pb(Fc 112Nb112)03 films, (b) Pb,Nb40 13 films and (c) Si02 glass arc given in 

Figure 5. The THG intensity patterns of Pb(Fe 112Nb,JO, and Pb,Nb40 11 films 

clearly show the interference between the THG lights from Pb(Fc,12Nb112)0, 

(or Pb3Nb40 13) films and Si02 glass substrate as previously reported [2]. The 

THG intensity was obtained by the least squares method as solid curve in Fig. 

5. 

In the present study, x(3> was determined by the equation [3) 

(3) 2 (3) le, Si01 

Xjilm = 1t Xs;o1 - 1-
[3w, film 

I 3w, Si02 

n!. filmn3w, film~. SiOz T 3w, Sa01. 
(esu) , 

n!. Si01.n3w, Si02~.jilmT3w,film 
(2) 

where I denotes the THG peak intensity. The film thickness is used for e, 
because the film thickness is less than the coherence length. The values of 

x(3>sicn=2.8x10-14 csu and 2c,sio.=18.1 pm were used for Si02 glass as both 

standard sample and substratc (4]. 

The intcnsitics of THG signals generated from Pb(Fc,aNb112)03 and 

Pb
3
Nb

4
0

13 
films were determined by the equation [2] 
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I +I. max nun Isubstra~e 
= 

2 

I +I. max nun 

(3) 2 2 

where Imax and Imin arc the upper and lower envelopes, respectively, of the 

superimposed THG intensity pattern. The THG from the additional Si02 

films on the Pb(Fe112Nb112)03 (or Pb3Nb40 13) films was neglected, because 

x<3>sio. itself is very small and moreover the thickness of Si02 coating (less 

than -0.2 .urn) is much smaller than the coherence length (18.1 .urn). The x<J> 

values of Pb(Fc112Nb112)03 and Pb3Nb40 13 films were determined to be 7. 

4x10-12 and 2.8x10-12 esu, respectively. Table 1 summarizes the obtained 

optical properties of Pb(Fe112Nb1n)03 and Pb3Nb40 13 thin films. 

4. Discussion 

4.1 Relation between x<J> and Refractive Index, n 

It is possible to estimate x<J> of a material from refractive index, n, 

according to Miller's rule [5, 6] 

(4-a) 

and 

(4-b) 

The x<3> values of 1.2x10-12 and 6.4x10-13 csu, which are predicted by Miller's 

rule for Pb(Fe112Nb1n)0 3 and Pb3Nb40 13 thin films, respectively, as in the 

second row of Table 2, arc inconsistent with the measured ones, 7.4 xl0-12 and 

2.8x10-12 esu, as in the first row. 
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Table 2. Comparison of the measured x(3> with the calculated x(3> for 

Pb(Fe112Nb112)03 and Pb3Nb40 13 thin films on the basis of three 

models. 

x(3> 1 esu 

Pb(Fe112Nb112)03 Pb3Nb40 13 

Measured value 7.4xl0-12 2.8x10 12 

Miller's rule 1.2x10-12 6.4x10-13 

Band gap model 8.7x10-12 2.8x10-12 

Lines' model 2.6x10-12 l.Sxl0-12 
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Figure 6 shows a relation between xr-> and refractive index, n..,, at 1900 

nrn for Pb(Fe112Nb1J03 and Pb3Nb40 13 thin films together with other NLO 

materials reported so far (3, 4, 7-12). Inorganic materials with the high 

refractive index tend to exhibit high x0 > while x<3> of organic polymers such 

as polydiacetylene (PDA) (10] and poly(2,5- dimetho:xy p- phenylene 

vinylene) (MO- PPV) [ 11] deviates from Miller's rule to a considerable extent. 

The latter is due to the enhancement by the "so- called" three photon 

resonance or near three-photon resonance [13). This problem will he 

mentioned in more details in the next section. 

4.2 Rela tion between x<3> and Optical Band Gap, Eg 

An enhancement in xC3>( -3w;w,w,w) occurs when a frequency of 

interacting light approaches either one of one-, two- or three- photon 

resonance frequency according to the relation [13) 

and 

F(w) = 
1 1 ---------------------+-------------------

(Eng -3w)(E
1118 

-2w)(E
11

,
8 
-w) (E

118 
+w)(E1118 -2w)(E11 'g -w) 

. 1 + 1 + , 
(E

118 
+w)(E

1118 
+2w)(E

11
,
8 
-w) (E

118 
+w)(Emg +2w)(En'g +3w) 

(5- b) 

where p(g), EiJ and Q,J are the density matrix element of fundamental state, 

the energy difference between states i and j in 'h (=h/2Jr, h: Planck's constant) 

unit and the transition matrix elements between states i and j, respectively. 
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If the three-photon resonance is dominant in the THG process as in the case 

of optical band gap, E8, higher than three-photon energy, 31lw, one can ohtain 

the most significant term due to the three-photon resonance in Eq. (5) as 

follows: 

A 
(Eg -1.96)(Eg - 1.31)(Eg -0.65) (esu) (Eg>l.96) ' (6) 

where A is the phenomenological constant and a laser light of 1900 nm (0.65 

e V) is used as incident beam. 

Figure 7 gives a relation between x(3> and optical band gap, E
8

, for 

Pb(Fe 112Nb 112)03 and Pb3Nb40 13 thin films together with other NLO materials 

shown in Fig. 6. For some organic materials, the absorption edge of exciton 

absorption for some materials is used instead of Eg. It is clear from Fig. 7 

that xC3> of these materials increases asymptotically as the E, approaches 1.96 

eV corresponding to the three-photon energy in the present case. This 

change obeys Eq. (6) as shown in the figure by a solid line when the 

parameter, A, takes a value of 1.4x10-11
• From Eq. (6), the xP> values were 

estimated to be 8.7x10-12 and 2.8xl0-12 esu for Pb(Fe 112Nb112)01 and 

Pb3Nb40 13, respectively, as in the third row of Table 2, which arc in good 

accordance with the measured ones, 7.4xl0-12 and 2.8x10 12 esu, as in the 

first row. 

4.3 Calculation of x(31 Based on Lines' Model 

Recently, Lines has proposed a model dealing with the contrihution of 

the empty d orbitals in addition to sp orbitals to the linear and nonlinear 

optical properties based on a bond-orbital theory as follows [ 14, 15 ]: 
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Notations arc the same as in Fig. 6. 
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(7) 

where .eb denotes the average bond length, fL =(n; +2)/3 the Lorentz local-field 

correction factor, Es the Sellmeier gap which is in practice equal to the 

average oscillator energy, E0, in Eq. (1). It is known that E/ E
8 

is - 2 over a 

wide range of insulators and semiconductors with E~ ~ 4 eV. [16] From Eq. 

(7), one can obtain the x(3> values of 2.6x10-12 and 1.8x10-12 esu for 

Pb(Fe 1aNb1a)03 and Pb3Nb40 13 films, respectively, as in the fourth row of 

Table 2, which are in reasonable accordance with the measured ones, 7.4 x 1 0 
12 and 2.8x10-12 esu, as in the second row. As seen for iron oxides in Chapter 

3, the larger discrepancy for Pb(Fe1'2Nb1J 0 1 than for Pb1Nb40 13 indicates the 

improper application of Lines' model to Pb(Fe1aNb1a)O, containing Fe~+ ion!. 

with partially occupied d orbitals as expected (14, 15]. 

4.4 Contribution of Constitutional Ions to x<3> 

In order to make the effect of the valence and coordination number of 

Fe ions on the third-order nonlinear optical properties clear, microscopic 

second-hyperpolarizability, y, has to be taken into account, because 

macroscopic xC3> depends on both y, and the number density, N, of the ith 

constituent as follows [17, 18]: 

fL4 
x<3> = -~ N .y . (esu), 

24~ I I 
I 

(8) 

For a metal oxide M 0 y per M., 0 formula unit, y(M.,yO), can be derived 
' X Y' "'y "' 

as follows: 
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(9) 

where Mw, D and NA are the molecular weight and density of MxOy and 

Avogadro's number, respectively. Table 3 summarizes microscopic and 

macroscopic nonlinear optical properties of Pb(Fe112Nb112)03 and Pb3Nb40 13 

thin films together with other NLO materials. 

The x(3> values of Pb(Fe112Nb1n.)03 and Pb3Nb40 13 were calculated using 

y(Mx~yO) values of a-PbO, a-Fe20 3 and Nb20 5 and a-PbO to be l.Sxl0-11 

and 3.9x10-12 esu, respectively. These values are in reasonable accordance 

with the measured ones, 7.4x10-12 and 2.8x10-12 esu, respectively. The 

discrepancy between the calculated and measured values may arise partly 

from the rough assumption that y(PbO) values for a-PbO (4-coordinated 

Pb2+), Pb(Fe,12Nb,n.)0 3 (12-coordinated Pb2+) and Pb3Nb40 13 (8-coordinated 

Pb2+) are all the same. 

5. Conclusion 

~ this section, the third-order nonlinear optical properties of the sol­

gel derived Pb(Fe112Nb112)03 and Pb3Nb40 13 thin films have been investigated 

by the THG method. The following results were obtained. 

(1) The x(3> values of Pb(Fe112Nb,n.)03 and Pb3Nb40 13 thin films were 

7.4x10-12 and 2.8x10-12 esu, respectively. It was shown that oxides consisting 

of small transition metal cations and large non-transition metal cations show 

high x(3>. 

(2) The x<3> values of complex oxides can be estimated from the 

y(Mx~yO) values of the corresponding single oxides. 
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SUMMARY 

This thesis presents the results of studies on the third-order nonlinear 

optical properties of transition metal oxide thin films prepared by the sol-gel 

method. In this study, the third-order nonlinear optical susceptibility, x(3>, of 

the sol- gel derived simple and complex oxides containing Ti, V, Nb, Ta, Fe 

and Pb has been measured by the third-harmonic generation (THG) method 

and the results have been discussed on the basis of the linear optical 

properties, microscopic local structures and electronic structures of these 

oxides. 

In Chapter 1, the third-order nonlinear optical properties of the sol-gel 

derived Ti02 thin films of rutile and anatasc phases have been investigated 

by the THG method. Chiefly, the effects of Ti02 polymorph (rutile and 

anatase) and porosity on x'3> has been examined. The measured x<3> values 

ofrutile and anatase thin films were 1.4x10-12 and 9.7x10-13 esu, respectively. 

The x<3> values corrected for porosity were 4.0x10-12 (rutile) and 2.4x10-12 csu 

(anatase), which arc -100 times as high as that of Si02 glass. The much 

higher x'3> values of both Ti02 polymorphs compared with Si02 glass were 

ascribed to the higher refractive index and the narrower optical band gap of 

the former due to the significant contribution of Ti 3d orbital as a result of 

the large p-d overlapping caused by the short Ti-0 bond length of 0.195-

0.196 nm. The slightly higher x'3> value of rutile compared with anatase was 

also attributed to the higher refractive index and the narrower optical band 

gap of the former, which both possibly arise from the broader Ti 3d 

conduction band as a result of the formation of the straight chains of Ti06 

octahedra in rutile, as distinct from the zigzag chains of Ti06 octahedra in 

anatase. Phase- matching for the THG of rutile single crystal (110) have been 

also examined in view of the practical application in optical devices in 
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Chapter 1. As a result, third-harmonic generation with a visible red light was 

clearly observed, indicating that Ti02 is one of the most promising NLO 

materials. 

In Chapter 2, the third-order nonlinear optical properties of the sol- gel 

derived V z0 5, Nb20 5 and Ta20 5 thin films have been investigated by the THG 

method. Mainly, the effect of the local structures (metal- oxygen bond length 

and valence of cation) on x<3> of transition metal oxides with empty d orbitals 

have been examined in comparison with non-transition metal oxides. The x<3> 

values of V20 5, Nb20 5 and Ta20 5 thin films are l.lxl0-11 , 1.3xlQ-12 and 

6.1x10-13 esu, respectively, which is in reverse relation to an increase of the 

average bond length in the order of V-0 (Rb=0.183 nm), Nb-0 (Rb=0.200 

nm) and Ta-0 (£b=0.204 nrn). The above relation is also applicable to Ti02 

polymorphs (x'3>=4.0x10-12 esu, .eb=0.196 nm for rutilc: x<3>=2.4x10-12 esu, 

.eb=0.195 nm for anatasc) with the different valence of metal cation from the 

above metal cations. The results indicate that x(3> of these transition metal 

oxides with the empty d orbitals is dominated mainly by the metal- oxygen 

bond length rather than the valence of metal cation. It is predicted on the 

basis of Lines' model that transition metal oxides with the shortest .eb have the 

highest x'3> while non-transition metal oxides with the longest .eb do the 

highest x'3>. 

In Chapter 3, the third-order nonlinear optical properties of the sol- gel 

derived a-Fe20 3 thin films and a-Al20 3 single crystal (1120) have been 

investigated by the THG method. Mostly, the effect of corundum isomorph 

on the x<3> has been examined. The x<3
> value of a - Fe20 3 thin films was 

5.8x10- 11 esu, which is the highest value among inorganic oxides reported so 

far. The high nonlincarity was ascribed to the optical band gap close to 

three-photon energy as well as the high refractive index. The x'3> of a-AI20 1 

single crystal was l.Ox10-13 esu, which nearly three orders of magnitude 
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lower than that for a-Fe20 3• It is found that the effect of corundum 

isomorph on the x(3) is small and the Fe clement plays an important role in 

enhancement of the x<3>. The third-order nonlinear optical properties of the 

sol-gel derived a-Fc20 3, y-Fc20 3 and Fe30 4 thin films have been also 

investigated by the THG method. The x(3> values of a-Fe20 3, y-Fe20 3 and 

Fe30 4 thin films were 5.8x10-11
, 2.1x10-11 and 4.0x10-10 esu, respectively, 

which arc the highest values among inorganic oxides reported so far. x<3> of 

a-Fe20 3 and y-Fe20 3 may be enhanced by the pair excitation process 

involving the simultaneous excitation of magnetically coupled two 

ncighboring Fc3+ ions while x<3
> of Fe30 4 by both one- and three-photon 

rcsonanccs. The difference in x<3
> between a - Fe20 3 and y-Fe20 3 may result 

from the presence of face-shared Fe06 octahedra in a-Fc20 3• 

In Chapter 4, the third-order nonlinear optical properties of the sol-gel 

derived FeTi03 thin films have been investigated by the THG method. 

Primarily, the effect of valence and coordination number of Fe ions on the x<3> 

has been examined. The x<3> value of FeTi03 thin films was 3.3x10-12 esu, 

which is comparable to those for Ti02 polymorphs (rutile and anatase), but 

one order of magnitude lower than that of a-Fe20 3• The y(Fe2+0) was -4 

times as large as y(Ti4+ 1!20), indicating thaf the x<3> value of FeTi03 is 

governed by the y(Fe2+0) rather than y(Ti4+ 1120). It is found from the results 

obtained in Chapters 3 and 4 that the higher y(Fex~yO) is obtained when Fe 

ions arc 3+ rather than 2+ and octahedrally rather than tetrahedrally 

coordinated by oxygens. It is expected that y(Fe~i;+o) under the resonant 

condition is extremely high. 

In Chapter 5, the third-order nonlinear optical properties of the sol-gel 

derived a-PbO thin films have been investigated by the THG method. As 

a result, the x<3
> value of a-PbO thin films was 3.8x10-12 esu. It was found 

that a-PbO containing large Pb2+ cation has high x<3> as expected from Lines' 
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model. The third-order nonlinear optical properties of the sol- gel derived 

Pb(Fc l!2Nb112)03 and Pb3Nb40 13 thin films have been also investigated by the 

THG method. The x<3> values of Pb(Fe112Nb1a)0 3 and Pb
3
Nb40

13 
thin films 

were 7.4x10-12 and 2.8x10-12 csu, respectively. It was shown that oxides 

consisting of small transition metal cations and large non- transition metal 

cations show high x<3>. The x<3> values of complex oxides can be estimated 

from the y(MxJyO) values from the corresponding single oxides. 

In summarizing, it has been found from Lines' model that transition 

metal oxides with the shortest .eb have the highest x<3> while non- transition 

metal oxides with the longest .eb do the highest x<3>. Lines model dealing with 

refractive index and Sellmcier (or optical band) gap gave better prediction of 

x(3> for most of materials with empty d orbitals than Miller's and band gap 

models. However, simple band gap model was superior to Lines' model for 

transition metal oxides with partly occupied d orbitals, because Lines model 

is applicable only to transition metal oxides with empty d orbitals in nature. 

Finally, it should be noted that calculation of x<~> using second­

hyperpolarizability, y, is very useful, because it does not require any 

empirical parameters in contrast to the above three models. 
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