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Some glasses such as 21.25Sm2O3.63.75MoO3.15B2O3 smol %d giving the formation of nonlinear
optical Sm2sMoO4d3 crystals through conventional crystallization in an electric furnace and through
continuous-wave Nd: yttrium aluminum garnetsYAGd laser swavelength: 1064 nmd irradiation
ssamarium atom heat processingd have been developed. It is proposed from x-ray diffraction
analyses, micro-Raman-scattering spectra, and second-harmonic generation measurements that the
crystal structure of Sm2sMoO4d3 formed by the crystallization is theb8-phase structure with an
orthorhombic snoncentrosymmetricd symmetry. The lines consisting of nonlinear opticalb8
-Sm2sMoO4d3 crystals are written at the surface of glasses by YAG laser irradiationslaser power:
P=0.4 W, laser scanning speed:S=1–10mm/sd, and, in particular, homogeneous crystal lines are
formed at the laser scanning speed of 1mm/s. Refractive index changessnot crystallizationd are
also induced by YAG laser irradiation ofP=0.4 W and a high laser scanning speed ofS
=25 mm/s. The crystallization mechanism in the laser-irradiated region has been proposed. The
present study demonstrates that the samarium atom heat processing is a technique for the writing of
rare earth containing optical nonlinear/ferroelectric crystal lines in glass. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1938269g

I. INTRODUCTION

Crystallization of glass is a method for fabrication of
transparent and dense condensed materials with desired
shapes and also nanostructures.1–4 Usually, crystallized
glassessglass ceramicsd are fabricated using well-controlled
heat treatment in an electric furnace, and desired crystals are
formed at the surface or in the interior of glass. Laser irra-
diation of glass has been regarded as a process for spatially
selected structural modification and crystallization in glass,
and recently, various studies in laser-induced structural
changes have been carried out so far, where the most of
target glasses are SiO2-based glasses, source lasers are
mainly short-wavelength excimer lasers or femtosecond
pulsed lasers, and structural modifications are refractive in-
dex changessnot crystallizationd.5–9

The present authors’ group10–18proposed that the irradia-
tion of a continuous-wavescwd Nd: yttrium aluminum garnet
sYAGd laser with a wavelength ofl=1064 nm induces the
formation of crystal dots and lines such as SmxBi1−xBO3, b
-BaB2O4, and KSmsPO3d4 in glasses containing Sm2O3 or
Dy2O3. In particular, it has been proposed that crystals of
SmxBi1−xBO3 and b-BaB2O4 in the lines might be single
crystals.15–17 This technique is calledsamarium (rare-earth)
atom heat processing.15,16 In the samarium atom heat pro-
cessing, cw Nd:YAG laser withl=1064 nm is absorbed by

Sm3+ in glass throughf-f transitionss6F9/2← 6H5/2d and the
surrounding of Sm3+ is heated through a nonradiative relax-
ation selectron-phonon couplingd.10–18 Consequently, struc-
tural modificationsrefractive index changed or crystallization
is induced. It is of interest to apply the samarium atom heat
processing to various glass-forming systems and to write
crystal dots and lines showing nonlinear optical and ferro-
electric properties, because crystals patterned at micrometer
and nanoscales in glass substrates have a high potential for
photonic devices. It should be emphasized that Nd:YAG la-
ser is a conventional laser compared with other kinds of la-
sers such as short-wavelength excimer laser or femtosecond
pulsed laser.

In this study, we try to write crystal lines consisting of
Sm2sMoO4d3 ferroelectrics in glasses based on the system
Sm2O3–MoO3–B2O3 by samarium atom heat processing.
Rare-earth molybdates, RE2sMoO4d3, sRE: trivalent rare-
earth ionsd are well-known crystals possessing various inter-
esting ferroelectric, ferroelastic, and nonlinear optical
properties.19–27 For instance, they exhibit a comparatively
large electro-optic effect and have potential applications in
electro-optical devices. It has been reported that
Sm2sMoO4d3 crystal has a ferroelectric phase-transition
sCuried temperature ofTC=197 °C.28 Since there has been
no report on the crystallization of Sm2sMoO4d3 in glasses,
we have also developed Sm2O3–MoO3–B2O3 glasses giving
the formation of Sm2sMoO4d3 by crystallization in this study.
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II. EXPERIMENT

Commercial powders of reagent grade Sm2O3, MoO3,
and B2O3 were melted in a platinum crucible at 1000 °C for
30 min in an electric furnace. A small amount of CeO2

s0.1 mol %d was added to reduce the dark brown color of
Sm2O3–MoO3–B2O3 glasses. The melts were poured onto
an iron plate and pressed to a thickness of about 1–1.5 mm
by another iron plate. The glass transition,Tg, and crystalli-
zation peak,Tp, temperatures were determined using differ-
ential thermal analysissDTAd at a heating rate of 10 K/min.
The quenched glasses were annealed at,Tg to release inter-
nal stress and then polished mechanically to a mirror finish
with CeO2 powders.

Glasses were heat treated atTp, and the crystalline
phases present in the crystallized samples were identified by
x-ray diffraction sXRDd analysessCuKa radiationd at room
temperature. Micro-Raman-scattering spectra at room tem-
perature for the precursor glasses and crystallized samples
were measured with a laser microscopesTokyo Instruments
Co., Nanofinderd operated at Ar+ s488 nmd laser. In our
micro-Raman apparatus, the data below,300 cm−1 cannot
be measured due to the use of edge filter. Curie temperatures
of crystallized samples were examined by using a differential
scanning calorimetrysDSCd sRigaku, DSC 8230Dd. Second-
harmonic sSHd intensities of crystallized powders at room
temperature were evaluated using the powder method pro-
posed by Kurtz and Perry.29 A fundamental wave of a
Q-switched Nd:YAG laser operating at a wavelength ofl
=1064 nm was used as the incident light. The SH intensity
of a-quartz powders was used as a reference.

A cw Nd:YAG laser operating at 1064 nm irradiated the
polished surface of the glasses with a mirror finish. The laser
beam was focused at the surface of the glasses using an
objective lens s203 ,NA=0.4d. By using a three-
dimensional translation stage, focused positions of laser
beam were moved at a constant speed. The laser powers
were 0.4 W, and translation speeds of the sample stage were
1, 10, and 25mm/s. The lines written by YAG laser irradia-
tion were observed with a polarization optical microscope.
Second-harmonic generationsSHGd emissionssl=532 nmd
from crystal lines were measured with SHG microscopy.30

III. RESULTS AND DISCUSSION

A. Structural features of Sm 2„MoO4…3 crystals

The phase diagram and structure of rare-earth molyb-
dates, RE2sMoO4d3, where RE=Pr,Nd,Sm,Eu,Gd,Tb,Dy,
have been studied extensively, and it is known that they
show various structural types and a temperature-dependent
polymorphism.31–34 The thermodynamically stable phase in
the temperatures below 800–990 °C is thea phase with a
monoclinic structuresC2/cd. In the temperature range of
1000,T,1200 °C, theb phase with a tetragonal structure
sP421md is stable. Theb phasesparaelectricd transforms to
the b8 phasesferroelectricd with an orthorhombic structure
sPba2d below the Curie temperature.34 The Curie tempera-
ture of the ferroelectricb8-phase Sm2sMoO4d3 is reported to
be TC=197 °C.28 According to Nassauet al.,32 the transfor-
mation from thea phase to theb phase occurs easilysfastd,

but the phase transition from theb phase to thea phase is
slow kinetically. The structure of the orthorhombic
RE2sMoO4d3 phase is formed by REO7 polyhedrasmono-
capped trigonal prismsd and MoO4 tetrahedra, which are
linked together via common corners.35 Bonneville and
Auzel21 measured linear and nonlinearssecond-orderd sus-
ceptibilities of several RE2sMoO4d3 crystals and proposed
that the major part of nonlinear optical properties is due to
the orientation of MoO4 tetrahedra and the Mo–O bond hy-
perpolarizability.

Considering the structural features of RE2sMoO4d3 crys-
tals, it is of importance to distinguish theb8-Sm2sMoO4d3

phase from thea-Sm2sMoO4d3 phase in the present study.
Prior to the crystallization of Sm2O3–MoO3–B2O3 glasses,
therefore, both of thea- and b8-Sm2sMoO4d3 phases were
prepared by a solid-state reactionspowder sintering methodd
with a help of the phase diagram of the system
Sm2O3–MoO3 reported by Nassauet al.,32 and XRD pat-
terns and Raman-scattering spectra for these phases were ob-
tained. Since the data on XRD patterns and Raman-scattering
spectra for Sm2sMoO4d3 crystals are scarce and insufficient,
we compared our data with the data for Gd2sMoO4d3 crystals
which have been extensively studied so far by many
researchers.31–37 The a-Sm2sMoO4d3 phase was obtained by
a sintering at 850 °C for 24 h, designated here as sample 1,
and theb8-Sm2sMoO4d3 phase was prepared by a sintering at
950 °C for 24 h, designated here as sample 2. The XRD
patterns for these samples are shown in Fig. 1. It was con-
firmed that the XRD pattern for sample 2 is the same as that
sJCPDS: No. 20-408d for theb8-Gd2sMoO4d3 phase. We heat
treated again sample 2 at 850 °C for 40 h and confirmed that
the XRD pattern for this sample is the same as that for
sample 1. This result indicates that the phase transformation
between theb8-Sm2sMoO4d3 phase and thea-Sm2sMoO4d3

phase occurs, supporting the phase diagram reported by Nas-
sauet al.32

The Raman-scattering spectra for the sintered samples
are shown in Fig. 2, where sample 1 gives the peaks at 396,
783, and 902 cm−1 and sample 2 shows the peaks at 326,
384, 744, 815, 848, 943, and 957 cm−1. It was confirmed that
the Raman spectrum for sample 2 is almost the same as that
for theb8-Gd2sMoO4d3 phase showing the peaks at 321, 362,

FIG. 1. XRD patterns at room temperature for the samples
s25Sm2O3.75MoO3d prepared by solid-state reaction.
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750, 857, 943, and 960 cm−1.35 The DSC patterns for the
sintered samples were measured, and a clear endothermic
peak was observed at around 198 °C for sample 2. As re-
ported by Royet al.,28 this endothermic peak is assigned to
the phase transition from the ferroelectric statesb8 phased to
the paraelectric statesb phased in Sm2sMoO4d3 crystals with
TC=197 °C. On the other hand, no endothermic peak was
detected at temperatures around 195 °C for sample 1. These
results shown in Figs. 1 and 2 demonstrate that the crystal-
line phases formed in sample 1ssintered at 850 °C for 24 hd
and sample 2ssintered at 950 °C for 24 hd are the a
-Sm2sMoO4d3 phase and theb8-Sm2sMoO4d3 phase, respec-
tively. The XRD patterns and Raman-scattering spectra for
the a- and b8-Sm2sMoO4d3 phases obtained in the present
study are used for the identification of crystalline phases
formed in crystallized glasses and crystal lines written by
YAG laser irradiation.

B. Glass formation in the Sm 2O3–MoO3–B2O3 system

In the samarium atom heat processing, it is a key point to
find glasses containing some amounts of Sm2O3 and giving
the formation of target crystals by crystallization. Since a
sample with the chemical composition of Sm2sMoO4d3 does
not form any glassy form in a conventional melt quenching
method, we need to develop glasses containing both Sm2O3

and MoO3. Considering previous studies,10–18 it is desired to
develop glasses with Sm2O3 contents of 8–15 mol % for the
application of samarium atom heat processing. It is known
that borate glasses generally provide large solubility of rare-
earth oxides, and this is the reason why we chose system of
Sm2O3–MoO3–B2O3 in this study. The glass-forming region
in the system of Sm2O3–MoO3–B2O3, however, has not
been reported so far. Since the purpose of this study is to
develop crystallized glasses consisting of theb8
-Sm2sMoO4d3 phase, i.e., MoO3/Sm2O3=3, we examined
the glass formation for various compositions with
the Sm2O3/MoO3 ratio of around three and with small
amounts of B2O3. Consequently, although the glass-
forming ability in the system of Sm2O3–MoO3–B2O3 was
found to be poor, we succeeded in developing some
glasses such as 20Sm2O3.50MoO3.30B2O3 and

20Sm2O3.60MoO3.20B2O3. In this study, we use the glass
of 21.25Sm2O3.63.75MoO3.15B2O3 sdesignated here as
SMB glassd, because theb8-Sm2sMoO4d3 phase is formed by
crystallization, as will be described in Sec. III C. The DTA
pattern for SMB glass is shown in Fig. 3. An endothermic
peak due to the glass transition and an exothermic peak due
to the crystallization are observed, giving the values ofTg

=528 °C andTp=572 °C. The difference betweenTp andTg

is small, i.e.,DT=Tp−Tg=44 °C, suggesting that the thermal
stability against crystallization in SMB glass is not so high
and crystallization would occur easily.

Recently, Das and Ambika38 examined the local struc-
ture of 80MoO3.20B2O3 glasssTg=350 °Cd using electron
paramagnetic resonance and infrared spectra and reported
that the ratio of Mo6+/ sMo6++Mo5+d is 0.67 and molybde-
num ion is in a distorted octahedral environment of six oxy-
gen atoms. Their study proposes that MoO3 oxide in their
glass acts as glass former. In our SMB glass, the main com-
ponent is MoO3 and its amount is 63.75 mol %. Although the
structure of Sm2O3–MoO3–B2O3 glasses has not been stud-
ied, it is considered that MoO3 in our SMB glass would also
act as glass former. The glass-forming region, properties, and
structure of binary rare-earth borate glasses have been stud-
ied extensively so far. For instance, in the Sm2O3–B2O3 sys-
tem, glasses can be formed in the range from 0 to
,30 mol % Sm2O3, but the liquid immiscibility limits the
range of homogeneous glasses to 0–1.5 and 20–30 mol %
Sm2O3.

39,40 Indeed, even in the system
Sm2O3–MoO3–B2O3, it was found that the melt-quenched
samples containing 10 mol % Sm2O3 consisted of two
phases: the crystalline part at the surface and the glassy part
in the interior, implying the presence of liquid immiscibility.
In this study, we succeeded in developing
Sm2O3–MoO3–B2O3 glasses containing ,20 mol %
Sm2O3. It should be pointed out that the Sm2O3 content giv-
ing the glass formation in the ternary Sm2O3–MoO3–B2O3

system is similar to that in the binary Sm2O3–B2O3 system,
even though B2O3 contents in both systems are largely dif-
ferent. The structure of Sm2O3–MoO3–B2O3 glasses will be
again discussed in Sec. III C.

C. Formation of ferroelectric b8-Sm2„MoO4…3
in crystallized glasses

The XRD pattern and Raman-scattering spectrum for the
SMB crystallized sample obtained by heat treatment at

FIG. 2. Raman-scattering spectra at room temperature for the samples
s25Sm2O3.75MoO3d prepared by solid-state reaction.

FIG. 3. DTA pattern for 21.25Sm2O3.63.75MoO3.15B2O3 glass. Heating
rate was 10 K/min.
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588 °C for 6 h are shown in Figs. 4 and 5, respectively. The
data of the XRD and Raman spectrum indicate clearly the
formation of theb8-Sm2sMoO4d3 phase in the SMB crystal-
lized sample. The Raman-scattering spectrum for the SMB
crystallized sample heat treated at 719 °C for 6 h is shown
in Fig. 5. The appearance of the strong peak at 900 cm−1

indicates the formation of thea-Sm2sMoO4d3 phase besides
the b8-Sm2sMoO4d3 phase, suggesting the start of the trans-
formation of the b8-Sm2sMoO4d3 phase to the a
-Sm2sMoO4d3 phase. The SH intensities for the SMB crys-
tallized samples obtained by heat treatments at 570, 588, and
680 °C for 6 h are shown in Fig. 6. In these experiments, the
powdered samplessshaped to disk plated were rotated against
incident measuring YAG laser to minimize the data scatter-
ing of SH intensity due to the inhomogeneous packing of
powders. The strong SHGs are clearly observed in all
samples. Furthermore, it should be pointed out that the SH
intensity depends on the heat-treatment temperature, i.e., the
SH intensity of the crystallized sample heat treated at 570 °C
is stronger than those of the samples heat treated at 588 and
680 °C. These results demonstrate that the ferroelectric
b8-Sm2sMoO4d3 phase showing a second-order optical non-

linearity is primarily precipitated and then the paraelectric
a-Sm2sMoO4d3 phase is formed in the crystallization of
SMB glass, as already suggested from the Raman-scattering
spectra sFig. 5d. In the phase diagram of the system
Sm2O3–MoO3 reported by Nassauet al.,32 the low-
temperature phase below,880 °C is thea-Sm2sMoO4d3

phase and the high-temperature phase above,880 °C is the
b-Sm2sMoO4d3 phase. In the crystallization of SMB glass,
however, theb-Sm2sMoO4d3 phase is directly appeared by
relatively low-temperature heat treatment prior to the forma-
tion of the a-Sm2sMoO4d3 phase. Since the heat-treatment
temperature of,600 °C for the crystallization of SMB glass
corresponds to the temperature being stable for the
a-Sm2sMoO4d3 phase, it is considered that the
b-Sm2sMoO4d3 phase formed initially through the crystalli-
zation is not stable thermodynamically and thus tends to
transform to thea-Sm2sMoO4d3 phase during heat treatment
at ,600 °C. Anyway, the fact that the primary crystalline
phase in SMB glass is theb-Sm2sMoO4d3 phase indicates
that SMB glass is a good precursor glass in the present study.

The Raman-scattering spectrum for the precursor SMB
glass is shown in Fig. 5. Although the peaks are broad, being
typical for glass materials, the peak positions are very similar
to those for theb8-Sm2sMoO4d3 phase, but not similar to
those for thea-Sm2sMoO4d3 phase. In the structure of the
b8-RE2sMoO4d3 phase, MoO4 tetrahedra and REO7 polyhe-
dra are linked together via common corners.35 The Raman-
scattering spectra shown in Fig. 5 strongly suggest the struc-
tural similarity between the precursor glass and the
b8-Sm2sMoO4d3 phase, and this would be one of the reasons
for the primarily crystallization of theb8-Sm2sMoO4d3 phase
in SMB glass. The coordination state of Mo6+ ions in some
glasses such as MoO3–TeO2 has been examined from
Raman-scattering and infrared spectra.38,41–44It has been re-
ported that MoO4 tetrahedra and MoO6 octahedra are present
as basic structural units. Neovet al.41 reported that an in-
crease in MoO3 content results in a sequential conversion of
Mo6+ from MoO6 to MoO4. The structural unit of MoO4
tetrahedron gives the band at 840–850 cm−1 in Raman-
scattering and infrared spectra.42,44 The broad peak at

FIG. 4. XRD patterns at room temperature for the sample
s25Sm2O3.75MoO3d prepared by solid-state reaction and for the crystallized
glasss21.25Sm2O3.63.75MoO3.15B2O3d.

FIG. 5. Raman-scattering spectra at room temperature for the glass and
crystallized samples of 21.25Sm2O3.63.75MoO3.15B2O3.

FIG. 6. Second-harmonic intensities obtained by using Kurtz and
Perry’s powder method for crystallized powder samples of
21.25Sm2O3.63.75MoO3.15B2O3.
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820 cm−1 in Fig. 5 would support the presence of MoO4

tetrahedral units in SMB glass containing of a large amount
s63.75 mol %d of MoO3.

D. Writing of nonlinear optical b8-Sm2„MoO4…3 crystal
lines by YAG laser irradiation

As stated above, we developed glasses in the system
Sm2O3–MoO3–B2O3, which give the formation of nonlinear
optical b8-Sm2sMoO4d3 crystals through conventional crys-
tallization in an electric furnace. We tried to write
b8-Sm2sMoO4d3 crystal lines at the surface of SMB glass by
irradiation of cw Nd:YAG laser, i.e., the samarium atom heat
processing. The polarization optical microphotographs for
the samples obtained by YAG laser irradiation are shown in
Fig. 7, where the laser power wasP=0.4 W and the moving
speeds of the glass wereS=1, 10, and 25mm/s. It is seen
that structural changes are induced by YAG laser irradiation
and their morphologies depend on laser scanning speed. The
micro-Raman-scattering spectrum for the linefsad in Fig. 7g
written with S=25 mm/s is shown in Fig. 8, where those of
the precursor glass andb8-Sm2sMoO4d3 crystalsssample 2d

prepared by a solid-state reactions950 °C,24 hd are in-
cluded for comparison. Since the spectrum for the line is
almost the same as that for the precursor glass, it is con-
cluded that the line does not consist of crystals but is still
amorphous. That is, the YAG laser irradiation with a high
moving speed ofS=25 mm/s induces only refractive index
changes. It is considered that the temperature of the laser-
irradiated region would be heated to temperatures around the
glass transition temperaturesTg=528d and structural modifi-
cationssnot crystallization, but just density fluctuationsd are
induced.

The micro-Raman-scattering spectrum for the linefsbd in
Fig. 7g written with S=10 mm/s is shown in Fig. 9, demon-
strating that the line consists ofb8-Sm2sMoO4d3 crystals.
Since SMB glass has the values ofTg=528 and Tp

=572 °C, it is considered that the temperature of the laser-

FIG. 7. Polarization optical microphotographsstop viewsd for the samples
obtained by cw Nd:YAG laser irradiations with a laser power ofP=0.4 W
and sample moving speeds ofS=1, 10, and 25mm/s. The glass is
21.25Sm2O3.63.75MoO3.15B2O3.

FIG. 8. Micro-Raman scattering spectrumsad at room temperature for the
line written by YAG laser irradiation with a power of 0.4 W and a scanning
speed of 25mm/s in 21.25Sm2O3.63.75MoO3.15B2O3 glass. The spectra
for the precursor glass andb8-Sm2sMoO4d3 crystals prepared by a solid-
state reaction are included for comparison.

FIG. 9. Micro-Raman-scattering spectrumsad at room temperature for the
line written by YAG laser irradiation with a power of 0.4 W and a scanning
speed of 10mm/s in 21.25Sm2O3.63.75MoO3.15B2O3 glass. The spectra
for the precursor glass andb8-Sm2sMoO4d3 crystals prepared by a solid-
state reaction are included for comparison.
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irradiated region would be at least above 530 °C. As seen in
Fig. 7, the growth ofb8-Sm2sMoO4d3 crystals is not smooth,
but seems to be discontinuous. The SHG microscope mea-
surements were performed for the lines consisting of
b8-Sm2sMoO4d3 crystals, and SHGs were clearly observed
from the lines, demonstrating that Sm2sMoO4d3 crystals in
the lines are nonlinear optical crystals as similar to the case
in the crystallized glasses obtained by heat treatment in an
electric furnace.

As seen in Fig. 7, a line written withS=1 mm/s shows a
relatively homogeneous color in a polarization optical micro-
photograph compared with the line written withS
=10 mm/s. The SHGs were clearly observed in the crystal
lines written with 1mm/s. It was confirmed from the micro-
Raman-scattering spectra that these lines consist of
b8-Sm2sMoO4d3 crystals, although the spectra suggest the
formation of the a-Sm2sMoO4d3 phase also. Very slow
writing speeds might induce the transformation of the
b8-Sm2sMoO4d3 phase to thea-Sm2sMoO4d3 phase during
laser irradiation. It is considered that the optimum scanning
condition for the writing of homogeneous crystal lines con-
sisting of only theb8-Sm2sMoO4d3 phase would be present
in the range of 1–10mm/s, when the YAG laser power is
fixed to 0.4 W.

In the samarium atom heat processing, cw Nd:YAG laser
with l=1064 nm is absorbed by Sm3+ in glass throughf-f
transitions s6F9/2← 6H5/2d and the surrounding of Sm3+ is
heated through a nonradiative relaxationselectron-phonon
couplingd.10–18Consequently, structural modificationsrefrac-
tive index changed or crystallization is induced. When we
used a nanopulse Nd:YAG laser withl=1064 nm instead of
cw Nd:YAG laser, no crystallization was induced in the
Sm2O3–MoO3–B2O3 glasses. This means that it is neces-
sary to irradiate laser continuously to keep high temperatures
sgreater than crystallization temperatured and to induce crys-
tallization in the laser-irradiated region. In other words, the
heat dissipation from the laser-irradiated region to the sur-
rounding glass medium occurs rapidly. Considering the heat
balance between the laser energy absorbed by Sm3+ and heat
dissipation, the temperature of the cw Nd:YAG laser-
irradiated region in glass would depend on the amount of
Sm3+ in glass, laser power, laser scanning speed, specific
heat, and thermal conductivity of glass. Furthermore,

whether crystallization by YAG laser irradiation occurs or
not will depend not only on the temperature of laser-
irradiated region but also on the thermal stability against
crystallization. Indeed, the formation of crystal lines by YAG
laser irradiation has been observed in glasses containing
some amounts of Sm2O3 contents such as 10 mol % and in
glasses having the strong tendency of the crystallization,10–18

as in 21.25Sm2O3.63.75MoO3.15B2O3 glass developed in
this study.

The polarization optical microphotograph for the cross
section of a crystal line written by YAG laser irradiation
sP=0.42 W,S=10 mm/sd in SMB glass is shown in Fig. 10.
It was confirmed from the micro-Raman-scattering spectra
that this consists ofb8-Sm2sMoO4d3 crystals, indicating that
b8-Sm2sMoO4d3 crystals grow deeply into the interior of the
glass during laser scanning. Furthermore, a swelling at the
surface is observed, suggesting the formation of a melt in the
laser-irradiated region. Considering the shape of crystals in
the interior of the glass shown in Fig. 10, we propose that the
region with high temperatures being sufficient for the crys-
tallization would be narrow and also deep. The model is
shown in Fig. 11 schematically. One of the reasons for such
a temperature distribution would be due to the use of the lens
with a small numerical aperture of NA=0.4 in this study. A
preliminary computer simulation on the temperature at the
laser-irradiated region supports the corn-shape temperature
distribution.45

IV. CONCLUSION

Some glasses such as 21.25Sm2O3.63.75MoO3.15B2O3

smol %d giving the formation of nonlinear optical
Sm2sMoO4d3 crystals through conventional crystallization in
an electric furnace and through continuous-wave Nd:YAG
laser swavelength: 1064 nmd irradiation ssamarium atom
heat processingd were developed. It was found from x-ray
diffraction analyses, micro-Raman-scattering spectra, and
second-harmonic generation measurements that the crystal
structure of Sm2sMoO4d3 formed by the crystallization is the
b8-phase structure with an orthorhombicsnoncentrosymmet-
ricd symmetry. The lines consisting ofb8-Sm2sMoO4d3 crys-
tals were written at the surface of glasses by YAG laser irra-
diation slaser power:P=0.4 W, laser scanning speed:S
=1–10mm/sd, and, in particular, at the laser scanning speed
of 1 mm/s relatively homogeneous crystal lines were
formed. The refractive index changessnot crystallizationd

FIG. 10. Polarization optical microphotograph for the cross section of a
crystal line written by YAG laser irradiationsP=0.42 W,S=10 mm/sd in
21.25Sm2O3.63.75MoO3.15B2O3 glass.

FIG. 11. A schematic illustration of the model for the crystal growth at the
YAG laser-irradiated region.
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were also induced by YAG laser irradiation ofP=0.4 W and
a high laser scanning speed ofS=25 mm/s. The present
study demonstrates that the samarium atom heat processing
is a technique for the writing of rare earth containing optical
nonlinear/ferroelectric crystal lines in glass.
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