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Induction and relaxation of optical second-order nonlinearity
in tellurite glasses
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Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku,
Kyoto 606-8501, Japan

~Received 29 May 1998; accepted for publication 12 November 1998!

Second harmonic generation has been examined for 30ZnO•70TeO2 glass with a two-step poling
procedure in order to understand the poling temperature dependence of second harmonic intensity.
When the poling temperature increases, the second harmonic intensity increases, manifests a
maximum at the temperature which we call an optimum poling temperature, and decreases
drastically just below the glass transition temperature. The glass treated with two-step poling, which
includes poling at 300 °C and subsequent poling at the optimum poling temperature, i.e., 280 °C,
exhibits much smaller second harmonic intensity and more unambiguous Maker fringe pattern than
that poled only at 280 °C. This fact suggests that the decrease in second harmonic intensity with an
increase in poling temperature cannot be attributed to a reversible process like a thermal fluctuation
of dipoles, but is governed by an irreversible one. Based on a linear relation between the optimum
poling temperature and glass transition temperature, the irreversible process is deduced to consist of
some oxidation reactions such as a migration of nonbridging oxide ions to and subsequent
evaporation of oxygen gas at the anode side. Decay of the second harmonic intensity for
30NaO1/2•70TeO2 glass as well as 30ZnO•70TeO2 glass has also been examined at room
temperature. Whereas the 30ZnO•70TeO2 glass does not show a decay, the second harmonic
intensity of the 30NaO1/2•70TeO2 glass decays rapidly with an average relaxation time of 10 h. This
relaxation behavior is explainable in terms of the difference in mobility between Zn21 and Na1

ions. © 1999 American Institute of Physics.@S0021-8979~99!04704-0#
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I. INTRODUCTION

Optical second-order nonlinearity observed in po
glass materials is a subject of great interest from both fun
mental and practical standpoints. The fundamental inte
finds its origin in the fact that a disappearance of invers
symmetry is induced in a disordered system such as g
and is frozen even after a high voltage is removed. From
practical viewpoint, the poled glasses will be useful as
frequency doubler of light and a linear electro-optical devi
Since the discovery of second harmonic generation in po
silica glass by Myerset al.,1 the silica-based glasses ha
been investigated most extensively.2–8 Tellurite glass is also
known to exhibit second harmonic generation when the th
mal poling is carried out.9–15 A peculiar point of tellurite
glass is its low glass transition temperature, which is v
close to the poling temperature. This fact enables us to a
lyze in detail a change of glass structure in the vicinity of t
glass transition temperature under an applied high volta
Recently, we reported poling temperature dependence of
ond harmonic intensity for MgO–ZnO–TeO2,12,13

Na2O–ZnO–TeO2,14 and Li2O–Na2O–TeO2
15 glass sys-

tems. With an increase in poling temperature, the sec
harmonic intensity increases, takes a maximum value,
decreases. It was also found that the poling temperature
responding to the highest second harmonic intensity, wh
we referred to as an optimum poling temperature in our p
vious paper, is proportional to the glass transition tempe
ture. The close relation between the optimum poling te
2040021-8979/99/85(4)/2046/6/$15.00
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perature and the glass transition temperature leads to su
possible mechanism that the tellurite glass network struc
containing nonbridging oxygens with negative charge ta
part in a process which decreases the second harmonic in
sity in the vicinity of the glass transition temperature.

In the present work, we examined the second harmo
generation in 30ZnO•70TeO2 glass with a two-step poling
procedure to investigate in detail the cause for the decre
in second harmonic intensity just below the glass transit
temperature. The two-step poling procedure gives us a
sight for the induction mechanism of second harmonic g
eration. We also report the relaxation behavior of seco
harmonic intensity at room temperature in 30ZnO•70TeO2

and 30NaO1/2•70TeO2 glasses, and discuss the difference
relaxation behavior between these two systems in the ligh
the diffusion ability of Na1 and Zn21 ions.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Glass samples were prepared from ZnO, Na2CO3, and
TeO2. The purity of these raw materials was 99%, 99.5
and 99%. The powders of the raw materials were mix
thoroughly to make 30ZnO•70TeO2 and 30NaO1/2•70TeO2

compositions and melted in a platinum crucible at 85
900 °C for 20 min in air. The melt was rapidly cooled b
pouring onto an alumina plate to obtain glass. The glass t
sition temperature was measured using differential ther
analysis~Rigaku, TG-DTA8112BH!. After the glass was an
6 © 1999 American Institute of Physics
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nealed at around the glass transition temperature for 20
it was cut into a plate. Both surfaces of the plate-like gla
were polished for measurements of second harmonic gen
tion. The resultant glass specimen had a thickness of 1

Poling of the glass sample was performed as follow
The glass sample was sandwiched in between two comm
cial borosilicate glass plates with a thickness of 0.15 mm
contacted physically with electrodes made of stainless s
The commercial borosilicate glass plates were used to a
precipitation of metallic tellurium which occurred on th
cathode-side glass surface when the glass sample wa
rectly brought into contact with the electrodes made of sta
less steel.13 The use of commercial borosilicate glass pla
was also effective to avoid discharge between the electro
The glass sample sandwiched with the electrodes was
into an electric furnace and held at an aimed temperature
30 min. After the voltage of 3 kV was applied for 20 min
the temperature, the glass sample was taken out from
furnace and kept at room temperature for 60 min with
constant voltage applied. In addition to the above-descri
poling, we carried out two-step poling treatment for t
30ZnO•70TeO2 glass. Under the constant voltage of 3 k
the glass sample was heated at 300 °C for 20 min in the
step and succeedingly heated at 280 °C for 20 min in
second step. Then, it was quenched to the room tempera
with the voltage being kept constant. It should be noted t
the actual voltage applied to the glass sample was less th
kV because of the use of borosilicate glass plates. The ac
voltage applied to the sample was estimated to be 1.7
when the dielectric constants of 30ZnO•70TeO2 and boro-
silicate glasses were assumed to be 21~Ref. 16! and 7.9~Ref.
17!, respectively.

B. Optical measurements

Second harmonic generation of the poled glass sam
was measured using the Maker fringe method with a se
illustrated in Fig. 1. A pulsed Nd:YAG laser~Spectra Phys-
ics, GCR-11!, which operated in aQ-switched mode with a
10 Hz repetition rate, was used as a light source. After
pulse at 1064 nm with 9 ns duration wasp polarized, it was
incident on the sample at265° to 65°. The beam diamete

FIG. 1. Schematic illustration of equipment for second harmonic genera
measurements. The second harmonic wave is detected with a photom
plier tube after the elimination of fundamental wave by using an IR cut fi
and a monochromator. The meanings of abbreviations are as follows.
ND filter; AP: aperture; PL: polarizer; IR cut: IR cut filter; and PM: phot
multiplier.
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was about 1 mm. The output light from the poled gla
sample was passed through both an IR cut filter and a mo
chromator~Spex, 270M! to completely eliminate the funda
mental wave at 1064 nm. The second harmonic wave at
nm thus obtained was detected with a photomultipl
~Hamamatu Photonics, R955!. The signal from the photo-
multiplier was integrated by using a digital oscillosco
~Hewlett Packard 54522A!. The second harmonic intensit
from a Y-cut quartz with a thickness of 1.046 mm andd11

50.34 pm/V was also measured for the purpose of determ
ing input light power and calculating second-order nonline
optical coefficient of the samples.

Refractive indices at 532 and 1064 nm were measu
using an ellipsometer~Yokojiri, DVA-36VW ! for the
30ZnO•70TeO2 glass poled at 280 °C to estimate secon
order nonlinear optical coefficient.

III. RESULTS

Figure 2 shows the dependence of second harmonic
tensity on poling temperature for 30ZnO•70TeO2 glass with
an accuracy of610%. The closed circles denote the seco
harmonic intensity for the glasses poled at the specified t
peratures for 20 min, whereas the closed triangle repres
the intensity for the glass treated with two-step poling p
cedure. As found from the results of one-step poling~closed
circles!, a maximum clearly appears at 280 °C, which cor
sponds to an optimum poling temperature.12 The second har-
monic intensity for the glass poled in two steps is almost
same as the intensity obtained for the glass poled at 300
and much lower than that for the glass poled at the optim
poling temperature equal to 280 °C. Namely, the change
cause the decrease in second harmonic intensity just be
the glass transition temperature is an irreversible proces

The variation of second harmonic intensity with angle
incidence for 30ZnO•70TeO2 glasses poled in two steps an
in single step at 280 °C is shown by using solid curves
Figs. 3~a! and 4, respectively. According to the Maker fring
theory,18,19 the second harmonic intensityP2v can be ex-
pressed by the following equations:

P2v5Cdeff
2 tv

4 T2vR~u!Pv
2 @1/~nv

2 2n2v
2 !2#sin2 C, ~1!

C5~2pL/l!~nv cosuv2n2v cosu2v!, ~2!

n
lti-
r
D:

FIG. 2. Poling temperature dependence of second harmonic intensity
30ZnO•70TeO2 glass. The closed circles correspond to the intensity
glasses poled at each of the temperatures for 20 min. The closed tria
represents the intensity for the glass after two-step poling; the sample
finally poled at 280 °C for 20 min after the initial poling at 300 °C for 2
min.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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whereC is a constant,tv andT2v are the transmission fac
tors, R(u) is the multiple reflection correction,Pv is the
fundamental power,nv andn2v are the refractive indices,uv

andu2v are the refraction angles. Here, subscriptsv and 2v
mean fundamental and second harmonic waves, respecti
The effective second-order nonlinear coefficientdeff is writ-
ten by Eq.~3!, if we assume that the Kleinman symmetry

FIG. 3. ~a! Experimental Maker fringe pattern of 30ZnO•70TeO2 glass
poled in two steps,~b! theoretical Maker fringe pattern drawn by using Eq
~1!–~3! with L51 mm, n2v52.05, andnv52.00.

FIG. 4. Maker fringe patterns for 30ZnO•70TeO2 glass poled at 280 °C with
3 kV. The solid and broken curves denote the experimental and theore
patterns, respectively. The theoretical curve was drawn withd33

50.45 pm/V,L527mm, n2v52.05 andnv52.00.
Downloaded 01 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
ly.

satisfied and that the electric dipoles are isotropic, orien
perpendicular to the sample surface withC`v symmetry, and
uniformly distributed over the thicknessL:

deff5
2
3 d33sinuv cosuv cosu2v

1~ 1
3 d33cos2 uv1d33sin2 uv!sinu2v . ~3!

The broken curve in Fig. 3~b! graphically represents the the
oretical Maker fringe pattern drawn by using Eqs.~1!–~3! on
the assumption thatL51 mm, which corresponds to th
glass sample thickness,nv52.00 andn2v52.05. Although
the theoretical pattern is in accordance with the experime
one regarding the spacing between minima, the theore
intensity at the minima is different from the experimen
one; the former is zero while the latter shows non-zero v
ues. The Maker fringe pattern such as the experime
fringe in Fig. 3~a! is obtained if the second harmonic wav
with different amplitude are generated from surface layers
the glass which are separated by about 1 mm and inter
with each other. By contrast, the experimental fringe in F
4 which exhibits a minimum only at the incident angle of
indicates that the second harmonic waves are produced
in a thin layer with a thickness around the coherence len
.5 mm. Moreover, this thin layer was found to be near t
glass surface which had been contacted with the anode
ing poling because the second harmonic generation was
observed when the anode-side surface with about 30mm was
etched mechanically. The application of Eqs.~1!–~3! with
L527mm and d3350.45 pm/V, which is indicated by the
broken curve in Fig. 4, results in a good agreement with
experimental pattern.

Figure 5 shows the variation of second harmonic inte
sity with time after the high voltage was removed. The op
and closed circles represent the intensity for 30ZnO•70TeO2

glass poled at 280 °C and 30NaO1/2•70TeO2 glass poled at
220 °C, respectively. For 30NaO1/2•70TeO2 glass, the opti-
mum poling temperature is 225 °C, which is about 30
below the glass transition temperature. The second harm
intensity of the 30ZnO•70TeO2 glass does not decay in

al

FIG. 5. Relaxation behavior of second harmonic intensity
30ZnO•70TeO2 ~open circles! and 30NaO1/2•70TeO2 ~closed circles!
glasses. The broken curve was drawn by using Eq.~4! with t510 h and
b50.6. For 30ZnO•70TeO2 glass, the intensity does not decay in a fe
weeks and shows more than 90% of its initial intensity even after one y
It should be noted that the initial intensity of 30ZnO•70TeO2 glass is about
fifty times larger than for 30NaO1/2•70TeO2 glass.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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few weeks. On the contrary, the intensity keeps more t
90% of its initial value even after one year. In contrast
decay of second harmonic intensity was observed in
30NaO1/2•70TeO2 glass. The average relaxation timet was
determined by fitting the following functionf (t) to the ex-
perimental data indicated by the closed circles:

f ~ t !5expF2S t

t D bG , ~4!

which is generally used for the purpose of analyzing non
ponential relaxation behavior. The broken curve was dra
on the assumption thatt510 h andb50.6. The agreemen
between experimental data and the theoretical curve is ra
good. It is concluded that the average relaxation time for
decay of second harmonic intensity is about 10 h in the c
of 30NaO1/2•70TeO2 glass. The value ofb less than 1 mean
that the relaxation time has a rather broad distribution. T
same analysis was recently performed by Qiuet al.20 for
soda lime silicate glass.

IV. DISCUSSION

In general, the application of high voltage at high te
peratures to glass containing mobile cations causes a m
tion of cations toward a cathode, resulting in a formation
depletion region and a pile of the cations beneath the an
and cathode-side glass surfaces, respectively. The depl
region is likely to develop to greater extent if the mobility
cations is much larger than that of nonbridging oxide io
Carlson reported that Na1 ion-depleted layer was forme
over about 1mm below the anode-side glass surface wh
20Na2O•80SiO2 ~wt %! glass was heated with 100 V for 2.
h at 475 °C.21 Moreover, the pile of mobile cations was ob
served in the thin layer near the anode.22 Such a pile of
cations can be explained as follows. In the depletion regio
large net negative charge is left. The cations are attracte
the depletion region by the large Coulomb force. Then, t
Coulomb force is able to balance with the opposite exter
electric force, making the pile of cations near the anode.

Similarly, when the poling is performed fo
30ZnO•70TeO2 and 30NaO1/2•70TeO2 glasses, a thin laye
with Zn21 and Na1 ions depleted is thought to be develop
near the anode-side surface to which the major part of
external electric field is applied. The depletion layer ha
space charge composed of nonbridging oxygens. A pai
separated charges with opposite signs, namely nonbrid
oxygen in the depletion layer and cation accumulated n
the anode, creates an electric field in the opposite directio
the external electric field. Thus, the thermal poling of tel
rite glasses produces a strong electric field in the thin la
beneath the anode and breaks the macroscopic inve
symmetry of the glass structure. This frozen electric fieldEdc

in the glass induces the observable second-order nonli
susceptibilityx (2) via both an orientation of nonbridging ox
ide ions in the depleted region and the third-order nonlin
effect, i.e.,x (3) Edc. We estimated the magnitude ofx (2)

5x (3) Edc for 30ZnO•70TeO2 glass as follows. When the
poling is carried out at 280 °C, the actual voltage of 1.7 kV
approximately applied to the thickness ofL527mm near the
Downloaded 01 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
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anode, leading to being thatEdc is about 63107 V/m. There-
fore, usingx (3)51.10310220m2/V2 reported by Berthereau
et al.,23 x (2) can be calculated as 0.7 pm/V. The magnitu
of estimatedx (2) is comparable to the value obtained expe
mentally, i.e.,x (2)50.90 pm/V.

The poling temperature dependence of second harm
intensity indicated by closed circles in Fig. 2 has been co
monly observed in MgO–ZnO–TeO2, Na2O–ZnO–TeO2,
and Li2O–Na2O–TeO2 glass systems. Up to the optimum
poling temperature, i.e., 280 °C, the second harmonic int
sity increases with an increase in poling temperature. Ba
upon the above-described mechanism of induction of sec
harmonic generation, such an increase in the intensity is
tributed to an augmentation in easiness to form the inte
dc electric field. At higher temperatures, the depletion
cations is more readily promoted near the anode-s
surface.24 Consequently, the larger internal electric field a
the larger second harmonic generation are induced. In f
Proctor and Sutton revealed experimentally that the deve
ment of voltage which dropped near the anode electrode
curred more drastically at higher temperature for lead bo
silicate glass.25 The Maker fringe pattern shown in Fig. 4 i
also explainable considering the previous mechanism tha
origin of the second harmonic generation exists only in a t
layer beneath the anode-side glass surface. This situatio
schematically presented in Fig. 6~a!, where a distribution of
d33 as well as electric field is illustrated.

On the other hand, the fact that second harmonic int
sity decreases just below the glass transition tempera
cannot be explained under the above-described model w
assumes the mobile cations and immobile nonbridging ox
ions, and needs consideration that the change in behavio
both cations and nonbridging oxide ions. The linear relat
between optimum poling temperature and glass transi

FIG. 6. Schematic diagrams for variation of second-order nonlinear op
coefficientd33 and applied voltage with normalized distance from anod
side glass surfacex for the 30ZnO•70TeO2 glass poled by~a! single-step
and ~b! two-step processes.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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temperature shown in Fig. 7 supports an idea that the
crease in second harmonic intensity results from the visc
flow of glass network structure, which includes an increa
in mobility of nonbridging oxygens. On a plausible assum
tion that the viscous flow plays an important role in the d
crease in second harmonic intensity, we previously s
gested two possible mechanisms to reduce the sec
harmonic intensity as follows. One of them includes the c
duction of nonbridging oxide ions toward an anode side a
subsequent evaporation into the air in the form of O2 , which
decreases the internal electric field in the depletion laye21

The oxidation reaction to change the valence of Te41, which
reduces the negative charge in the depletion region, is
possible. In another mechanism, when the poling temp
ture approaches the glass transition temperature, the
bridging oxygens begin to vibrate more vigorously, leadi
to a thermal fluctuation of electric dipoles and a reduction
orientation. Whether it is more reasonable is clear from
experiments of the two-step poling process. In the latter c
the internal electric field does not change so that the or
tation of dipoles and second harmonic intensity should
cover if the poling is performed again at the optimum poli
temperature after the initial poling at higher temperature
contrast, since the former mechanism includes an irrevers
electrochemical reaction such as the evaporation, the se
poling process at the optimum poling temperature does
bring about an increase in second harmonic intensity.
result shown in Fig. 2 clearly indicates that the decreas
second harmonic intensity occurs irreversibly just below
glass transition temperature. Thus, the former mechanis
more plausible, although further experiments are require
determine what kinds of electrochemical reactions are p
dominant.

At the top of this section, we described that the dipo
moment along the external electric field is induced in the t
depletion layer near the anode-side surface. Nevertheless
profile of Maker fringe pattern such as Fig. 3~a! suggests the
presence of more than two layers, which are separated
each other by the sample thickness and generate second
monic waves with different amplitude. This profile of Mak
fringe pattern is generally observed in the tellurite glass w

FIG. 7. Relation between optimum poling temperature and glass trans
temperature observed in MgO–ZnO–TeO2 ~closed circles!,
Na2O–ZnO–TeO2 ~open triangles!, and Li2O–Na2O–TeO2 ~open circle!
glass systems. The broken line was drawn by the method of least squ
Downloaded 01 Feb 2010 to 129.8.242.67. Redistribution subject to AIP
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low second harmonic intensity such as the glass poled
temperature close to the glass transition temperature. In
port of this observation, we conclude that the decrease
space charge in the depletion layer beneath the anode
glass surface leads to a lesser voltage drop near the a
side, resulting in such a situation that the external elec
field is likely applied to the whole bulk glass and secon
order nonlinearity is induced in other regions than the ano
side glass surface, as shown in Fig. 6~b!.

The second harmonic intensity of 30ZnO•70TeO2 glass
did not decay in a few weeks but lasts more than one y
whereas a rapid relaxation of intensity was observed at ro
temperature for 30NaO1/2•70TeO2 glass, as demonstrated i
Fig. 5. It is reasonable to argue that in oxide glasses al
ions diffuse more easily than divalent cations, because
alkali ion is approximately bonded to only one nonbridgi
oxygen and needs less energy to break the bond to diffus
the Na2O•9SiO2 glass, for example, self-diffusion coefficien
of sodium ionsDNa* is ;10212cm2/s at 210 °C, whereas tha
of calcium ionsDCa* is ;10216cm2/s at 450 °C.26 Therefore,
the rapid relaxation of second harmonic intensity in t
30NaO1/2•70TeO2 glass is ascribable to the diffusion of so
dium ions caused by the concentration gradient which w
made during the poling. Considering this fact, a glass c
taining a large amount of alkali ions is not suitable for
application to devices, and it is necessary to choose g
composition containing relatively mobile divalent catio
with small size such as Zn21 ions for the purpose of realiz
ing a long-lasting polarization.

V. CONCLUSIONS

It is known for various tellurite glasses that with an i
crease in poling temperature, the second harmonic inten
increases, manifests a maximum at the temperature which
call the optimum poling temperature, and then decreases
the present work, the second harmonic intensity was m
sured for 30ZnO•70TeO2 glass after two-step poling proce
dure; the glass was first poled at 300 °C and succeedin
poled at 280 °C corresponding to its optimum poling te
perature. Because the second harmonic intensity did no
cover the maximum value obtained by single-step poling
280 °C, it is concluded that the decrease in second harm
intensity occurred irreversibly just below the glass transit
temperature. In order to interpret this result, we sugges
mechanism to induce and to reduce the second harm
generation as follows. Up to the optimum poling tempe
ture, the formation of a thin depleted layer of mobile catio
beneath the anode and the subsequent orientation of
bridging oxygens in the depletion layer produce the stro
electric field in the opposite direction of the external fie
leading to the second harmonic generation. On the o
hand, in the vicinity of the glass transition temperature, so

oxidation reactions such as O22→1
2O212e2 and

Te41→Te6112e2, which reduce the internal electric field
presumably take place. We also found that the second
monic intensity of 30ZnO•70TeO2 glass kept its initial value
at room temperature while the intensity decayed with an

n

s.
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erage relaxation time of 10 h for 30NaO1/2•70TeO2 glass.
The latter phenomenon is attributed to the larger diffus
coefficient of sodium ions compared with divalent zinc ion
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