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Writing of nonlinear optical Sm  ,(MoO,)3 crystal lines at the surface
of glass by samarium atom heat processing
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Some glasses such as 21.258m 63.75MoQ . 15B,05 (mol %) giving the formation of nonlinear

optical Sm(Mo0O,); crystals through conventional crystallization in an electric furnace and through
continuous-wave Nd: yttrium aluminum garn@&AG) laser (wavelength: 1064 njnirradiation
(samarium atom heat processjnfave been developed. It is proposed from x-ray diffraction
analyses, micro-Raman-scattering spectra, and second-harmonic generation measurements that the
crystal structure of SpiMoQO,); formed by the crystallization is thg’'-phase structure with an
orthorhombic (noncentrosymmetrjc symmetry. The lines consisting of nonlinear optical
-Smy,(MoQ,)5 crystals are written at the surface of glasses by YAG laser irradiéliéser power:

P=0.4 W, laser scanning spee®=1-10um/s), and, in particular, homogeneous crystal lines are
formed at the laser scanning speed ofth/s. Refractive index changésot crystallization are

also induced by YAG laser irradiation d?=0.4 W and a high laser scanning speed Sf

=25 um/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 glaszZ0@ American Institute

of Physics[DOI: 10.1063/1.1938269

I. INTRODUCTION Sn* in glass througH-f transitions(°Fg,,« ®Hs,,) and the
surrounding of ST is heated through a nonradiative relax-
Crystallization of glass is a method for fabrication of gtion (electron-phonon coupliﬁdo_lg Consequently, struc-
transparent and dense condensed materials with desirgga modification(refractive index changeor crystallization
shapes and also nanostructufés.Usually, crystallized s inguced. It is of interest to apply the samarium atom heat

glasseqglass ceramigsare fabricated using well-controlled processing to various glass-forming systems and to write

e ace st Yl fysal s an nes showing noninear optical and fero-
9 ' . ﬁlectric properties, because crystals patterned at micrometer

selected structural modification and crystallization in glassfi¥1d nanoscales in glass substrates have a high potential for

and recently, various studies in laser-induced structura'?homn'c devices. It should be emphasized that Nd:YAG la-

changes have been carried out so far, where the most SEr is a conventional laser compared with other kinds of la-
target glasses are Si®ased glasses, source lasers arés€rs such as short-wavelength excimer laser or femtosecond

mainly short-wavelength excimer lasers or femtosecondulsed laser.
pulsed lasers, and structural modifications are refractive in- In this study, we try to write crystal lines consisting of
dex changesnot crystallization)l.S‘g Smy(MoQ,); ferroelectrics in glasses based on the system
The present authors’ grotfh*®proposed that the irradia- Sm,03—MoO;—B,0; by samarium atom heat processing.
tion of a continuous-wavéw) Nd: yttrium aluminum garnet Rare-earth molybdates, REB00,);, (RE: trivalent rare-
(YAG) laser with a wavelength af=1064 nm induces the earth ion$ are well-known crystals possessing various inter-
formation of crystal dots and lines such as,8m_,BOs, B esting ferroelectric, ferroelastic, and nonlinear optical
-BaB,0,, and KSniPO,), in glasses containing @3 or  properties>’ For instance, they exhibit a comparatively
Dy,Os. In particular, it has been proposed that crystals ofiarge electro-optic effect and have potential applications in
SWB'l—fE?YB and 5-BaB,O, in the lines might be single glectro-optical devices. It has been reported that
crystals:” =" This technique is calledamarium (rare-earth) Smy(MoO,); crystal has a ferroelectric phase-transition
atom' heat processimﬁ"w In the samarium fatom heat pro- (Curie) temperature offc=197 °C? Since there has been
cessing, cw Nd:YAG laser with=1064 nm is absorbed by _~ report on the crystallization of SiMoO,); in glasses,

we have also developed $@—MoO;—B,05 glasses giving

a . ; e
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komatsu@chem nagaokaut.ac.jp the formation of S(M00,); by crystallization in this study.
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Il. EXPERIMENT T
reaction

M T
Solid state

Commercial powders of reagent grade ;8% MoOs,
and B,0O; were melted in a platinum crucible at 1000 °C for
30 min in an electric furnace. A small amount of GeO
(0.1 mol %) was added to reduce the dark brown color of
Sm0;—M00;—B,0; 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 transitidy, and crystalli-
zation peakT,,, temperatures were determined using differ-
ential thermal analysi€DTA) at a heating rate of 10 K/min.
The quenched glasses were annealed Bj to release inter-
nal stress and then polished mechanically to a mirror finish
with CeQ, powders.

Glasses were heat treated _5;;, and the crystalline FiG. 1. XRD patterns at room temperature for the samples
phases present in the crystallized samples were identified Bg5Sm0;.75Mo0;) prepared by solid-state reaction.
x-ray diffraction (XRD) analyseqCuKa radiation) at room
temperature. Micro-Raman-scattering spectra at room tem-
perature for the precursor glasses and crystallized sampl
were measured with a laser microscafekyo Instruments
Co., Nanofinder operated at Ar (488 nm laser. In our
micro-Raman apparatus, the data beley800 cm* cannot

950°C,24h

900°C,24h

850°C,24h

t the phase transition from th#& phase to thex phase is
slow kinetically. The structure of the orthorhombic
RE;(M00O,); phase is formed by REOpolyhedra(mono-
capped trigonal prismsand MoQ, tetrahedra, which are

be measured due to the use of edge filter. Curie temperaturggked 1together via common co_rne%%.BonnevnIe and

of crystallized samples were examined by using a differentia UZG,"lz, ) measured linear and nonlinegecond-ordersus-
scanning calorimetryDSC) (Rigaku, DSC 8230D Second- ceptibilities _of several REI_\/IOO4)3 c_rystals and_ prc_)posed
harmonic (SH) intensities of crystallized powders at room that the major part of nonlinear optical properties is due to
temperature were evaluated using the powder method prdh€ orientation of MoQ tetrahedra and the Mo-O bond hy-
posed by Kurtz and Per. A fundamental wave of a Perpolarizability.

Q-switched Nd:YAG laser operating at a wavelengthiof Considering the structural features of RE00,)s crys-
=1064 nm was used as the incident light. The SH intensity@!S: it is of importance to distinguish thg'-Sm,(MoO,)s

of a-quartz powders was used as a reference. ph.ase from then-Sr.nz(l\./IoO4)3 phase in the present study.

A cw Nd:YAG laser operating at 1064 nm irradiated the Prior to the crystallization of SpD;—MoO;—B,0; glasses,
polished surface of the glasses with a mirror finish. The lasefherefore, both of ther- and g’-Sm,(MoO,); phases were
beam was focused at the surface of the glasses using &ePared by a solid-state reactiqgpowder sintering method
objective lens (20X ,NA=0.4). By using a three- with a help of the phase dlagragg of the system
dimensional translation stage, focused positions of lasepMOs—MoO; reported by Nassaet al,™ and XRD pat-
beam were moved at a constant speed. The laser powei@ NS and Raman-scattering spectra for these phases were ob-
were 0.4 W, and translation speeds of the sample stage wel@ined. Since the data on XRD patterns and Raman-scattering
1, 10, and 25um/s. The lines written by YAG laser irradia- spectra for Sp(M00O,); crystals are scarce and insufficient,
tion were observed with a polarization optical microscope We compared our data with the data forf3do0,); crystals
Second-harmonic generatidBHG) emissions(\=532 nnmy  Which have been extensively studied so far by many
from crystal lines were measured with SHG microscdpy. ~fesearchers: ™’ The a-Smy(MoO,); phase was obtained by

a sintering at 850 °C for 24 h, designated here as sample 1,
lll. RESULTS AND DISCUSSION and theg’-Sm,(MoO,); 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-

The phase diagram and structure of rare-earth molybfirmed that the XRD pattern for sample 2 is the same as that
dates, REMoQ,);, where RE=Pr,Nd,Sm,Eu,Gd, Th,Dy, (JCPDS: No. 20-408o0r the 8'-Gd,(M00O,); phase. We heat
have been studied extensively, and it is known that theyreated again sample 2 at 850 °C for 40 h and confirmed that
show various structural types and a temperature-dependetite XRD pattern for this sample is the same as that for
polymorphism®3* The thermodynamically stable phase in sample 1. This result indicates that the phase transformation
the temperatures below 800—-990 °C is thghase with a between the’-Sm,(Mo0O,); phase and the-Sm,(MoO,);
monoclinic structure(C2/c). In the temperature range of phase occurs, supporting the phase diagram reported by Nas-
1000< T< 1200 °C, theB phase with a tetragonal structure sauet al*?

(P42,m) is stable. TheB phase(paraelectrig transforms to The Raman-scattering spectra for the sintered samples
the B’ phase(ferroelectrig with an orthorhombic structure are shown in Fig. 2, where sample 1 gives the peaks at 396,
(Pba2) below the Curie temperatu?é.The Curie tempera- 783, and 902 ciit and sample 2 shows the peaks at 326,
ture of the ferroelectrig3’-phase S(Mo0Q,), is reported to 384, 744, 815, 848, 943, and 957 ¢mit was confirmed that

be Tc=197 °C?® According to Nassaet al,** the transfor-  the Raman spectrum for sample 2 is almost the same as that
mation from thea phase to the8 phase occurs easiljast), for the 8’-Gd,(M0O,); phase showing the peaks at 321, 362,

A. Structural features of Sm ,(MoO,); crystals



123516-3 Abe et al. J. Appl. Phys. 97, 123516 (2005)

L A T T T v T M
Solid state reaction 057 SMB glass Heating rate
o . 10K/min
950°C,24h —£790
T=572°C
P

T,=528°C

endo.<— —exo

850°C,24h 400 B00 600 700 800
Temperature (°C)
396 783 FIG. 3. DTA pattern for 21.25Sg;.63.75M0oQ. 15B,05 glass. Heating
LN L rate was 10 K/min.
0 500 1000 1500

Raman shift (cm'1)

fe 2 R e o at : wre for i |208rr&03.60M003.208203. In this study, we use the glass

. & Raman-scatiering spectra at room temperature for the sampisf 21 25Sm0,.63.75M0Q. 15B,0; (designated here as
(255m03.75M00;) prepared by solid-state reaction. SMB glass, because the,_sz(%loal)s phgse is formed by

i3 crystallization, as will be described in Sec. Ill C. The DTA

750, 857, 943, and 960 ct™ The DSC patterns for the pattern for SMB glass is shown in Fig. 3. An endothermic
sintered samples were measured, and a clear endothermjgak due to the glass transition and an exothermic peak due
peak was observedzgat around 198 °C for sample 2. As 1y the crystallization are observed, giving the valuesTpf
ported by Royet al,” this endothermic peak is assigned to —gog o andr,=572 °C. The difference betwedn andT,
the phase transition from the ferroelectric stggé phasg¢to s small, i.e. AT=T,-T,=44 °C, suggesting that the thermal

the paraelectric statgs phasg in Smy(MoO,); crystals with  stapility against crystallization in SMB glass is not so high
Tc=197 °C. On the other hand, no endothermic peak wagpg crystallization would occur easily.

detected at temperatures around 195 °C for sample 1. These Recently, Das and Ambik& examined the local struc-

results shown in Figs. 1 and 2 demonstrate that the crystajyre of 80MoQ. 20B,0; glass(T,=350 °Q using electron

line phases formed in sample(dintered at 850 °C for 24)h  paramagnetic resonance and infrared spectra and reported
and sample 2(sintered at 950 °C for 24)hare the @  that the ratio of M6*/(Mo®*+Mo®) is 0.67 and molybde-
-Smy(M0oO,); phase and thg’-Smp(MoO,); phase, respec-  nym jon is in a distorted octahedral environment of six oxy-
tively. The XRD patterns and Raman-scattering spectra folf;en atoms. Their study proposes that Mo@xide in their

the a- and B’-Smy(MoQ,); phases obtained in the present gjass acts as glass former. In our SMB glass, the main com-
study are used for the identification of crystalline phasesbonem is MoQ and its amount is 63.75 mol %. Although the
formed in crystallized glasses and crystal lines written bystrycture of Sn0;—M00;—B,05 glasses has not been stud-
YAG laser irradiation. ied, it is considered that Mogn 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 &g B,0; sys-

In the samarium atom heat processing, it is a key point tdem, glasses can be formed in the range from O to

B. Glass formation in the Sm ,03—M003;—B,0; system

find glasses containing some amounts of,Ogiand giving  ~30 mol % SmO;, but the liquid immiscibility limits the
the formation of target crystals by crystallization. Since arange of homogeneous glasses to 0-1.5 and 20—30 mol %
sample with the chemical composition of giMoO,); does Sr'nzO3.39'40 Indeed, even in the system

not form any glassy form in a conventional melt quenchingSm,0;—Mo00O;—-B,0,, it was found that the melt-quenched
method, we need to develop glasses containing botfO§m samples containing 10 mol % S$S@,; consisted of two

and MoG,. Considering previous studié®;*%it is desired to  phases: the crystalline part at the surface and the glassy part
develop glasses with Si@; contents of 8—15 mol % for the in the interior, implying the presence of liquid immiscibility.
application of samarium atom heat processing. It is knowrdln  this  study, we succeeded in developing
that borate glasses generally provide large solubility of rareSm0O;—M00;—B,05; glasses containing ~20 mol %
earth oxides, and this is the reason why we chose system &m,Os. It should be pointed out that the $8y content giv-
Sm,O3—Mo0O;—B,0; in this study. The glass-forming region ing the glass formation in the ternary §o3—MoO;—B,0;

in the system of SpD;—Mo0O;—B,05, however, has not system is similar to that in the binary $@—B,0; system,
been reported so far. Since the purpose of this study is teven though BO; contents in both systems are largely dif-
develop crystallized glasses consisting of thg  ferent. The structure of S§®;—MoO;—B,05 glasses will be
-Smy,(MoQ,); phase, i.e., Mo@ Sm0;=3, we examined again discussed in Sec. Il C.

the glass formation for various compositions with
the SmO3/MoO; ratio of around three and with small
amounts of BO;. Consequently, although the glass-
forming ability in the system of Sp;—MoO;—B,05; was
found to be poor, we succeeded in developing some The XRD pattern and Raman-scattering spectrum for the
glasses such as 20$0y.50M00,;.30B,0; and SMB crystallized sample obtained by heat treatment at

C. Formation of ferroelectric ~ B8’-Sm,(MoQO,)
in crystallized glasses
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FIG. 6. Second-harmonic intensities obtained by using Kurtz and
Perry’s  powder method for crystallized powder samples of
21.255m0;5.63.75M0Q. 15B,0,.

FIG. 4. XRD patterns at room temperature for the sample
(25Sm05. 75M00;) prepared by solid-state reaction and for the crystallized
glass(21.25Sm05.63.75M0Q. 15B,05).

588 °C for 6 h are shown in Figs. 4 and 5, respectively. Thdin€arity is primarily precipitated and then the paraelectric
data of the XRD and Raman spectrum indicate clearly the-Smp(MoO,); phase is formed in the crystallization of
formation of theB’-Smy,(MoO,); phase in the SMB crystal- SMB glass, as already suggested from the Raman-scattering
lized sample. The Raman-scattering spectrum for the SMBpectra (Fig. 5. In the phase diagram of the system
crystallized sample heat treated at 719 °C for 6 h is show$m,03—MoO; reported by Nassauet al,*? the low-
in Fig. 5. The appearance of the strong peak at 900tcm temperature phase below880 °C is thea-Smy(M0oO,);
indicates the formation of the-Sm,(MoQO,); phase besides phase and the high-temperature phase abe880 °C is the
the B’-Sm,(M00O,); phase, suggesting the start of the trans-8-Sm,(M0Q,); phase. In the crystallization of SMB glass,
formation of the B’-Smy(MoO,); phase to the @«  however, theB-Sm,(MoQO,); phase is directly appeared by
-Smp(MoQ,); phase. The SH intensities for the SMB crys- relatively low-temperature heat treatment prior to the forma-
tallized samples obtained by heat treatments at 570, 588, anién of the a-Sm,(M0O,); phase. Since the heat-treatment
680 °C for 6 h are shown in Fig. 6. In these experiments, théemperature of-600 °C for the crystallization of SMB glass
powdered sampleshaped to disk plajavere rotated against corresponds to the temperature being stable for the
incident measuring YAG laser to minimize the data scatter4-Sm,(MoO,); phase, it is considered that the
ing of SH intensity due to the inhomogeneous packing ofg.sm,(Mo0,), phase formed initially through the crystalli-
powders. The strong SHGs are clearly observed in albation is not stable thermodynamically and thus tends to
;amplgs. Furthermore, it should be pointed out that the Skfansform to then-Smy(MoO,), phase during heat treatment
mtepsny erends on the heat—treatment temperature, i.e., thg _gop °C. Anyway, the fact that the primary crystalline
_SH intensity of the crystallized sample heat treated at 570 °$hase in SMB glass is th8-Sm,(MoO,); phase indicates
is stroonger than those of the samples heat treated at 588 akcht smB glass is a good precursor glass in the present study.
6&/30 C. These results der_nonstrate that the ferroelectnc The Raman-scattering spectrum for the precursor SMB
B'-Smy(M0O,)3 phase showing a second-order optical non-g,.q« is shown in Fig. 5. Although the peaks are broad, being
typical for glass materials, the peak positions are very similar
T to those for theB’-Smy(M00O,); phase, but not similar to
900  Cyetalized those for thea-Sm,(MoO,); phase. In the structure of the
B'-REx(M00O,); phase, MoQ tetrahedra and REQpolyhe-
dra are linked together via common corn&t§he Raman-
scattering spectra shown in Fig. 5 strongly suggest the struc-
tural similarity between the precursor glass and the
B’-Sm,(M0o0,); phase, and this would be one of the reasons
for the primarily crystallization of thg’-Sm,(MoQO,); phase
in SMB glass. The coordination state of Rdons in some
glasses such as M@©TeO, has been examined from
Raman-scattering and infrared specftal**It has been re-
ported that MoQ tetrahedra and Mogoctahedra are present
as basic structural units. Neaat al** reported that an in-
500 1000 . 1500 crease in Mo@ content results in a sequential conversion of
Raman shift (cm™) Mo®* from MoOg to MoO,. The structural unit of MoQ
FIG. 5. Raman-scattering spectra at room temperature for the glass afgtrahedron gives the band at 840-850°trin Raman-
crystallized samples of 21.25$8%.63.75M0Q. 15B,0,. scattering and infrared specﬂ%\‘f4 The broad peak at

SMB glass

588°C,6h
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Line: P=0.4 W, $=25 um/s

B-Smy(MoO )3

P=0.4W
$=10 um/s

0 500 1000 1500
Raman shift (cm '1)

FIG. 8. Micro-Raman scattering spectrua at room temperature for the
line written by YAG laser irradiation with a power of 0.4 W and a scanning
speed of 25um/s in 21.25S30,.63.75M0Q. 15B,05 glass. The spectra
for the precursor glass anfl-Sm,(MoO,); crystals prepared by a solid-
state reaction are included for comparison.

prepared by a solid-state reactid@50 °C,24 h 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 o65=25 um/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 temperatu(&,=528 and structural modifi-
cations(not crystallization, but just density fluctuatiorere
induced.

The micro-Raman-scattering spectrum for the [if® in
FIG. 7. Polarization optical microphotograptiep views for the samples  Fig. 7] written with S=10 um/s is shown in Fig. 9, demon-
e e o e 0 St e steating that the lne consists gf-Smy(MOO,)s crystas
21.25Sm05.63.75M0Q,. 158,05, Since SMB glass has the values af=528 and T,
=572 °C, it is considered that the temperature of the laser-

820 cnT! in Fig. 5 would support the presence of MpO
tetrahedral units in SMB glass containing of a large amount
(63.75 mol % of MoOs. Line: P=0.4 W, S=10 um/s

D. Writing of nonlinear optical ~ B’-Sm,(Mo0O,)5 crystal M @)
lines by YAG laser irradiation . k

As stated above, we developed glasses in the system
Sm,0O;—Mo00O;—B,03, which give the formation of nonlinear
optical B'-Smy(M0oQ,); crystals through conventional crys-
tallization in an electric furnace. We tried to write
B’-Smy(M00,); 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 Glass
the samples obtained by YAG laser irradiation are shown in
Fig. 7, where the laser power w&s=0.4 W and the moving 0 85 1506 1500
speeds of the glass wefix 1, 10, and 25um/s. It is seen Raman shift cm™)
that structural changes are induced by YAG laser irradiation
and their morphologies depend on laser scanning speed. Th&S. 9. Micro-Raman-scattering spectru@ at room temperature for the

PR _ ; ; : line written by YAG laser irradiation with a power of 0.4 W and a scanning
micro-Raman-scattering spectrum for the I[rﬁa) in Fig. 7] speed of 1Qum/s in 21.25S305.63.75M0Q. 15B,0; glass. The spectra

written with S=25 um/s is shown in Fig. 8, where those of o the precursor glass angl-Smy(MoO,); crystals prepared by a solid-
the precursor glass angl-Sm,(MoO,); crystals(sample 2  state reaction are included for comparison.

T T

B-Smy(MoOs)s
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FIG. 11. A schematic illustration of the model for the crystal growth at the

YAG laser-irradiated region.
FIG. 10. Polarization optical microphotograph for the cross section of a

crystal line written by YAG laser irradiatiofP=0.42 W S=10 um/s) in o ) o
21.25Sm0;,.63.75M0Q. 15B,0; glass. whether crystallization by YAG laser irradiation occurs or

not will depend not only on the temperature of laser-
'i{radiated region but also on the thermal stability against
crystallization. Indeed, the formation of crystal lines by YAG
(J;':_lser irradiation has been observed in glasses containing
pome amounts of Sy@; contents such as 10 mol % and in
glasses having the strong tendency of the crystallizéﬂb’ﬁ,

irradiated region would be at least above 530 °C. As seen i
Fig. 7, the growth of3’-Sm,(M0Q,); crystals is not smooth,

but seems to be discontinuous. The SHG microscope me
surements were performed for the lines consisting o

B’-Smy(M0o0O,); crystals, and SHGs were clearly observed® ™ )
from the lines, demonstrating that SioO,); crystals in 3}1';5&258@3‘63'75'\/'()@158203 glass developed in

the lines are nonlinear optical crystals as similar to the case L . .
P Y The polarization optical microphotograph for the cross

in the crystallized glasses obtained by heat treatment in an . . . . L
electric furnace. section of a crystal line written by YAG laser irradiation

As seen in Fig. 7, a line written witB=1 um/s shows a I(tp_0'42 V\/f:S— 18 ,LfLm/s)t;]n SMB g_lgss IS s_howtr: in Fig. 1O't
relatively homogeneous color in a polarization optical micro- was confirme rc,)m € micro-raman-scatiering spectra
photograph compared with the line written witl$ th,at this consists 0f’-Sm,(MoO,)s cry_stals, mdmat_mg that
=10 um/s. The SHGs were clearly observed in the crystatB -sz(M_oO4)3 crystals grow deeply into the interior of the
lines written with 1um/s. It was confirmed from the micro- glass during laser scanning. Furthermore, a swelling at the

Raman-scattering spectra that these lines consist §urface|sobserved,suggestlngtheformatlonofameltlnthe

B'-Smy(MoO,), crystals, although the spectra suggest th’;faser-irradiated region. Considering the shape of crystals in

. the interior of the glass shown in Fig. 10, we propose that the
formation of the a-Smy(M0O,); phase also. Very slow . o . .
writing speeds might induce the transformation of the"€gion with high temperatures being sufficient for the crys-

: tallization would be narrow and also deep. The model is
B’-Smy(MoQ,); phase to thew-Sm,(MoQO,); phase during - .
laser irradiation. It is considered that the optimum scannin ghown in Fig. 11 schematically. One of the reasons for such

" s . % temperature distribution would be due to the use of the lens
condition for the writing of homogeneous crystal lines con with a small numerical aperture of NA=0.4 i this study. A

sisting of only thef’-Smy(MoO,); phase would be present preliminary computer simulation on the temperature at the

n the range of 1-1m/s, when the YAG laser power is laser-irradiated region supports the corn-shape temperature
fixed to 0.4 W. distribution?®

In the samarium atom heat processing, cw Nd:YAG laser
with ?\.: 10664 nm |§ absorbed by Shin gla§s through‘—.f V. CONCLUSION
transitions (°Fg,< °Hs,) and the surrounding of Sthis
heated through a nonradiative relaxatilectron-phonon Some glasses such as 21.258m63.75M0Q. 158,04
coupling.’®* Consequently, structural modificatiérefrac-  (mol %) giving the formation of nonlinear optical
tive index changeor crystallization is induced. When we Smy(MoO,); crystals through conventional crystallization in
used a nanopulse Nd:YAG laser wittr 1064 nm instead of an electric furnace and through continuous-wave Nd:YAG
cw Nd:YAG laser, no crystallization was induced in the laser (wavelength: 1064 ninirradiation (samarium atom
Sm,03—Mo00;—B,0; glasses. This means that it is neces-heat processingwere developed. It was found from x-ray
sary to irradiate laser continuously to keep high temperaturediffraction analyses, micro-Raman-scattering spectra, and
(greater than crystallization temperatuasd to induce crys- second-harmonic generation measurements that the crystal
tallization in the laser-irradiated region. In other words, thestructure of S(M00O,); formed by the crystallization is the
heat dissipation from the laser-irradiated region to the surg’-phase structure with an orthorhomiyr@ncentrosymmet-
rounding glass medium occurs rapidly. Considering the heatic) symmetry. The lines consisting @ -Smy(MoO,); crys-
balance between the laser energy absorbed b 8nd heat tals were written at the surface of glasses by YAG laser irra-
dissipation, the temperature of the cw Nd:YAG laser-diation (laser power:P=0.4 W, laser scanning spee&
irradiated region in glass would depend on the amount of£1-10um/s), and, in particular, at the laser scanning speed
Sn?* in glass, laser power, laser scanning speed, specifiof 1 um/s relatively homogeneous crystal lines were
heat, and thermal conductivity of glass. Furthermoreformed. The refractive index changésot crystallization
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