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Poling temperature dependence of optical second harmonic intensity has been examined for
Na,O—-ZnO-TeQ@ glasses. All the glasses exhibit such a tendency that the second harmonic
intensity increases, experiences a maximum, and decreases as the poling temperature increases. The
poling temperature giving rise to the maximum second harmonic intensity, which we call an
optimum poling temperature, correlates with glass transition temperature; there exists a linear
relation between them. This phenomenon indicates that the structural change of glass network near
the glass transition temperature affects the orientation of electric dipoles with a long range order
which induces the second harmonic generation. We suggest that some electrochemical reactions
take place on the anode-side surface of glass at around the glass transition temperature where
viscous flow is allowed and disturb the orientation of electric dipoles.1998 American Institute

of Physics[S0021-897@8)03708-4

I. INTRODUCTION perature and the poling temperature corresponding to maxi-
mum second harmonic intensity, which is hereafter referred
Nonlinear optical properties with second-order of poledto as an optimum poling temperature.
glass materials have attracted considerable attention from
both fundamental and practical vigwpointg since the_discov"_ EXPERIMENTAL PROCEDURE
ery of second harmonic generatigBHG) in poled silica
glass by Myerset al! The fundamental interest lies in the A- Sample preparation
fact that ar.1 Optical aniSOtrOpy is induced in gl-aSS WhICh haS Glass Samp|es were prepared fromZQ, Zn0, and
been considered to be a prototype of an optically isotropicreQ,. The purity of these raw materials was 99.5%, 99%,
solid. From a practical viewpoint, the poled glass will be and 99%. The raw materials were mixed thoroughly to make
useful as a frequency doubler of light and a linear electrogoNaQ,-70TeQ, and 10NaQ,-20Zn070TeG, composi-
optical device. Not only the silica gl&s$ but also tellurite  tions, and melted in a platinum crucible at 850 °C for 20 min
glass is one of the amorphous materials which exhibit secongh air. The melt was poured onto a carbon plate to obtain
harmonic generation when the thermal poling is carriedglass. The glass transition temperature was measured using
out”~**We recently reported poling temperature dependencaiferential thermal analysigRigaku, TG-DTA8112BH. Af-
of optical second harmonic intensity of tellurite glasses inter the glass was annealed at around the glass transition tem-
MgO-ZnO-TeQ system:>* The second harmonic inten- perature for 20 min, it was cut into a plate. Both surfaces of
sity increases, takes a maximum value, and decreases as e platelike glass were polished to make a specimen for
poling temperature increases for all the glass samples stugneasurements of second harmonic generation. The thickness
ied. A similar phenomenon was observed in poled silicaof the resultant glass sample was 1 mm.
glass'? The fact that there exists a poling temperature which Poling of the glass sample was performed as follows.
gives rise to a maximum second harmonic intensity is imporThe glass sample was sandwiched in between two commer-
tant for the production of glass materials with large secondeial borosilicate glass plates and contacted physically with
order nonlinear optical susceptibility. However, mechanismelectrodes made of stainless steel. The commercial borosili-
for such a variation of optical second harmonic intensity withcate glass plates were used to avoid precipitation of metallic
poling temperature remains obscure. In the case of telluritéellurium which occurred on the cathode-side glass surface
glasses, in particular, this phenomenon is interesting in convhen the glass sample was contacted directly to the elec-
nection with thermally induced change of glass structure betrodes made of stainless stéélhe use of commercial boro-
cause the poling temperature is very close to glass transitiosilicate glass plates was also effective to avoid discharge
temperature. between the electrodes. The glass sample sandwiched with
In the present investigation, we examine the poling tem+the electrodes was put into an electric furnace and heated to
perature dependence of second harmonic intensity foan aimed temperature. After the glass sample was held at the
30NaQ,-70TeQ and 10NaQ,-20ZnO70TeQ glasses, temperature for 30 min, the voltage of 3 kV was applied for
and discuss the effect of poling temperature on the change @& min. Then, the glass sample was taken out from the fur-
glass structure during the poling. We present our finding thabhace and quenched to room temperature while the constant
there exists a linear relation between glass transition temvoltage was applied. The voltage was removed after the tem-
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1064 nm D AP PL  sample stage ism TABLE I. Glass composition, glass transition temperature, and optimum
Nd-YAG H | m %\ pris poling temperature of N®—-ZnO-TeQ glasses.
pulsed laser — " - -
I E&g Glass composition Glass transition ~ Optimum poling
.g (mol %) temperaturg°C) temperaturg°C)
[«
§ 30NaQ,,- 70TeG, 250 225
k) 10NaQ,-20Zn0O 70TeG 300 260
Digital oscilloscopg e signal 30Zn0O 70TeQ? 326 280
Cited in Ref. 10.

Computer

FIG. 1. Schematic illustration of equipment for second harmonic generatiorof input light power, Y-cut quartz with thickness of 1.046

e et ok 1 5 e o To e oo MM 2NGG1=0.34 PV was used a5 a reference material

tl)rr]gviations are as follows. ND: ND fili/er; Ag: apérture; PL: po?arizer; IR under the andltlc_m op-excitation ancp-detectlon_.

cut: IR cut filter; and PM: photomultiplier. X-ray diffraction measurements were carried out for
both as-annealed and poled glasses with KGu radiation
(Rigaku, RAD-Q. For each surface of bulk sample, diffrac-

perature of the glass sample was decreased to the room tefjon angle was scanned fromy210 to 70° at intervals of

perature. It should be noted that the actual voltage applied t9.05°. The scan speed was 2°/min.

the glass sample was less than 3 kV because the glass sample Refractive indices at 532 and 1064 nm were measured

was sandwiched with two commercial glass plates as merpy using an ellipsometefYokojiri, DVA-36VW) for poled

tioned above. glass samples to estimate second-order nonlinear optical co-
efficient.

B. Measurements

The second harmonic intensity of poled glass sample$!. RESULTS
was measured using Maker fringe metHddA setup for Table | shows glass transition temperature of

SHG measurements is illustrated schematically in Fig. 1. Th‘f‘\IaQO—ZnO—TeQ glasses. The glass transition temperature
intensity of second harmonic wave from poled glass samplg, . eases with a replacement of Na by Zn. The variation of
was measured using a pulsed Nd:YAG lag@pectra Phys-  gocond harmonic intensity with angle of incidence for
ics, GCR-lllv.vhlch operateq in a Q-switched mode 'Wlth a 30NaQ),- 70TeQ, glass poled at 220 °C with 3 kV is shown
10 Hz repetition rate. The incident pulse wap@xcited i, Fig "> The Maker fringe pattern is observed, although
fundamental wave at 1064 nm with 9 ns duration. The outpUp,inimum values of intensity are not zero in contrast with the
Ilght from the poled glass was passe_d through a prism t?heory of Maker fringe. For 30Nag-70TeQ, glass poled at
divide the second harmonic wave with 532 nm from theog °C, the dependence of second harmonic intensity on in-
fundamental wave. The-polarized second harmonic wave jqent angle is shown in Fig. 3. When the anode-side surface
was passed through a monochromatpex, 270M and de- ¢ yhis glass was etched mechanically with aboutd, the
tected with a photomultipliefHamamatu Photonics, R955  soond harmonic generation disappered, which indicates that
The signal from the photomultiplier was accumulated by USyhe origin of SHG exists in thin layer near the anode-side
ing a digital oscilloscopéHewlett Packard 54522AIn or- g, face In this figure, the solid curve is a theoretical one

der to perform the Maker fringe measurement the poledy\yn by using the refractive indices shown in Table Il and
sample was rotated ax axis, which is arranged parallel to

the sample surface, from65° to 65°. For the determination
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Angle of incidence (deg) FIG. 3. Maker fringe pattern of 30Na@ 70TeQ glass poled at 225 °C

with 3 kV. The circles denote the fringe pattern obtained experimentally.
FIG. 2. Maker fringe pattern of 30Na@-70TeQ glass poled at 220 °C  The solid curve represents the theoretical fringe pattern drawn agsh
with 3 kV. =0.082 pm/V,L=28 um, ng3,=2.00 andnge,~ 1.95.
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TABLE |l. Refractive indices at 532 and 1064 nfms3, andn;ps) anddss ™ T T T T T T
values of poled N@D—-ZnO-TeQ glasses. Each glass was poled at the = i T.=250°C
: : . . 120 g 1
optimum poling temperature listed in Table I. =
o
Glass composition Ns3o N1o64 das (pM/V) 8 gl e ® _
>
30NaQ,,-70TeG 2.00 1.95 0.082 @
10NaQ,,-20ZnO 70TeG 2.02 1.97 0.23 o 40 } 4
30Zn0O70TeQ 2.05 2.00 0.45 £ g
T o ®
n 0 ® 1 1 1 I é

260 210 220 230 240 250
. L . Poling temperature (°C )
by assuming that the poled region is gé. This value, 28

um, is coincident with the fact that the mechanical etching offIG. 5. Poling temperature dependence of second harmonic intensity for
30 um of anode-side glass surface makes the second hatNaQ. 70Teq glass poled with 3 kV for 20 min.
monic wave disappear. The agreement between the experi-

mer:tall dcajlta_ag gégeor?\t;cgl cgrvg 'Sd ra';[her go4od.hFromt;h|§als, respectively. This fact clearly indicates that some elec-
analysis, tzs=Uu. pm/V'is obtained. Figure 4 shows € trochemical reactions occurred at interface between anode

Sependfenc;otz)f S?g_?_nd ha}rmonicl ir:jtensizt)éooycarjrgr:e of I'_gc'énd glass surface and these reactions become vigorous when
ence for n eQ glass poled at - 1€ SOl e poling temperature is increased.

circles denote experimental result, and the solid curve repre-
sents theoretical one drawn with=27um and dg;
=0.45 pm/V, whereL is the length of poled region. The
values ofda; thus obtained are summarized in Table II. As for the poled silica glasses, the initial stage of poling
The variation of second harmonic intensity with poling is migration of cations such as Naas suggested by Myers
temperature for 30Na@-70TeQ glass is shown in Fig. 5. etall The migration of cations leaves thin space charge
The second harmonic intensity exhibits a maximum atayer near the anode, and the external voltage drops drasti-
225 °C which is 25 °C below the glass transition tempera-<ally in this region. In other words, a large electric field is
ture. In other words, the optimum poling temperature isapplied to the thin layer in the glass near the anode. This
225°C. Figure 6 shows the variation of second har-arge electric field is frozen in the anode-side surface region
monic  intensity with  poling temperature  for of the glass, leading to the second harmonic generation.
10NaQ,,-20Zn0O70TeQ glass. This glass manifests a This phenomenon can take place in the tellurite glasses con-
maximum of second harmonic intensity as well and the optaining mobile cations such as Nand Zrf* as well. The
timum poling temperature is 260 °C. The optimum poling electric dipoles created as a result of pairing of these mobile
temperature of N®O-ZnO-TeQ glasses is summarized in cations with nonbridging oxide ions can contribute to the
Table I. second harmonic generation. In addition, the large electric
In poled 30NaQ,-70TeQ glasses, devitrification was field in the anode-side glass surface region possibly leads to
observed at the anode-side glass surface. Figure 7 shows orientation of asymmetrical tellurite structual units such
x-ray diffraction patterns of as-annealed glass sample and thees TeQ trigonal bipyramid and Te® trigonal pyramid
anode-side surface of poled glass samples wittwhich possess electric dipoles because the poling is per-
30NaQ,- 70TeQ composition. Two peaks at aroundd 2 formed near the glass transition temperature. In particular,
=18.4° and 27.7° can be assigned toq@g¢and TeQ crys-  these structual units with nonbridging oxygens can be readily
oriented by the electric field. We suggest that these electric
dipoles bring about the second harmonic generation as

IV. DISCUSSION

6000 T T T T T shown in Figs. 2, 3, and 4.

Like MgO-ZnO-TeQ glass system reported
= previously'®!! the NgO—ZnO-TeQ glasses show a pecu-
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FIG. 4. Maker fringe pattern of 30Zn@0TeQ, glass poled at 280 °C with Poling temperature (°C )

3 kV. The circles and solid curve denote the experimental and theoretical
Maker fringe patterns, respectively. The theoretical one was drawn wittFIG. 6. Poling temperature dependence of second harmonic intensity for
d33=0.45 pm/V,L=27 um, ns3,=2.05 andngg,= 2.00. 10NaQ/,-20Zn0O 70TeG glass poled with 3 kV for 20 min.
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FIG. 7. X-ray diffraction patterns of as-annealed and poled
30NaQ,-70TeQ, glasses. The surfaces of bulk glasses were examined iff/G. 9. Compositional dependence of second-order nonlinear optical coef-
these measurements. It should be noted that for poled glasses devitrificatidigient for xNaOy,- (30—x)ZnO-70TeG, glasses X=0,10,30) poled at the
is observed only at the anode-side surface. The circle and triangle denote tigtimum poling temperature with 3 kV.
diffraction lines of TgOy and TeQ crystals, respectively.

liar dependence of second harmonic intensity on poling tem-
perature; both systems possess optimum poling temperatur@f electric dipoles at higher temperatures as argued
Namely, the second harmonic intensity increases as the polllfeViOUSly-lo'll Another possible explanation, which we be-
ing temperature increases up to the optimum poling temperdieve more plausible, includes electrochemical reactions be-
ture and becomes almost zero when the poling temperature igeen glass surfaces and electrodes at higher temperatures.
close to the glass transition temperature. The increase in seds shown in Fig. 7, the precipitation of J@y and TeQ
ond harmonic intensity with an increase in poling tempera<crystals was observed at the anode-side surface of poled
ture below the optimum poling temperature can be naturall\8B0NaQ ,-70TeQ glasses. This indicates that an irreversible
attributed to an increase in mobility of cations, which form electrochemical reaction occurs at the interface between an-
large electric dipoles. ode and glass surface. In particular, the precipitation of
Figure 8 shows the relationship between optimum polingre,0, suggests that some oxidation reaction takes place.
temperature and glass transition temperature for theyrther, the amount of precipitation became larger as the
MgO-ZnO-TeQ glasses as well as the presentpoling temperature increased. The oxidation reactions at
N&,0-ZnO-TeQ glasses. The optimum poling temperature around the anode-side surface of glass reduce the effect of
is proportional to the glass transition temperature. This €Xgyternal electric field, and subsequently, hinder the formation
perimental fact clearly indicates that the formation and ori-yng grientation of electric dipoles. In addition, the reactions
entation of electric dipoles is closely related to the structural,..,r more efficiently as the temperature becomes higher.

relaxg tion at aro.und the 9""?55 transi'tion temperature. On&onsequently, the second harmonic intensity decreases as
possible mechanism to ex'pl‘.eun thg poling temperaj[ure d.epe'?ﬁe temperature increases above the optimum poling tem-
dence of gecond h‘?‘rm"”'c intensity and the relatlo_n_sh|p b berature. In particular, the electrochemical reactions to re-

tween optimum poling temperature and glass transition temduce the second harmonic intensity become rather active in

perature is the effect of thermal fluctuation on the orientatior][he vicinity of the glass transition temperature at which vis-

cous flow begins to occur. Hence, the optimum poling tem-

— T T | perature increases monotonically with an increase in the
8 P glass transition temperature.
o 300 - //' ' For NaO—-ZnO-TeQ@ glasses, the maximum second-
% ‘/.” order nonlinear optical coefficients are compared with each
e other in Fig. 9. The second-order nonlinear optical coeffi-
g c cient increases with a replacement of Ng®y ZnO. This
o> 250 F - increase can be attributed to the rise in the content of non-
< bridging oxygens? which contribute to the dipole moments
g o oriented under the dc electric field, and lead to the aniso-
g . tropic structure. In this viewpoint, a glass containing a large
£ 200 Lu . ! number of nonbridging oxygens has a good ability to gener-
o) 250 300 350 ate large anisotropy. In addition, high mobility of Nan-
Glass transition temperature (°C ) hances the electrochemical reactions at high temperatures,

) ) . .. leading to a decrease in the second harmonic intensity as
FIG. 8. Relation between optimum poling temperature and glass transition . . .
temperature observed in f@—ZnO-TeQand MgOo—-znO-Tegglass sys-  Well as the second-order nonlinear optical coefficient ob-

tems. The broken line was drawn by the method of least squares. served for the glasses with a large amount of®a
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