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Abstract

The glasses with the compositions of 21.25RE2O3–63.75MoO3–15B2O3 (RE: Sm, Gd, Dy) were prepared and the formation of b 0-
RE2(MoO4)3 ferroelectrics was confirmed in the crystallized glasses obtained through a conventional crystallization in an electric furnace.
The features of the glass structure and crystallization behavior were clarified from measurements of Raman scattering spectra. Contin-
uous-wave Nd:YAG laser with a wavelength of 1064 nm (laser power: 0.6–0.9 W, laser scanning speed: S = 1–16 lm/s) was irradiated to
10.625Sm2O3–10.625Gd2O3 (or Dy2O3)–63.75MoO3–15B2O3 glasses, and the structural modification was induced at the glass surface. At
the scanning speed of S = 10 lm/s, crystal lines consisting of b 0-Gd2�xSmx(MoO4)3 or b 0-Dy2�xSmx(MoO4)3 crystals were patterned on
the glass surface. It was found that those crystal lines have the surface morphology with periodic bumps. At S = 1 lm/s, it was found
that crystal lines consist of the mixture of paraelectric a-Gd2�xSmx(MoO4)3 and ferroelectric b 0-Gd2�xSmx(MoO4)3 crystals, indicating
the phase transformation from the b 0 phase to the a phase during laser irradiation. Homogeneous crystal lines with b 0-RE2(MoO4)3 fer-
roelectrics have not been written in this study, but further research is continuing.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Crystallization of glass is a method for fabrication of
transparent and dense condensed materials with desired
shapes and also nanostructures [1]. Usually, crystallized
glasses (glass ceramics) 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. In this
kind of heat treatment methods, it is generally difficult to
induce crystallization in spatially selected regions. It is of
interest and of importance to develop glass/crystal hybrid
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materials, in which functional (e.g., non-linear optical, fer-
roelectric, electronic, ferromagnetic, etc.) crystals are
induced in a desired part in a given glass matrix. Such
glass/crystal hybrid materials will have a high potential
for practical applications in various functional devices.
Laser irradiation of glass has been regarded as a process
for spatially selected structural modification and crystalli-
zation in glass, and recently, various studies in laser-
induced structural changes have been carried out so far,
where source lasers are mainly short-wavelength excimer
lasers or femtsecond pulsed lasers and structural modifica-
tion are mainly refractive index changes [2–5].

The present authors’ group developed a technique for
laser-induced crystallization in glass, which is called samar-
ium (rare-earth) atom heat processing [6–8]. In the samarium
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atom heat processing, continuous-wave (cw) Nd: yttrium
aluminum garnet (YAG) laser with a wavelength of
k = 1064 nm is firstly irradiated to glasses containing
Sm2O3 (or Dy2O3), and then, some portion of irradiated
lasers is absorbed by Sm3+ in glass through f–f transitions
(6F9/2 6H5/2). Since the main relaxation process from the
excited state (6F9/2) to the ground state (6H5/2) is non-radia-
tive (electron–phonon coupling), the laser energy absorbed
by Sm3+ is converted to the thermal energy (lattice vibra-
tion), inducing the heating of the surrounding of Sm3+. If
the temperature of the laser irradiated region reaches to
the crystallization temperature of a given glass, consequently
crystallization is induced. Using this technique, Honma et al.
[7,8] succeeded in the patterning of single-like crystal lines
consisting of non-linear optical SmxBi1�xBO3 and
b-BaB2O4 crystals in glasses, and very recently, Ihara et al.
[9] have reported the writing of two-dimensional crystal
curved or bending lines consisting of SmxBi1�xBO3 crystals
showing a second harmonic generation (SHG). It is of inter-
est to apply the samarium atom heat processing to various
glass-forming systems and to induce functional crystals
in glasses. Furthermore, it would be of importance to clar-
ify the laser-induced crystallization mechanism more in
detailed.

Abe et al. [10] developed Sm2O3– MoO3–B2O3 glasses
giving the crystallization of non-linear optical b 0-
Sm2(MoO4)3 crystals, and, furthermore, succeeded in writ-
ing crystal lines consisting of b 0-Sm2(MoO4)3 using the
samarium atom heat processing. Acentric rare-earth
molybdates, b 0-RE2(MoO4)3, (RE = Pr, Nd, Sm, Eu, Gd,
Tb, Dy) are well-known crystals possessing various inter-
esting ferroelectric, ferroelastic, and non-linear optical
properties [11–15]. For instance, b 0-Gd2(MoO4)3 crystals
[11] doped with Nd3+ are expected as one of the promising
candidates for self-frequency-doubling laser materials [16]
and for making crystalline laser Raman shifters [17]. It is
of interest to synthesize crystallized glasses consisting of
various rare-earth molybdate b 0-RE2(MoO4)3 ferroelec-
trics. The purpose of this study is to clarify whether b 0-
RE2(MoO4)3 ferroelectric crystals such as b 0-Gd2(MoO4)3

and b 0-Dy2(MoO4)3 are synthesized through the crystal-
lization of RE2O3–MoO3–B2O3 glasses and to write
b 0-RE2(MoO4)3 ferroelectric crystal lines such as b 0-
GdxSm1�x(MoO4)3 using the samarium atom heat process-
ing. Since b 0-Sm2(MoO4)3 crystal lines written by Abe et al.
[10] consist of the assembly of crystals, i.e., polycrystalline
b 0-Sm2(MoO4)3 crystal lines, we also concern on the quality
(homogeneity) of b 0-RE2(MoO4)3 crystal lines.

2. Experimental

As reported by Abe et al. [10], the glass forming region
in the Sm2O3–MoO3–B2O3 system is narrow, but good
glass samples can be obtained for some compositions such
as 21.25Sm2O3–63.75MoO3–15B2O3 (mol%). In this study,
therefore, glasses with the compositions of 21.25RE2O3–
63.75MoO3–15B2O3 (RE: Sm, Gd, Dy) (mol%) were pre-
pared. Commercial powders of reagent grade Sm2O3,
Gd2O3, Dy2O3, MoO3, B2O3 were melted in a platinum
crucible at 1000 �C for 40 min in an electric furnace. A
small amount of CeO2 (0.1 mol%) was added to reduce
the dark brown color of RE2O3–MoO3–B2O3 glasses. The
melts were poured onto an iron plate and pressed to a
thickness of 1–1.5 mm by another iron plate. Glass transi-
tion, Tg, and crystallization peak, Tp, temperatures were
determined using differential thermal analysis (DTA) at a
heating rate of 10 K/min. The quenched glasses were
annealed at Tg to release internal stress and then polished
mechanically to a mirror finish with CeO2 powders.

The glasses were heat treated at Tp, and the crystalline
phases present in the crystallized samples were identified
by X-ray diffraction (XRD) analyses (CuKa radiation) at
room temperature. Micro-Raman scattering spectra at
room temperature for the precursor glasses and crystallized
samples were measured with a laser microscope (Tokyo
Instruments Co., Nanofinder) operated at Ar+ (488 nm)
laser. In our micro-Raman apparatus, the data below
�250 cm�1 cannot be measured due to the use of edge fil-
ter. Second harmonic (SH) intensities of crystallized pow-
ders at room temperature were evaluated using the
powder method proposed by Kurtz and Perry [18]. A fun-
damental wave of a Q-switched Nd:YAG laser operating at
a wavelength of k = 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 was irradi-
ated to the polished surface of the glasses with a mirror fin-
ish. The laser beam was focused on the surface of the
glasses using an objective lens (magnification 20, numerical
aperture NA = 0.4). By using a three-dimensional transla-
tion stage, focused positions of laser beam were moved at
a constant speed. The laser powers were 0.6–0.95 W, and
translation speeds of the sample stage were 1–16 lm/s.
The surface morphology of crystal lines was examined
from scanning confocal laser microscope (Olympus
OLS3000) observations.

3. Results

3.1. Characterization of RE2O3–MoO3–B2O3 glasses

The glass compositions examined in the present study are
shown in Table 1. The glasses prepared are designated here
as SMB for 21.25Sm2O3–63.75MoO3–15B2O3, GMB for
21.25Gd2O3–63.75MoO3–15B2O3, DMB for 21.25Dy2O3–
63.75MoO3–15B2O3, SGMB for 10.625Sm2O3–10.625Gd2O3–
63.75MoO3–15B2O3, and SDMB for 10.625Sm2O3–10.625
Dy2O3–63.75MoO3–15B2O3. Furthermore, the glasses of
21.25RE2O3–63.75MoO3–15B2O3 (RE: Sm, Gd, Dy) are
also designated here as RMB glasses. The DTA patterns
for some bulk RMB glasses are shown in Fig. 1. The glasses
show endothermic peaks due to the glass transition and exo-
thermic peaks due to the crystallization. The values of Tg

and Tp are summarized in Table 1. It is seen that the glass



Table 1
Glass compositions, values of glass transition Tg, and crystallization peak Tp temperatures in RE2O3–MoO3–B2O3 glasses examined in the present study

Sample # Glass (mol%) Tg (�C) (±2 �C) Tp (�C) (±2 �C)

SMB 21.25Sm2O3–63.75MoO3–15B2O3 526 572
GMB 21.25Gd2O3–63.75MoO3–15B2O3 536 585
DMB 21.25Dy2O3–63.75MoO3–15B2O3 536 589
SGMB 10.625Sm2O3–10.625Gd2O3–63.75MoO3–15B2O3 535 574
SDMB 10.625Sm2O3–10.625Dy2O3–63.75MoO3–15B2O3 530 579
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Fig. 1. DTA patterns for DMB, GMB, SGMB glasses. Heating rate was
10 K/min. DMB: 21.25Dy2O3–63.75MoO3–15B2O3, GMB: 21.25Gd2O3–
63.75MoO3–15B2O3, SGMB: 10.625Sm2O3–10.625Gd2O3–63.75MoO3–
15B2O3. Tp is the crystallization peak temperature. The error in Tp is
±2 �C.
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transition and crystallization peak temperatures of RMB
glasses are around 530 and 580 �C, respectively, being
almost irrespective of RE2O3 species. The DTA patterns
in Fig. 1 suggest the formation of one crystalline phase
due to the crystallization.

The Raman scattering spectra at room temperature for
RMB glasses are shown in Fig. 2. The peaks are broad,
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Fig. 2. Raman scattering spectra at room temperature for DMB,
GMB, SGMB glasses. DMB: 21.25Dy2O3–63.75MoO3–15B2O3, GMB:
21.25Gd2O3–63.75MoO3–15B2O3, SGMB: 10.625Sm2O3–10.625Gd2O3–
63.75MoO3–15B2O3. The error in the peak positions is ±2 cm�1.
being typical for glass materials, and three kinds of peaks
are observed at 339–345, 832–837, and 941–947 cm�1.
The Raman scattering spectra shown in Fig. 2 suggest that
RMBglasses have similar glass structures, irrespective of
RE2O3 species. It is known that the structural unit of
MoO4 tetrahedra in glasses gives the band at 840–
850 cm�1 in Raman scattering and infrared spectra
[19,20]. Furthermore, isolated MoO4 tetrahedra in molyb-
date crystals give the stretching vibration modes in the
750–1000 cm�1 range and the bending modes in the 250–
430 cm�1 range [21]. On the other hand, MoO6 octahedra
in molybdate crystals show new bands in the 500–
750 cm�1 range [20]. The broad peaks shown in Fig. 2,
therefore, suggest that MoO4 tetrahedral units are formed
in the RE2O3–MoO3–B2O3 glasses containing of a large
amount (63.75 mol%) of MoO3 and act as network glass
formers. Rare-earth oxides give Raman bands in the rela-
tively low-frequency region below 400 cm�1 [22], and it is
considered that the band at �345 cm�1 would contain
some contribution of the vibrations of REOn polyhedra
in the glasses.
3.2. Formation of b 0-RE2(MoO4)3 ferroelectrics by

crystallization

The XRD patterns for the crystallized RMB samples
obtained by heat treatment at Tp for 3 h are shown in
Fig. 3. The peaks are assigned to b 0-RE2(MoO4)3 crystals,
i.e., b 0-Dy2(MoO4)3, b 0-Gd2(MoO4)3, and b 0-SmGd
(MoO4)3, (JCPDS: No. 45-1216, No.20-408, No. 24-1000
and Ref. [10]). The phase diagram and structure of rare-
earth molybdates, RE2(MoO4)3, where RE = Pr, Nd, Sm,
Eu, Gd, Tb, Dy, have been studied extensively [23–26].
The thermodynamically stable phase in the temperatures
below 800–990 �C is the a phase with a monoclinic struc-
ture (C2/c). In the temperature range of 1000 < T <
1200 �C, the b phase with a tetragonal structure (P421m)
is stable. The b phase (paraelectric) transforms to the b 0

phase (ferroelectric) with an orthorhombic structure
(Pba2) below the Curie temperature [26].

Very recently, the Raman scattering spectra for the a-
Sm2(MoO4)3 and b 0-Sm2(MoO4)3 phases have been
reported by Abe et al. [10]. The spectra reported are shown
in Fig. 4, indicating that they change largely depending on
the crystalline form. These data are useful for the discrim-
ination between a-RE2(MoO4)3 and b 0-RE2(MoO4)3
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Fig. 3. XRD patterns at room temperature for the crystallized (at Tp for 3 h)
samples of DMB, GMB, and SGMB glasses. The crystalline phase (open
circle) is b 0-RE2(MoO4)3. DMB: 21.25Dy2O3–63.75MoO3–15B2O3, GMB:
21.25Gd2O3–63.75MoO3–15B2O3, SGMB: 10.625Sm2O3–10.625Gd2O3–
63.75MoO3–15B2O3. The marked peak (d) corresponds to the (222) plane
of b 0-RE2(MoO4)3 crystals.
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Fig. 4. Raman scattering spectra at room temperature for a-RE2(MoO4)3

and b 0-RE2(MoO4)3 crystals prepared by solid state reaction. The data are
taken from Ref. [10]. The error in the peak positions is ±1 cm�1.
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Fig. 5. Raman scattering spectra at room temperature for the crystal-
lized (at Tp for 3 h) samples of DMB, GMB, and SGMB glasses.
DMB: 21.25Dy2O3–63.75MoO3–15B2O3, GMB: 21.25Gd2O3–63.75MoO3–
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phases present in the crystallized samples of 21.25RE2O3–
63.75MoO3–15B2O3 glasses. The Raman scattering spectra
for the crystallized samples obtained by heat treatment at
Tp for 3 h are shown in Fig. 5. Comparing with the data
shown in Figs. 4 and 5, it is clear that the Raman scattering
spectra also indicate the formation of b 0-RE2(MoO4)3 crys-
tals in these crystallized glasses. In the glasses examined in
this study, the content of B2O3 is small, i.e., 15 mol%. Fur-
thermore, as seen in Figs. 4 and 5, the crystallized glasses
show almost the same Raman scattering spectra as those
for b 0-RE2(MoO4)3 ferroelectrics which were prepared by
a solid state reaction. These results suggest that the contri-
bution of BOn units on the Raman scattering spectra
shown in Fig. 5 might be extremely small. Indeed, we could
not detect any clear peaks at 1000–1500 cm�1, which are
typical bands for pyroborate or orthoborate groups [27,28].

In the structure of the acentric orthorhombic b 0-
RE2(MoO4)3 phase, REO7 polyhedra (monocapped trigo-
nal prisms) and MoO4 tetrahedra are present and they
are linked together via common corners [29]. It is, there-
fore, concluded that the Raman bands observed at �327
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and �385 cm�1 in Fig. 6 correspond to the bending modes
in MoO4 tetrahedra in b 0-RE2(MoO4)3 crystals and those
observed at �820, �850, �945, and �960 cm�1 are
assigned to the stretching vibration modes in MoO4 tetra-
hedra in b 0-RE2(MoO4)3 crystals [21].

The SH intensity for the crystallized RMB sample
obtained by heat treatment at Tp for 3 h is shown in
Fig. 6. In this experiment, the powdered samples (shaped
to a disk plate) were rotated against incident measuring
YAG laser to minimize the data scattering of SH intensity
due to the inhomogeneous packing of powders. The result
shown in Fig. 6 indicates that the crystals formed by crys-
tallization are non-linear optical crystals. Kim et al. [30]
examined the characteristics of the second harmonic gener-
ation (SHG) in Gd2(MoO4)3 crystals grown by the Czo-
chralski method and reported the value of deff =
1.2 ± 0.2 pm/V as the effective second order non-linear
coefficient. Bonneville and Auzel [12] proposed that the
major part of non-linear optical properties in b 0-
RE2(MoO4)3 crystals is due to the orientation of MoO4 tet-
rahedra and the Mo–O bond hyperpolarizability. On the
other hand, Xue and Zhang [15] proposed that the major
part of non-linear optical properties in b 0-RE2(MoO4)3

crystals is from the REO7 groups. The interpretation of
the origin of the anisotropic polarizability in b 0-
RE2(MoO4)3 crystals is, therefore, still open to discussion.
It should be pointed out that both MoO3 and RE2O3 oxi-
des show large electronic polarizabilities [31].

The polarization (P) for the crystallized RMB glass
obtained by heat treatment at Tp for 3 h is shown in
Fig. 7 as a function of electric field (E). The hysteresis is
clearly observed in the P–E relation, indicating that the
crystals formed by crystallization are ferroelectrics. The
results (Figs. 3 and 5–7) obtained in the present study dem-
onstrate that the crystals formed in the crystallization of
RE2O3–MoO3–B2O3 glasses are ferroelectric and non-lin-
ear optical b 0-RE2(MoO4)3.

The values of the d222-spacing for b 0-RE2(MoO4)3 crystals
formed by heat treatment at Tp for 3 h in (21.25 � x)Gd2O3–
xSm2O3–63.75MoO3–15B2O3 glasses (x = 0. 10.625, 21.25)
are shown in Fig. 8, where these values were obtained by
XRD analyses. It is seen that the d222-spacing varies linearly
with the Sm2O3/Gd2O3 ratio, indicating that the so-called
Vegard’ rule is hold. In other words, it is considered that
b 0-Gd2�xSmx(MoO4)3 crystals are formed by crystallization
and the ratio of rare-earth species in the crystals is controlled
by the composition of precursor glasses.
3.3. Laser-induced crystallization of b 0-RE2(MoO4)3

ferroelectrics

As stated above, it was clarified that non-linear optical/
ferroelectric b 0-RE2(MoO4)3 crystals (RE: Sm, Gd, Dy) are
formed in 21.25RE2O3–63.75MoO3–15B2O3 glasses by
conventional crystallization in an electric furnace. Toward
to the purpose of the present study, cw Nd:YAG lasers
with k = 1064 nm were irradiated to RMB glasses. That
is, the samarium atom heat processing was applied to the
glasses. In this technique, the content of Sm2O3 or Dy2O3

in glass is one of the key points, and usually the content
of around 8 mol% is needed to induce crystallization [6–
10]. In this study, we, therefore, irradiated Nd:YAG lasers
to SGMB, i.e., 10.625Sm2O3–10.625Gd2O3–63.75MoO3–
15B2O3, and SDMB, i.e., 10.625Sm2O3–10.625Dy2O3–
63.75MoO3–15B2O3, glasses.

The polarization optical micrograph (top view) and
scanning confocal laser micrograph for the SGMB sample
obtained by YAG laser irradiation are shown in Fig. 9,
where the laser power was P = 0.9 W, the moving speed
of the sample was S = 10 lm/s, and the laser was focused
on the surface of the sample. It is seen that structural
changes are induced by YAG laser irradiation. The surface
of the laser irradiated part is not smooth, but periodic
bumps are observed. The width of the line is about



Fig. 11. Micro-Raman scattering spectrum at room temperature for the
line written by cw Nd:YAG laser irradiation with a laser power of
P = 0.9 W and sample moving speed of S = 16 lm/s. Polarization optical
(top views) (a) and laser confocal (b) micrographs for the line are also
included. SGMB: 10.625Sm2O3–10.625Gd2O3–63.75MoO3–15B2O3. The
error in the peak positions is ±2 cm�1.

Fig. 9. Polarization optical (top views) (a) and laser confocal (b)
micrographs for the SGMB sample obtained by cw Nd:YAG laser
irradiation with a laser power of P = 0.9 W and sample moving speed of
S = 10 lm/s. SGMB: 10.625Sm2O3–10.625Gd2O3–63.75MoO3–15B2O3.
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13 lm, and the height of the bumps is about 4.8 lm. The
micro-Raman scattering spectrum for the line is shown in
Fig. 10, indicating that the line consists of b 0-
Gd2�xSmx(MoO4)3 crystals. Since SGMB glass has the val-
ues of Tg = 535 and Tp = 574 �C, it is considered that the
temperature of the laser-irradiated region would be at least
Fig. 10. Micro-Raman scattering spectrum at room temperature for the
line written by cw Nd:YAG laser irradiation with a power of 0.9 W and a
scanning speed of 10 lm/s in SGMB glass. SGMB: 10.625Sm2O3–
10.625Gd2O3–63.75MoO3–15B2O3. The error in the peak positions is
±1 cm�1.
above 570 �C. Furthermore, it is concluded that the scan-
ning speed of S = 10 lm/s would correspond to enough
time to induce atomic rearrangements for crystallization.

The results on the polarization optical micrograph (top
view), scanning confocal laser micrograph and the micro-
Raman scattering spectrum for the line written by YAG
laser irradiation with P = 0.9 W and S = 16 lm/s in
SGMB glass are shown in Fig. 11. In this condition, as
can be seen in Fig. 11, the line does not consist of crystals
but is still amorphous. It is considered that the fast scan-
ning speed of 16 lm/s means fast heating and cooling
speeds of the laser-irradiated region, giving not enough
time for atomic rearrangements for crystallization. It
should be pointed out that the surface of this line is
smooth. The width and height of the line is about 8 and
3.6 lm, respectively.

The polarization optical micrograph (top view) and
scanning confocal laser micrograph for the SGMB sample
obtained by YAG laser irradiation with P = 0.73 W and
S = 1 lm/s are shown in Fig. 12. In this condition, the
structural change (width: �10 lm, height: �3.5 lm) with
smooth surfaces is induced. The micro-Raman scattering
spectrum for the line with the smooth surface is shown in
Fig. 13. It is concluded that the line consists of both
a-Gd2�xSmx(MoO4)3 and b 0-Gd2�xSmx(MoO4)3 crystals.

The polarization optical micrograph (top view) and scan-
ning confocal laser micrograph for the SDMB sample
obtained by YAG laser irradiation with P = 0.6 W and
S = 10 lm/s are shown in Fig. 14. A structural change
(width: �16 lm, height: �4.5 lm) with bumps similar to
the case of SGMB glass (Fig. 8) is observed. From the
micro-Raman scattering spectrum, it was confirmed that
the line consists of b 0-Dy2�xSmx(MoO4)3 crystals. In the
scanning speed of S = 15 lm/s, the line with the glassy state
and a smooth surface was obtained, being similar to the case
of SGMB glass (Fig. 10). We tried to write homogeneous
crystal lines consisting of only b 0-Dy2�xSmx(MoO4)3



Fig. 12. Polarization optical (top views) (a) and laser confocal (b)
micrographs for the SGMB sample obtained by cw Nd:YAG laser
irradiation with a laser power of P = 0.73 W and sample moving speed of
S = 1 lm/s. SGMB: 10.625Sm2O3–10.625Gd2O3–63.75MoO3–15B2O3.

Fig. 13. Micro-Raman scattering spectrum at room temperature for the
line written by YAG laser irradiation with a power of P = 0.73 W and a
scanning speed of S = 1 lm/s in SGMB glass. SGMB: 10.625Sm2O3–
10.625Gd2O3–63.75MoO3–15B2O3. The error in the peak positions is
±1 cm�1.

Fig. 14. Polarization optical (top views) (a) and laser confocal (b)
micrographs for the SDMB sample obtained by cw Nd:YAG laser
irradiation with a laser power of P = 0.6 W and sample moving speed of
S = 10 lm/s. SDMB: 10.625Sm2O3–10.625Dy2O3–63.75MoO3–15B2O3.
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crystals in various laser irradiation conditions, but at this
moment such lines have not been obtained.
4. Discussion

As indicated in the present study, the initial crystalline
phase formed by the crystallization of 21.25RE2O3–
63.75MoO3–15B2O3 glasses is not paraelectric a-
RE2(MoO4)3 crystals, but ferroelectric b 0-RE2(MoO4)3

crystals. The glasses of 21.25RE2O3–63.75MoO3–15B2O3

have the values of Tg � 530 �C and Tp � 580 �C. On the
other hand, it is known that the thermodynamically stable
phase in the temperatures below 800–990 �C for
RE2(MoO4)3 crystals is the a-RE2(MoO4)3 phase [23–26].
The crystallization temperature of the glasses corresponds,
therefore, to the formation region of the a-RE2(MoO4)3

phase. As seen in Figs. 2, 4, and 5, the Raman scattering
spectra suggest that the structure of the glasses might be
close to the structure of the b 0-RE2(MoO4)3 phase, but
not to the a-RE2(MoO4)3 phase. This would be one of
the reasons for the initial formation of b 0-RE2(MoO4)3

crystals in the glasses.
Irrespective of the heat treatment methods, i.e., conven-

tional heat treatment in an electric furnace and laser-
induced heating, basically b 0-RE2(MoO4)3 crystals are
formed initially in the crystallization of 21.25RE2O3–
63.75MoO3–15B2O3 glasses. In the crystallized glasses
obtained by heat treatment at Tp for 3 h in an electric fur-
nace, only b 0-RE2(MoO4)3 crystals are present, indicating
no trace of a–RE2(MoO4)3 crystals (Figs. 3 and 5). Here,
it should be pointed out that the heat treatment time is



Fig. 15. A schematic illustration for a model device such as optical
switching using a crystal line written by Nd:YAG laser irradiation.
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3 h, relatively long. On the other hand, as seen in Figs. 12
and 13, the crystal line written by Nd:YAG laser irradia-
tion with a power of P = 0.73 W and a laser scanning speed
of S = 1 lm/s consists of both a-RE2(MoO4)3 and b 0-
RE2(MoO4)3 crystals. In this case (S = 1 lm/s), it would
be reasonable to conclude that during the irradiation and
scanning of Nd:YAG laser firstly b 0-RE2(MoO4)3 crystals
are crystallized and then the transformation of some
amounts of b 0-RE2(MoO4)3 crystals to a-RE2(MoO4)3

crystals occurs. According to Nassau et al. [24], the trans-
formation from the a phase to the b phase occurs easily
(fast), but the phase transition from the b phase to the a
phase is slow kinetically. As seen in Fig. 9, the crystal line
written by Nd:YAG laser irradiation with P = 0.9 W and
S = 10 lm/s consists of only b 0- RE2(MoO4)3 crystals, indi-
cating no transformation to a-RE2(MoO4)3 crystals. It is
considered that the scanning speed of 10 lm/s does not give
enough time for the transformation between these two
phases. At this moment, the temperature of the YAG laser
irradiated region in the glasses has not been determined.
However, considering the results that the heat treatments
for the long periods of 3 h at the crystallization tempera-
tures in the glasses (Figs. 3 and 5) do not induce the trans-
formation of b 0-RE2(MoO4)3 to a-RE2(MoO4)3 crystals,
the temperature of the YAG laser irradiated region might
be much higher than crystallization temperatures.

As seen in Figs. 9–14, the morphology of the crystal lines
written by Nd:YAG laser irradiation varies largely with
laser irradiation and scanning conditions. One of the main
purposes in this study is to write homogeneous b 0-
RE2(MoO4)3 single crystal lines at the surface of glasses.
Although we tried to write b 0-RE2(MoO4)3 crystal lines in
21.25RE2O3–63.75MoO3–15B2O3 glasses with various
Nd:YAG laser irradiation conditions, such target crystal
lines have not been fabricated at this moment. Since the
crystal growth rate in glasses depends strongly on glass
composition, it would be of interest to write crystal lines
in the modified glasses such as 20RE2O3–65MoO3–5BaO
(or 5Na2O)–10B2O3, and such a study is now in progress.

As seen in Fig. 12, another feature in the surface mor-
phology of the crystal lines is that the surface swells about
3.5 lm from the glass surface. Prior to crystallization dur-
ing YAG laser irradiation, the solid-state glass melts to the
super-cooled liquid state. This means that a volume expan-
sion to the free surface occurs, consequently giving a swell
of the crystallized region [10]. For practical applications of
ferroelectric b 0-RE2(MoO4)3 crystal lines such as tunable
optical switching, we need to apply electric field in order
to induce phase shift in the light transmitting crystal lines.
A schematic illustration for such a model device is shown
in Fig. 15. It is considered that a swell in the crystal lines
is of great advantage to the fabrication of electrodes.

A key point in the samarium (rare-earth) atom heat pro-
cessing is a combination of rare-earth ions and cw
Nd:YAG laser with k = 1064 nm, and it is, of course, pre-
requisite to prepare glasses with some amounts (�more
than 8 mol%) of Sm2O3 (or Dy2O3). Considering the con-
cept of the samarium atom heat processing, other combina-
tions would be possible for laser-induced crystallization in
glass. Indeed, Gupta et al. [32] found that the irradiation of
cw Ti–Sapphire laser with k = 800 nm to Nd0.2La0.8BGeO5

glass induces the formation of micron-size crystals. In this
case, the 800 nm radiation is absorbed by Nd3+ ions. Since
the heat dissipation from the laser-irradiated region to the
surrounding glass medium occurs rapidly, it is necessary to
irradiate laser continuously to keep high temperatures
(greater than crystallization temperature) and thus to use
continuous-wave type lasers for laser-induced crystalliza-
tion in glass. Even in the RMB glasses prepared in this
study, no crystallization was induced by using a nanopulse
Nd:YAG laser with k = 1064 nm.

5. Conclusions

The glasses with the compositions of 21.25RE2O3–
63.75MoO3–15B2O3 (RE: Sm, Gd, Dy) were prepared
and the formation of b 0-RE2(MoO4)3 ferroelectrics was
confirmed in the crystallized glasses obtained through a
conventional crystallization in an electric furnace. Cw
Nd:YAG laser with k = 1064 nm (laser power: P = 0.6-
0.9 W, laser scanning speed: S = 1–25 lm/s) was irradiated
to 10.625Sm2O3–10.625Gd2O3 (or Dy2O3)–63.75MoO3–
15B2O3 glasses, and the structural modification was
induced on the glass surface. In both glasses, crystal lines
consisting of b 0-Gd2�xSmx(MoO4)3 and b 0-Dy2�xSmx-
(MoO4)3 crystals were patterned successfully at the glass
surface. In particular, at the condition of P = 0.73 W and
S = 1 lm/s, it was found that crystal lines consist of the
mixture of paraelectric a-Gd2�xSmx(MoO4)3 and ferroelec-
tric b 0-Gd2�xSmx(MoO4)3 crystals. It was also found that
the surface morphology changes largely depending on laser
irradiation conditions. Homogeneous crystal lines with b 0-
RE2(MoO4)3 ferroelectrics have not been written in this
study, and further research would be needed.
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