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2 GENERNLAINTRODUCTION

comny telv vanishin olasses whicl possess isotropic and centro-syvinmetric
strncinre. I other words, glasses originally do not show secoud-harmonic
oeneration whicl arises from the sy of the olass. As o result. the mdue-
tion of second-order nonlinearity into olass wmaterials s heen an attractive
sihject from the fundanental standpomr.

Wit an increase of interest in poled elasses i the last decade. pol-
e techniques have been developed rapidiy. Thev are divided 1to some
orops dependent on the types of exeiting source: optical poling [1.3].
thermal poling [2.7 poling with electron-heam radiation [5.6] awd UV
excited poline [T 910 Al of these involve distinet advantaces and mduction
mmechinisms of nonlinear optical properties. In the present thesis. thernal
poling which takes advantage of the Hexibility of elass structure and re-
flects the temperature dependence of the Hexibility is chosen. Namelv, the
cecond order nor nearity of the thermally /electrically po doxide glasses
is investivated. Hereafter, the techmical term of poline stands for thermal
poline. unless otherwise stated. in this work.

A for the poled oxide glasses. the second-harmone oeneration has heen
imvesticated most extensively and widely i silica-hased elasses [2.10 18],
The characteristic helavior in these materials s that the region with
second-order nonlinearity. that is. the SHG-active structure. was mainly

created in the v cinity of the glass surface contacted with an anode during

poling. This reveals the existence of a common factor for the iduction of

the second-order nonlinearity. On the other haud. poled telharite glasses
as well as the silicasbased glasses offer the second-harmonic generation.
as first reported by Tanaka of al. in 1993 [19]. Tellurite glasses possess
many attractive linear optical properties such as high refractive mdex and
vood IR transmittance in addition to low melting point and relatively high
chiemical durability. Besides. large third-order nonlinear susceptibility has
heen reported in various tellnrite glass svstens P20]. which is Jarger by
two orders of magnitude compared with those for most of the silica-hased
olasses. In addition to the above excellent properties. the tellnrite glasses

exhibit fraeility to some extent at around their relatively low olass transi-
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tion ternperatures. From this poit. it 1s expected that their temperature
dependence of second-order noulinearity gives us some valuable aspects on
the structural change and the variation of jonie motion related toglass
network at around tlheir olass trausition temperatures. Theretfores i the
present thesis. the noulinear optical propertios with second-ovder and st
ture of poled tellurite glasses ave throughly mvestigated.

As shown above. the poled oxide elasses exhibit the interesting nondinear
optical properties with second-order from both fundamnental aud pracrical
viewpoints. Morcover. poling is an attractive techuique for amodification
of olass structure such as controlled erystallization. owing to the structural
Hexibility of atorphous state. However. there exist many unresolved prob
lems on the poled oxide olass materials. For instances accomplete claritica
tion of the imduction mechanist of the second-order nonlinearity has not
heen attained. This hinders further developuents of optoelectronie devices
i this oLl Also. the mfuence of a laree electrie field by pohing on not
onlv the nonlinear optical properties but also the stricture of oxide olisses
is not thoronehly clarified. The studies on the relaxation hehavior of the
induced sccond-order nonlinearity are scarce despite of its nnportance for
Detter unders andine of the induction process as we  as practical apph
cations. The ability of poling to - wove crystallinity i olass-coranmes 1y
also little known. In particular. since the problem ow the fervoclectrie ike
hehavior of ¢ ass-ceramics 1s accomplished 1s guite mteresting. a promising
wethod is desired to overcome this problem. T e present thesis was -
dertaken to resolve such problems. The respective chapters ave outlined as
follows.

In Chapter 1. a theoretical approach to second-harmonic generation of
poled oxide elasses. so-called the NMaker vinge theory,is presented. Second-
hartonic generation i poled tellurite ¢ asses is examined and analyvzed by
this theory in order to evaluate their second-order nonlinearity. Fspe-
ciallv. the dependence of second-harmonic imtensity on poling temperature
5 examined. Al the trellurite elass svstemns cmployed mn this thesis ex-
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Libit o connnon characteristic that there Is an optinnun poline terpera
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Chapter 1

Poling-induced second-order

nonlinearity .n tellurite glass systems

1.1 Theory of second-harmonic generation for p: led

oxide glasses

1.1.1  /JAaker fringe theory

I the prescut thesis. second-harmonic generation ( SHG T is measired
for the estit: ion of nonlinecar optical propertios with sccond-order i
poled tellurite elasses and glass-ceramics. Second-lar onic geation s
a second-order Hulinear phenomenon which comes from the seco d-order
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where I is the polarization and . is the electrie field of an incident Tioht,
Naniely. the incident lieht is efficiently converted into a second-larmonie
wave with twice the initial frequency. This phenomenon hias attracted
a orcat deal of attention becanse of not only its potential application to
optical devices hut also nou-distractive method for mvestisating a huried
intertace. he Maker fringe method [1] has been emploved most extensively
for the SHG measurements. As for the poled oxide glasses. this method s

notably usetul hecause it inforns us not only the magnitnde ot non-zero
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tensor comwponents of the second-order nonlinear susceptibility but also
other imuportant aspects such as symetry and thickness of a SHG-active
structure.

¢ measuretnents utilizine the Maker fringe method are carried out
nuder a contigurat Hu deseribed below ( Fig. 1.2). A intense laser heam
is incident on a1 te-like glass sample which is rotated around an axis
perpendicular to the ineident plane. As a result. the second-harmor - 1mn-
tensity penerated from he poled glass is obtained as a function of mcident
anele. The angular dependence of second-harmonic mtensity. so-called
Makoer fringe pattern. is analvzed with the following Maker fringe equa-
tions:

*)

L= Cod 2t T, ROV L[ (0 = 107 | sin” W (1.2)

2 cos o
f = . (1.3)
n_. cosfl +cosftl,

§ iy cos By (1 cost +cost Yo cost .+ n.costh,)
T, = : (L)
(119 cost 4 cosf, )

w ere I is the power of light. " is the constant. B(#) represents the -
tiple v ection cocfficient. nis the refractive index and d, s the effective
second-or v no inear coefficient which is described i detail mthe next
section. Here. subseripts o and 2o denote the fundamental and second-
Lartnonic waves. respectively. W is a funetion of SHG-active layver thickness.

L. as follows:
U= (27 L/N)(n, cost, — 1 cos ) . (L.5)

The last term of Eq. (1.2). sin” W, causes the oscillation of second-harmonie
mtensity in the Maker fringe pattern: the generated second-harmonic -
tensity varies with angle of incidence. By analyzing this oscillation pattern
using Eqs. (1.2)-(1.5). we can determine the thickness of the SHG-active
reoion. Hereo it should be mentioned that the application of Maker fringe
metho s restricted to some extent due to the asstanption of high trans-
parency in the spectral range of interest. This problem is tackled Chap-

ter 5 by modifving the last term of Eq. (1.2). As for the poled tellurite
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olasses employed i this work. however. it is out of @ question.

1.1.2 Effective second-order nonlinear coefficient of poled glasses

The second-order nonlinear polarization 12 which canses second-harmonic
seneration depends on the second-order nonlinear susceptibility tensor with
a3 o= I A :

3% =27 components of \jp (e bk =y n)as well as an anphitude
the incident electric field | £ |

5 —

P =\ ED Bk (1.6)

/

The munber of tensor components can be reduced to I8 hecause the )k
and &/ components are identical. Thus. the second-order nonlinear tensor

. ) . . . B .
is represented by A\ with subseripts i and oas deseribed i Te e 1L

Table 1.1 Second-order nonlincar tensor components !

I 2 3 | D O
1 x 7
Y V)7 VS I VR B VA A R

Vs related to the second-order nonlimear coethicient as fo ows:
(2) _ 9 / —
\ = 24 . (1.7)

both of them are nsed for evaluating the sc ond-order nonlinearity of poled
tellirite olasses and elass-ceramics. d ca be written by Eq. (1.8) for poled
oxide olasses under the assmuptions that that the Kleinman svimnetry [2]
is satisfied and that the electro dipoles are isotropic [3] and oriented per-

pc dicular to the sample surface with O syunnetry:

d N A 1N































































S0 COAPTER 20 REALIZATION OF LONG RELANATION TINE AND

Lartnonic ceneration. such an inerease i the imtensiey s attributed to an
anericntation i casiness to torm the internal de electrie field., At higher
terperatures. the depletion of cations 1s promoted near the anode-side
surface wore casily [22]0 Consequently. the larger mternal clectrie field
and the lareer sceond-harmonic generation are induced. In tact. Proctor
and Sutton revealed experimentally that the development of voltage which
A pped near the anode electrode ocenrred more drastically at Linelier tenn-
perature for lead borosihcate olass [23].0 The Maker fringe pattern shiown
i Fio. 2.3 is also explainable when considered the previons mechanisi
that an orioin of the second-harmonic generation exists only ina thin layer
heneath the o ode-side olass surface. This situation is schematically pre-
sented i Fieo 205000 where adistribution ot oy s well as electrie field 1s
Hstrated,

On the other hand, the fact that second-harmone mtensity decreases
st helow the glass transition tewperatnre cannot be explained nnder the
ahove-.oseribed model which assunies the mobile cations and rigid non-
Drideine oxide ions. and needs consideration that the change m hehavior
of hoth cations and von-brideine oxide ions. The linear relation between
optinnim poling temperature and glass transition temperatire shown
Fio. 1.14 supports an idea that the decrease m sccond-harmontc mten-
ity rest s from the hehavior of glass network structure. which meludes
a1 increase in mobility of non-bridging oxyeens. On a plausible assump-

tion that the olass network plays an important role in the decrease in

second-harmonic intensity. two tvpes of mechanisms for the diminish of

the second-harmonic intensity are possible. as follows. One of them -
chudes the condnetion of non-brideine oxide ions toward an anode-side and
sibsequent evaporation into the air in the form of Ou. which decreases
the internal electric field in the depletion Taver [19]. The oxidation reac-
tion to change the valence of Te'™ . which reduces the negative charge m
the depletion region. iy also possible. T another mechanism. when the
poling temperature approaches to the glass transition remperature. the

non-brideing oxveens begin to vibrate more vigorously. leading to a farger

20 Induction of second-order nonlincariny with fong decay time ol

thermal Huctuation of electrie dipoles and henee a reduction 1 orientation.
The fact that which is more reasonable 1s clear from the experiments of
two-step poling process,

In the latter case. the internal electrie tield does not chiange so that the
orientation of dipoles and second-harmonice mtensity shonld recover af the
poling is performed again at the optinun poling terperature atter the -
tial poline at hicher temperature. In contrast. since the former mechanism
includes an irreversible electrochemical reaction such as the evaporation.
the second poling process at the optinnun poling temperature does not
brine about an increase in second-harmonic mtensiy. Plie resudt shown
in Fioo 2.1 clearly indicates that the decrease e second-harmonic mten-
Sity ocenrs irreversibly just helow the olass transition temperature. Th .
the former mechanism is more plausible. although turther expernnents arve
required to determine what kinds of electrochemical reactions are predom-
tant.

As deseribed at thie top of this section. the dipole moment adone the ex
rernal electric field 1s indueed e the thin depletion laver near cano s
surface. Nevertheless. the profile of Maker frinee pattern such as 1o 22000
stteoests the presence of more than two lavers. which are separated with
cach other Dy the sample thickness and generate second-harone waves
with diferent amplitude. This  rofile of Maker fringe oattern s ocner
allv observed in the tellurite elass with low second-harmonic intensity such
as the elass poled at a temperature close to the elass transition temper-
ature. In support of this observation. we conclude that the decrease i
space charee in the depletion Tave  beneath the anode-side elass surtace
leads to a less voltage drop near the anode-side. vesulting i such a situa-
tion that the external electrice field 1s Iikely applied to the whole bhulk ¢ s
and sccond-order nonlinearity s induced 1 the other regions. as shown m
Fig. 2.2(h).

The second-harmonic intensity of 30Z10O-70TeOy olass did not ccay
i a fow weeks hut lasts wore than one vear. whercas a rapud relaxation

of Intensity was observed at room temperatiure for 30NaO - T0TeC 1 olass.
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