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Abstract

Some NiO-doped Bi,03,La,03;-SrO-BaO-Nb,Os-B,0; glasses giving the formation of strontium barium niobate SrgsBag sNb,Og
(SBN) crystals with a tetragonal tungsten—bronze structure through conventional crystallization in an electric furnace have been
developed, and SBN crystal lines have been patterned on the glass surface by heat-assisted (250-300 °C) laser irradiation and scanning of
continuous-wave Nd:YAG laser (wavelength: 1064 nm). The surface morphology and the quality of SBN crystal lines are examined from
measurements of confocal scanning laser micrographs and polarized micro-Raman scattering spectra. The surface morphology of SBN
crystal lines changes from periodic bump structures to homogeneous structures, depending on laser scanning conditions. It is suggested
that the line patterned at the laser irradiation condition of laser power P =1W and of laser scanning speed S = 1pm/s in
2Ni0—4La,03;-16SrO-16BaO-32Nb,05s-30B,03 glass has a possibility of the orientation of SBN crystals along the laser scanning
direction. The present study demonstrates that the transition metal atom heat processing (i.e., a combination of cw Nd:YAG laser and

Ni?* ions) is a novel technique for spatially selected crystallization of SBN crystals in glass.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Strontium barium niobates, Sr,Ba;_,Nb,Og (hereafter
referred to as SBN) with 0.25<x<0.75, are well-known
crystals with a tetragonal tungsten—bronze structure and
possess various excellent ferroelectric and nonlinear optical
properties such as extremely large electro-optic coefficients
[1-3]. Numerous studies on fabrication and characteriza-
tion of SBN crystals have been, therefore, reported by
many researchers so far. As the growth of bulk SBN single
crystals is difficult [4], it is important to develop fabrication
techniques for SBN crystals with high crystal qualities and
performances. For instance, it has been strongly desired to
develop thin films or transparent ceramics consisting of
highly oriented SBN crystals.

Crystallization of glass is a method for fabrication of
transparent and dense condensed materials with desired
shapes, nanostructures and highly oriented crystals [5-8]. It
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has been reported that some glasses in the systems of
SrO-BaO-Nb,Os-TeO, and SrO-BaO-Nb,Os-SiO, give
SBN ferroelectrics with a tetragonal tungsten—bronze
structure by using a conventional crystallization technique
in an electric furnace [9,10]. There has been, however, no
report on the successful control of the orientation of SBN
crystals in crystallized glasses. On the other hand, recently,
laser irradiation to glass has received much attention,
because it has been recognized that spatially selected
structural modification is realized in glass by using laser
irradiation technique [11-13]. It is of particular interest to
develop laser irradiation techniques being possible to
design SBN crystals in a desired part of glass.

The present authors’ group [14—17] proposed two laser
irradiation techniques for the patterning of crystal dots and
lines on the glass surface, i.e., rare-earth atom heat
(REAH) processing and transition metal atom heat
(TMAH) processing. In these processing methods, con-
tinuous-wave (cw) Nd:YAG lasers with a wavelength of
A = 1064 nm are irradiated to glasses with some amounts
of rare-earth (RE) ions such as Sm’" or Dy’" and
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transition metal (TM) ions such as Ni*" or Fe®'.
Irradiated lasers are absorbed by RE ions in glass through
f~f transitions and TM ions through ¢—d transitions, and
absorbed energies are converted to thermal energies
through non-radiative relaxation process (electron—phonon
couplings). And thus surroundings of RE or TM ions are
heated locally, consequently inducing effectively structural
modifications such as refractive index change or crystal-
lization in glass. The present authors’ group proposed to
call these techniques “REAH processing” and “TMAH
processing”, respectively [15-17]. Using these techniques,
the present authors’ group has succeeded in writing crystal
lines consisting of nonlinear or ferroelectric crystals such as
B-BaB,04, B'-Sm»(M00Qy,);, and Ba,TiGe,Og [15-22]. Very
recently, Gupta et al. [23] reported the formation of
Nd,La;_,BGeOs crystal dots and lines on the surface of
Ndy,Lag sBGeOs glass by irradiations of cw titanium—sap-
phire laser with A = 800 nm, in which the absorption of
laser light with 4 = 800nm by Nd** and consequent non-
radiative relaxation process have been applied.

In this paper, we focus our attention on the patterning of
SBN crystal lines on the glass surface by using a technique
of TMAH processing developed by our research group. In
previous paper [18], the formation of SrysBagsNb,Og
ferroelectrics was confirmed in Sm,0O3;-SrO-BaO-Nb,O5—
B,0s; glasses by using REAH processing, but the control of
crystallization and morphology was not difficult, and
homogeneous SBN crystal lines were not patterned. In
this study, therefore, we apply another laser-induced
crystallization technique of TMAH processing to glass.
There has been no report on the crystallization of SBN
crystals by using laser irradiation except our previous study
[18]. We also discuss the mechanism of laser-induced
crystallization in glass.

2. Experimental

In the previous paper [18] on the crystallization of
Srg sBag sNb>Og ferroelectrics, the glasses with various
compositions in the system of Sm,03-SrO-BaO-
Nb,Os-B,O3; were developed and used, where B,O3; was
added to form the glassy state in melt-quenched
samples. For instance, 5Sm>0O;—11.255rO-11.25BaO-
22.5Nb,05-50B,03 (mol%) and 10Sm,0;-10SrO—
10BaO-20Nb,05-50B,03 (mol%) glasses were found to
form ferroelectric SrysBagsNb,Og crystals through heat
treatments in an electric furnace or cw Nd:YAG laser
irradiation (a wavelength of 4= 1064nm). In the laser-

Table 1
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induced crystallization of TMAH processing [17], we need
to include small amounts of TM ions such as Ni*" and
Fe’" in glass instead of Sm*" or Dy’ ", and Ni*" was
selected in this study. The glass systems examined in the
present study are NiO-Bi,O; (or La,03)-SrO-BaO-
Nb,Os—B-03, and the glass compositions are shown in
Table 1. It should be pointed out that the glasses have the
composition of Sry sBag sNb,Og for SrO, BaO and Nb,Os5
components. Bi,O3; and La,O; were added to improve
the glass-forming ability in the SrO-BaO-Nb,Os-B,03
system.

The glasses were prepared using a conventional melt
quenching method. Commercial powders of reagent grade
NIO, Bi203, La203, SI'CO3, BaCO3, Nb205, B203 Wwere
mixed and melted in a platinum crucible at 1400 °C for 1h
in an electric furnace. A small amount (0.2 mol%) of Sb,03
was added to decrease the degree of brown coloration due
to the valence change of Bi ions during melting. The melts
were poured onto an iron plate and pressed to a thickness
of ~1.5mm with another iron plate. The glass transition,
T,, and crystallization peak, T, temperatures were
determined using differential thermal analyses (DTA) at a
heating rate of 10 K/min. Optical absorption spectra were
measured in the wavelength range of 250-2000 nm using a
spectrometer.

The glasses were mechanically polished to a mirror finish
with CeO, powders. A cw Nd:YAG laser with 4 = 1064 nm
was irradiated to the glass surface using objective lens (20
or 60 magnification). The glasses were put on the stage
heated at 250 or 300 °C and mechanically moved during
laser irradiation to construct crystal lines. The laser power
was fixed to P=1W, and the translation speed of the
sample stage was changed from S = 0.5 to 20 um/s. The
morphology of crystal lines was observed with polarization
optical (OLYMPUS-BX51) and confocal scanning laser
(OLYMPUS-OLS3000) microscopes, and the crystalline
phase was examined from X-ray diffraction (XRD)
analyses (CuKo radiation) at room temperature and
micro-Raman scattering spectra (Tokyo Instruments Co.,
Nanofinder; Ar " laser 488 nm).

3. Results and discussion
3.1. Thermal and optical properties of glasses
The glasses prepared in this study are designated here as

Glass A for 2NiO-4Bi05-11.255rO-11.25Ba0-22.5
Nb20549B203, Glass B for 2NIO*4B1203*16SI'O*16B30*

Glass compositions, glass transition temperature, T, crystallization peak, T},, temperatures, and optical absorption coefficients, o, at the wavelength of

A= 1064 nm in the glasses examined in this study

Sample no. Glass composition (mol%) T, (°C) T, (°C) o (cm™")
Glass A 2NiO-4Bi,05-11.25SrO-11.25Ba0-22.5Nb,05-49B,0; 555 638 3.9
Glass B 2NiO—-4Bi,03-16SrO-16Ba0O-32Nb,05-30B,0; 560 673 3.7
Glass C 2NiO-4La,;03-16SrO-16BaO-32Nb,05-30B,03 611 723 33
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32Nb,05-30B,03, and Glass C for 2NiO-4La,03-16SrO—
16Ba0O-32Nb,05-30B,03.

All melt-quenched samples showed optically clear
transparencies. The glassy state of the melt-quenched
samples was examined by using XRD analyses, indicating
only broad halo patterns being typical for glass materials.
All three samples prepared in this study are, therefore,
confirmed to be glass. It should be pointed out that Glass B
and Glass C have a relatively small amount of B,0;, i.e.,
30mol% and thus have a large amount of SrO, BaO, and
Nb,Os components. It is considered that a small addition
of Bi,O3; or La,05 is enhancing largely the glass forming
ability.

The DTA patterns for the glasses are shown in Fig. 1.
The peaks due to the glass transition and crystallization are
clearly detected. In particular, only one crystallization peak
is observed in each glass, implying the formation of one
crystalline phase during crystallization. The values of glass
transition and crystallization peak temperatures for the
glasses are given in Table 1, ie., T,=555°C and
T,=638°C for Glass A, T,=560°C and T, =673°C
for Glass B, and T, = 611 °C and T}, = 723 °C for Glass C.
The addition of La,Os3 tends to increase the glass transition
and crystallization peak temperatures. The glasses were
heat-treated at 7}, for 3h in an electric furnace, and
crystalline phases present in the heat-treated samples were
examined by XRD analyses. As an example, the XRD
pattern for Glass A is shown in Fig. 2. All peaks are
assigned to SrysBag sNb,Og crystal (JCPDS 39-0265). For
other Glass B and Glass C, the crystallization of
Sro.sBag sNb,Og was confirmed from XRD patterns. It
should be pointed out that the Sr/Ba ratio in Sr,Ba;_,
Nb>O¢ crystals formed in the crystallized glasses is
consistent with the Sr/Ba ratio in the precursor glasses.
Similar results, i.e., the formation of SrysBagsNb,Og¢
crystals, have been observed in the crystallization of
Sm»0;-SrO-BaO-Nb,0s—B,05 glasses [18].

The optical absorption spectrum at room temperature
for Glass A is shown in Fig. 3, as an example. The
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Fig. 1. DTA patterns for Glass A, Glass B, and Glass C. T, and T, are the
glass transition and crystallization peak temperatures, respectively. The
heating rate was 10 K/min.
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Fig. 2. XRD pattern for the crystallized glass obtained by heat treatment
at 624°C for 3h in Glass A. All peaks are assigned to Sry sBag sNb,Og
crystals.
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Fig. 3. Optical absorption spectrum at room temperature for Glass A.

The absorption coefficient at 1064 nm is 3.9cm™".

absorption band with a strong intensity at ~430nm and a
broad band centered at ~850 nm are observed. These peaks
are typical for Ni*" in glass [24-27]. It is well known that
the coordination of Ni** is very sensitive to their ligand
field environments, i.e., ionic-bonded octahedral coordina-
tion in acidic (low optical basicity) glasses and covalent-
bonded tetrahedral coordination in high basicity glasses
[25], consequently giving the change in the ratio of the
amount of octahedral and tetrahedral coordinated Ni** in
glass [26]. The spectrum shown in Fig. 3, however, suggests
that Ni>" in the glasses prepared in this study have mainly
octahedral coordination environments, because the peaks
at around 430 and 850nm are typical for octahedral
coordinated Ni** in glass [27]. The absorption coefficient,
o, at 1064nm is o = 3.9cm ™' for Glass A. Similar optical
absorption spectra were obtained for other glasses, giving
the values of o = 3.7cm ™! for Glass B and « = 3.3cm ™ for
Glass C. These absorption coefficients are comparable to
those for Sm,Os-doped glasses, e.g., o =4.5cm™! for
10Sm,03—-10SrO-10Ba0O-20Nb,0Os—50B,0O5 glass [18], and
it is expected that Nd:YAG laser-irradiated spots in these
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glasses would be heated as similar to the case of Sm,0;-
doped glasses.

3.2. Patterning of SBN crystal lines by laser irradiation

As stated in the above section, it was clarified that SBN
crystals are formed as the initial crystalline phase in the
crystallization of NiO-doped Bi,O; or La,O3;-SrO-—
BaO-Nb,Os—B,03 glasses. We tried to write lines consist-
ing of SBN crystals on the glass surface by irradiations of
cw Nd:YAG laser. In the laser irradiation experiments, a
heat-assisted method was applied, in which glass samples
were put on the sample stage heated at 250 or 300°C
during laser irradiation. The temperatures of 250 and
300 °C are far below from the glass transition temperatures
(555-611°C) of the glasses. Without a heat-assisted
method, it was difficult to induce crystallization in the
glasses by using the laser irradiation condition of laser
power P =1W. A heat-assisted method has also an effect
in the depression of sudden sample’s breaks due to thermal
shock during laser irradiation.

The polarization optical (top views) and scanning
confocal laser micrographs for Glass A obtained by heat-
assisted (250 °C) Nd:YAG laser irradiations with a laser
power of P=1W and scanning speeds of S = 0.5 and
20 um/s are shown in Figs. 4 and 5. In the present study,
three-dimensional surface morphologies were obtained
through successive piling up of color shades for two-
dimensional slices. In both cases (Figs. 4 and 5), the change
in the structure is observed. In the case of S = 0.5 um/s, the
morphology of the laser-irradiated surface is not smooth,

Glass A

P=1W, S=0.5um/s

#

-—

Laser scanning direction

W= 40 um/s
h=7um/s

W 4

Fig. 4. Polarization optical (a) and confocal scanning laser (b) micro-
graphs for the sample obtained by heat-assisted (250 °C) Nd:YAG laser
irradiations with a laser power of P =1 W and laser scanning speed of
S =0.5pm/s in Glass A.
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P=1W,S =20 um/s

—
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102 400

Fig. 5. Polarization optical (a) and confocal scanning laser (b) micro-
graphs for the sample obtained by heat-assisted (250 °C) Nd:YAG laser
irradiations with a laser power of P =1W and laser scanning speed of
S =20 um/s in Glass A.

but periodic bumps like a backbone structure are observed
along the laser scanning direction. Contrary, in the case of
S = 20 um/s, a more homogeneous surface structure, i.e., a
bump with a width of 40 um and a height of 2.8 um, is
observed. The data for the samples obtained by Nd:YAG
laser irradiations with a laser power of P=1W and
scanning speeds of S =2 and 10 um/s are shown in Fig. 6,
indicating a gradual change in the bump morphology. It is
clear from Figs. 4-6 that the surface morphology of the
laser-irradiated region depends on laser scanning speed and
changes from bump structures to homogeneous line
structures with increasing laser scanning speed under the
fixed laser power of P =1 W.

In order to identify the structure of the laser-irradiated
region, 100 lines were patterned in Glass A by scanning
Nd:YAG laser with P = 1 W and S = 20 pm/s, in which the
line patterning method and the sample size are shown in
Fig. 7 schematically. The XRD pattern for such a laser-
irradiated sample with 100 lines is shown in Fig. 8. The
peaks are assigned to ferroelectric Sr.Ba;_,Nb,Og crystals
with the ratio of Sr/Ba =1 (JCPDS 39-0265), indicating
that the lines obtained by Nd:YAG laser irradiations
consist of SBN crystals being close to Sry sBay sNb,Og. The
XRD pattern shown in Fig. 8, however, suggests that SBN
crystals in the lines are formed randomly along the laser
scanning direction, because all kinds of peaks are detected.
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Fig. 6. Confocal scanning laser micrographs for the sample obtained by
heat-assisted (250 °C) Nd:YAG laser irradiations in Glass A: (a) a laser
power P = 1W and laser scanning speed S = 2 um/s and (b) P = 1 W and
S =10pum/s.
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Fig. 7. Schematic illustration for the writing of 100 (Sr,Ba)Nb,Og crystal
lines on the glass surface by Nd:YAG laser irradiations.
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Fig. 8. XRD pattern for the assemblage of 100 lines written by heat-
assisted (250°C) Nd:YAG laser irradiations in Glass A. All peaks are
assigned to Sry sBay sNb,Og crystals.

As indicated in the above, the irradiation of Nd:YAG
laser induces the crystallization of SBN crystals in Glass A.
We also checked the feature of SBN crystals in the lines
from polarized micro-Raman scattering spectroscopy. In
measurements of polarized Raman scattering spectra,
various configurations about the relationship between the
direction of linearly polarized incident laser and the
direction of linearly polarized Raman scattering light
are possible, and an example is shown in Fig. 9. In this
study, we measured polarized micro-Raman scattering
spectra for two typical configurations against SBN crystals
in the lines, i.e., y(xx)y and y(zz)y. The results for the
sample (Glass A) obtained by Nd:YAG laser irradiations
with P =1W and S = 20 pm/s are shown in Fig. 10. Two
broad peaks with strong intensities are observed at 280 and
640cm™". A broad peak with a small intensity is detected at
845cm ™!, and a peak is present at 710 cm ™. As can be seen
in Fig. 10, the polarized Raman scattering spectra for both
configurations of y(xx)y and y(zz)y are almost the same in
the peak position and peak intensity. Almost similar
polarized micro-Raman scattering spectra were observed
for the line patterned by Nd:YAG laser irradiations with
P=1Wand S =0.5um/s.

The Raman scattering spectra for Sr.Baj_,Nb,Og
crystals have been reported by several researchers [28-31].
It is known that SBN crystal has significant intrinsic
disorders in atomic arrangements, giving relaxor-type
phase transitions and broad Raman scattering spectra in
SBN crystals [28-31]. The bands at ~250, ~640, and
830cm™' are associated to the O-Nb-O bending, the
Nb-O stretching, and a deformation of the NbOg
octahedron, respectively [28-31]. The Raman scattering
spectra shown in Fig. 10, therefore, demonstrate that the
line patterned by Nd:YAG laser irradiations with P = 1 W
and S = 20 um/s consists of SBN crystals. The peak located
at 710cm ™" in Fig. 10 has not been observed in SBN single
crystals and will be associated to the Nb—O bond vibration
(Alg mode) in SrNb,Og or BaNb,Og crystals [30]. It is,
therefore, considered that the line patterned by Nd:YAG
laser irradiations in Glass A includes not only SBN crystals
but also SrNb,O4 or BaNb,Og crystals.

As indicated above, although the lines with SBN crystals
are formed in Glass A by Nd:YAG laser irradiations, the
orientation of SBN crystals has not been confirmed and the
impurity phase of StNb,Og or BaNb,Og crystals is present.
We tried to write homogeneous crystal lines consisting of
only SBN crystals in other glasses, i.e., in Glass B and
Glass C. The line was patterned in Glass B (2NiO—
4Bi,05-16SrO-16Ba0O-32Nb,05—30B,03) by heat-assisted
(250°C) Nd:YAG laser irradiations (P=1.0W, S=
10 um/s). And, the data on polarized optical micrograph,
confocal scanning laser micrograph and polarized micro-
Raman scattering spectra are shown in Figs. 11 and 12,
respectively. The line with a smooth surface was obtained,
and the formation of SBN crystals is confirmed from
Raman scattering spectra. In particular, it should be
pointed out that there is no peak at ~710cm™" in Raman
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Fig. 10. Linearly polarized Raman scattering spectra for the line obtained
by heat-assisted (250 °C) Nd:YAG laser irradiations with a laser power of
P = 1W and laser scanning speed of S = 20 um/s in Glass A.

scattering spectra, suggesting that the line consists of only
SBN crystals.

The lines consisting of SBN crystals were also patterned
successfully in Glass C (2NiO—4La,05-16SrO-16BaO—
32Nb,05—30B,03) by heat-assisted (300 °C) Nd:YAG laser
irradiations (P=1.0W, S=1um/s), and the data on
polarized optical micrograph, confocal scanning laser
micrograph and polarized micro-Raman scattering spectra
are shown in Figs. 13 and 14, respectively. The line with a
smooth surface was also observed in Glass C. Further-
more, it is noted that the peak intensities of polarized
micro-Raman scattering spectra change largely depending
on the configurations of y(xx)y and y(zz)y. The polarized
Raman scattering spectra for a Srg¢Bag4Nb,Og single
crystal commercially available are shown in Fig. 15, where
the spectra were taken against the (100) plane. It is seen
that the peak intensities change largely depending on the
configuration of measurements. In the polarized Raman
scattering spectra against the (001) plane for the

Glass B

P=1W
S=10 um/s

Lt

38 400

&7’

"64.000

57,600

Fig. 11. Polarization optical (a) and confocal scanning laser (b)
micrographs for the sample obtained by heat-assisted (250 °C) Nd:YAG
laser irradiations with a laser power of P = 1 W and laser scanning speed
of §'=10um/s in Glass B.

Srg ¢Bag 4Nb,Ogq single crystal (not shown here), the peak
intensities for the configurations of y(xx)y and y(zz)y were
almost the same. The data shown in Fig. 14, therefore,
suggest that SBN crystals in the line patterned by heat-
assisted (300°C) Nd:YAG laser irradiations (P =1.0W,
S = 1 um/s) in Glass C might orientate, i.e., the possibility
of c-axis orientations of SBN crystals along the line growth
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Fig. 12. Linearly polarized Raman scattering spectra for the line obtained

by heat-assisted (250 °C) Nd:YAG laser irradiations with a laser power of
P = 1W and laser scanning speed of S = 10 um/s in Glass B.
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Fig. 13. Polarization optical (a) and confocal scanning laser (b)
micrographs for the sample obtained by heat-assisted (300 °C) Nd:YAG
laser irradiations with a laser power of P = 1 W and laser scanning speed
of S = 1um/s in Glass C.

direction (laser scanning direction). We have been trying to
write a bumble (i.e., 100 lines) of SBN crystals lines in
Glass C, but at this moment we cannot succeed to get such
a sample because of the difficulty of constant writing of
SBN crystal lines and thus do not have any XRD data for
the SBN lines in Glass C. The crystallization temperature
of Glass C is 723°C, and this high crystallization
temperature might be one of the reasons for the difficulty
of constant writing of SBN crystal lines in our laser-
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Fig. 14. Linearly polarized Raman scattering spectra for the line obtained
by heat-assisted (300 °C) Nd:YAG laser irradiations with a laser power of
P = 1W and laser scanning speed of S = 1pum/s in Glass C.
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Fig. 15. Linearly polarized Raman scattering spectra for a Srg¢Bag4
Nb,Og single crystal. The spectra were taken against the (100) plane.

induced crystallization technique. It is desired to write SBN
crystal lines in other glasses with higher NiO contents
(>3mol%). In such glasses, it is expected that the
temperature of Nd:YAG laser-irradiated region would be
higher, inducing the crystallization of SBN crystals more
easily.

3.3. Mechanism of laser-induced crystallization

The present study demonstrates that the combination of
Ni*" ion doping and cw Nd:YAG laser (1 = 1064nm)
irradiation, i.e., a TMAH processing, is working for the
formation of SBN crystals on the surface of Bi,Oj3,-
La,05;-SrO-BaO-Nb,0s—B,05 glasses. The bump forma-
tion on the glass surface is one of the features in Nd:YAG
laser-induced structural changes [19-22], indicating the
volume expansion in the laser-irradiated region and
suggesting the formation of low viscous super-cooled
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liquid. Atomic rearrangements in glass occur at tempera-
tures above the glass transition temperature. As the
NiO-doped glass developed in this study have the values
of Ty =1555-611°C and T, = 638-723°C, the maximum
temperature of laser-irradiated region would be at least
higher than 560 °C. As already discussed by Inoue et al.
[32] and Bennett et al. [33,34], laser irradiation to glass
results in the increase of fictive temperature, i.e., larger
molar volume and lower density. Bennett et al. [33]
observed a bump formation in CO, laser-irradiated silicate
glasses. It is considered that crystallization would not occur
in the whole laser-irradiated region, consequently remain-
ing bump morphologies as observed in the present study.
It is important to check directly the size and morphology of
SBN crystals in the lines by transmission electron micro-
scope observations and also to evaluate the volume
percentage of SBN crystals in the lines, i.e., the ratio of
crystals and glassy phase. Such studies are now under
consideration.

Crystallization of glass proceeds through two steps of
nucleation process and crystal growth process. In order to
write homogeneous crystal lines with highly oriented
crystals, nucleation at the crystal growth front must be
avoided. That is, at least the laser-irradiated region must
have temperatures corresponding to extremely low
nucleation rates and fast crystal growth rates. Considering
the heat balance between laser energy absorbed by Ni*™*
ions and heat dissipation from the laser-irradiated
region to the surrounding glass medium, the temperature
of the laser-irradiated region would depend on the
amount of Ni*" ions in a given glass, laser power, laser
scanning speed, specific heat and thermal conductivity of
glass.

As shown in Figs. 4-6, in the case of SBN crystal
patterning in Glass A, the laser irradiation condition of the
laser power of P = 1 W and scanning speed of S = 0.5 um/s
is not optimal for homogeneous line patterning. The
periodic bump formation might indicate a periodic
nucleation during laser scanning. On the other hand, the
laser irradiation with P = 1 W and S = 20 um/s in Glass A
induces a more homogeneous surface morphology.
Furthermore, the homogeneous lines are obtained in Glass
B and Glass C. The homogeneous surface morphologies
suggest that the nucleation tendency during laser irradia-
tion in Glass B and Glass C is small. It would be necessary
to determine the temperature profile of laser-irradiated
regions as a function of laser power and scanning speeds
for these glasses in order to clarify the mechanism of bump
formation. At the same time, we should emphasize that
glass composition itself is also very important for the
patterning of SBN crystal lines, because the change in
the glass composition gives not only the change in the
temperature dependence of nucleation and crystal growth
rates but also nucleation and crystal growth rates
themselves. In this point of view, a search of new glass
compositions being optimal for SBN crystal line patterning
will be desired.

4. Conclusions

Crystal lines with Sry sBag sNb,Og (SBN) were patterned
on the surface of NiO-doped Bi»O3,La,O3;—SrO-BaO-
Nb,Os—B,03 glasses by heat-assisted (250-300 °C) laser
irradiations of continuous-wave Nd:YAG laser (wave-
length: 1064nm), and the surface morphology and the
quality of SBN crystal lines were examined from measure-
ments of polarization optical micrographs, confocal scan-
ning laser micrographs, and polarized micro-Raman
scattering spectra. It was found that the surface morphol-
ogy of SBN crystal lines changed from periodic bump
structures to homogeneous structures, depending on laser
scanning conditions. It was suggested that some SBN
crystals in the lines in 2NiO-4La,0O;-16SrO-16Ba0O-32
Nb,Os-30B,0; glass are oriented. The present study
demonstrates that the TMAH processing (i.e., a combina-
tion of cw Nd:YAG laser and Ni*" ions) is a novel
technique for spatially selected crystallization of SBN
crystals in glass.
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