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A technique for the writing of crystal line in glass has been developed, in which a continuous-wave
Nd:YAG laser (wavelength: A=1064 nm) is irradiated to the glasses containing transition metal
(TM) ions such as Fe2*, Ni%*, and V**. Laser energies are absorbed through d-d transitions of TM
ions and dissipated to the lattice surrounding TM ions by nonradiative relaxation process, giving the
increase in temperature in the laser irradiated region and inducing crystallization. This technique has
been demonstrated for the writing of crystal lines consisting of nonlinear optical fresnoite-type
Ba,TiGe,Og and Ba,TiSi,Og crystals in NiO-, Fe,03-, and V,0s5-doped (0.3—1 mol %)
BaO-TiO,-GeO, and BaO-TiO,-Si0, glasses. It is confirmed that crystals in the crystal lines are
highly oriented along the laser scanning direction. The technique developed in this study is proposed
to be called “transition metal atom heat processing.” © 2006 American Institute of Physics.

[DOL: 10.1063/1.2212272]

Laser irradiation of glass has been regarded as a process
for spatially selected structural modification and crystalliza-
tion in glass. For instance, a permanent change of refractive
index can be induced in Ge-doped SiO, optical fibers by
ultraviolet laser irradiation to produce Bragg gratings under
suitable exposure conditions.' A periodic structure consisting
of the arrangement of ordered nanocrystals has been fabri-
cated in TeO,-based glasses through a photoinduced crystal-
lization using XeCl excimer laser (wavelength: A=308 nm)
irradiation.

Recently, the present authors’ glroup3_7 developed a tech-
nique for laser-induced crystallization in glass, which is
called rare-earth (samarium) atom heat processing [desig-
nated here as REAH (SAAH) processing]. In REAH process-
ing, a continuous-wave (cw) Nd:yttrium aluminum garnet
(YAG) laser with A\=1064 nm was irradiated to glasses con-
taining Sm,05 (or Dy,03) and structural modification (re-
fractive index change) or crystallization is induced through
an absorption of an YAG laser by Sm>* and a nonradiative
relaxation in the f-f transitions of Sm**. Using this tech-
nique, Honma et al. > have reported the patterning of single-
like crystal lines consisting of nonlinear optical
Sm,Bi;_,BO; and B-BaB,O, crystals in some glasses, and
very recently, Thara et al.® have reported the writing of two-
dimensional crystal curved or bending lines consisting of
Sm,Bi;_BOj crystals showing a second harmonic genera-
tion (SHG) in Sm,0;-Bi,0;-B,0; glasses.

A key point in REAH processing is a combination of
rare-earth ions and cw Nd:YAG laser with A=1064 nm, and
it is, of course, prerequisite to prepare glasses with some
amounts (approximately more than 8 mol %) of Sm,0; (or
Dy,03), meaning some limitations of the application of
REAH processing for the writing of crystal lines in glass.
Considering the concept of REAH processing, other combi-
nations would be possible for laser-induced crystallization in
glass. In this study, we examined a combination of transition
metal (TM) ions and ¢cw Nd:YAG laser for the writing of
crystal lines consisting of nonlinear optical fresnoite-type
Ba,TiGe,Og3 and Ba,TiSi,Og crystals in TM ion-doped
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BaO-TiO,-GeO, and BaO-TiO,-Si0, glasses, and conse-
quently demonstrated that this combination works effec-
tively. It should be pointed out that the doping amount of TM
ions in the present technique is small, i.e., 0.3—1 mol %
NiO, Fe,03, or V,0s. It is known that the fresnoite-type
Ba,TiGe,Og4 and Ba,TiSi,Og4 crystals reveal interesting di-
electric and optical features such as piezoelectricity and fer-
roelectricity, and in addition, Takahashi et al”" reported that
surface crystallized glasses consisting of Ba,TiGe,Og crys-
tals show the large second order optical nonlinearity compa-
rable to that of LiNbO; single crystal. It is, therefore, of
interest to write crystal lines consisting of Ba,TiGe,Og and
Ba,TiSi,04 nonlinear optical crystal lines in glass.

The compositions of the base glasses examined in this
study are 33.3Ba0.16.7TiO,.50Ge0O, (designated here as
BTG50 glass) and 33.3Ba0.16.7Ti0,.50Si0, (mol %)
(BTS50 glass), and the base glasses were prepared by a con-
ventional melt quenching method. Details of the base glass
preparation have been described elsewhere.”" The plate
shaped BTG50 and BTS50 glasses were pulverized, and
glass powders were well mixed with Fe,O3, NiO, and V,0s
powders. The amounts of Fe,O5, NiO, and V,05 powders
were 0.3—1 mol %. The mixed powders were again melted at
1350 or 1500 °C for 10 min in a platinum crucible with a
lid. By pouring and quenching the melts, the plate shaped
BTG50 and BTS50 glasses containing transition metal ions
with a thickness of ~1 mm were prepared.

The glass transition, T, and crystallization onset, T,
temperatures were determined using differential thermal
analyses (DTAs) at a heating rate of 10 K min~!. The
quenched glasses were annealed at around 7, to release in-
ternal stress and then polished mechanically to get a mirror
finish with CeO, powders. Since iron and vanadium ions
have polyvalent states such as Fe>*/Fe’* and V**/V>*, the
valence states were changed by heat treatment at 670 °C for
1 h in 7%H,-93% Ar mixed gas atmosphere. Optical ab-
sorption spectra at room temperature were taken in the
wavelength range of 190-3200 nm on a Shimazu UV-3150
spectrometer.

A cw Nd:YAG laser with A=1064 nm was irradiated to
the polished surface of the glasses. The laser beam was fo-
cused on the surface of the glasses using an objective lens

© 2006 American Institute of Physics
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FIG. 1. Optical absorption spectra for the NiO (1 mol %-doped BTG50
(solid line) and BTS50 (dashed line) glasses.

(magnifications 20 and 60) and the sample stage was auto-
matically moved during laser irradiations to construct line
patterns. Details of the laser irradiations were described
elsewhere.*’ Crystal lines written by YAG laser irradiation
were observed with a polarization optical microscope. The
second harmonic (SH) intensity of crystal lines was mea-
sured by using a fundamental wave of Q-switched Nd:YAG
laser with A=1064 nm as a laser source, in which linearly
polarized fundamental laser beams were introduced into
crystal lines perpendicularly, and the azimuthal dependence
of SHG signals was measured by rotating the sample against
incident lasers. A Y-cut quartz crystal plate (0.6 mm thick-
ness) was used as a reference of SH intensity.5 Micro-
Raman-scattering spectra at room temperature for the precur-
sor glasses and crystal lines written by YAG laser irradiation
were measured with a laser microscope (Tokyo Instruments
Co., Nanofinder) operated at an Ar* (488 nm) laser.

Figure 1 shows the optical absorption spectra at room
temperature for NiO (1 mol %)-doped BTG and BTS
glasses. The absorption bands around 300-600 and
750—1400 nm are attributed to *A,— T, and *A, — T, tran-
sition in sixfold Ni* ions.'" The absorption coefficients, «,
at 1064 nm are @=6.01 cm™! for NiO-doped BTG50 glass
and a=7.18 cm™! for NiO-doped BTS50 glass. These ab-
sorption coefficients are comparable to those for Sm,0;
(10 mol %)-doped  glasses, e.g., a=45cm™' for
10Sm,05.40Ba0.50B,0;, glass,5 and it is expected that
YAG laser irradiated spots in NiO-doped glasses would be
heated.

The polarization optical micrographs for the samples ob-
tained by YAG laser irradiation (power: P=0.85 W; scan-
ning speed: S=5 um/s) in NiO-doped BTG50 and BTS50
glasses are shown in Fig. 2. The structural modifications with
a width of approximately 5 um giving the refractive index
changes are clearly observed in both samples. The micro-
Raman-scattering spectra for the laser irradiated regions are
also shown in Fig. 2, giving some sharp peaks and thus sug-
gesting the formation of crystals. The positions of the peaks
shown in Fig. 2 are well consistent with those for
Ba,TiGe,Og and Ba,TiSi,Og single crystals.12 It is, there-
fore, concluded that the lines written by YAG laser irradia-
tion in NiO-doped BTG50 and BTS50 glasses consist of
Ba,TiGe,Og4 and Ba,TiSi,0g4 crystals, respectively.

Considering the mechanism of YAG laser-induced crys-
tallization in Sm,05- or Dy,05-doped glasses,3_8 YAG laser-
induced crystallization in NiO-doped BTG50 and BTS50
glasses demonstrated in this study would be considered as
follows. Some lasers irradiated to NiO-doped glasses are first
absorbed through the d-d transitions (*A,— T, transition) of
Ni?* ions, and then absorbed laser energies are dissipated to
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FIG. 2. (Color online) Polarization optical micrographs and micro-Raman-
scattering spectra for the lines written by YAG laser irradiation. (a) NiO
(1 mol %)-doped BTG50 glass and (b) NiO (1 mol % )-doped BTS50 glass.

the lattice surrounding TM ions by nonradiative relaxation
process, consequently giving the increase in temperature in
the laser irradiated region and inducing crystallization. The
BTG50 glass has the values of 7,=670 and 7,=780 °C, and
the BTS50 glass indicates T,=743 and 7,=846 °C. It is,
therefore, considered that the temperature of the YAG laser
irradiated region in NiO-doped BTG50 and BTS50 glasses
would rise at least up to around 850 °C. In other words, a
small addition of 1 mol % NiO is effective in the heating of
glasses by cw Nd:YAG laser irradiation.

Figure 3 shows the optical absorption spectra for V,05
(0.7 mol % )- and Fe,O5 (0.3 mol % )-doped BTG50 glasses
obtained by heat treatment at around 7, in 7%H,-93% Ar
mixed gas atmosphere. In both samples, the optical absorp-
tion coefficient at around A=1000 nm increases due to the
heat treatment in 7 % H,—93 % Ar mixed gas atmosphere, i.e.,
in the reducing atmosphere. In the glass science field, it is
well known that V3*, V¥, and Fe®* ions in glass]3’14 give
optical absorptions at around A=1000 nm. On the contrary,
V3* and Fe’* ions do not show any strong absorption at
around A=1000 nm. The data shown in Fig. 3, therefore,
indicate that some amounts of V>* and Fe** ions present in
the quenched glasses are reduced to V3*, V**, and Fe?* ions
during the heat treatment at 670 °C for 1h in
7%H,—93 % Ar mixed gas atmosphere. The absorption coef-
ficients at 1064 nm were increased from 0.92 to 1.04 in
V,0s-doped and 1.75 to 2.22 cm™! in Fe,05-doped glasses
due to the reducing treatment. Furthermore, from optical mi-
croscope observations for the cross section of the glass sur-
face, it was confirmed that the thickness (depth) of the re-
ducing layer at the surface is ~150 wm. It is considered that
the difference of the absorption coefficients between the
quenched and reduced samples corresponds to the absorption
coefficients of TM ions at the surface.

A cw Nd:YAG laser (power: =1.0 W) was irradiated to
the quenched and reduced samples of V,0s- and
Fe,03-doped BTG50 glasses. In the case of the quenched
samples without doing any reducing treatments, no crystalli-
zation was induced in both V?O_S- and Fe,O3-doped BTG50
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FIG. 3. Optical absorption spectra for V,05 (0.7 mol %)- and Fe,O4
(0.3 mol %)-doped BTG50 glasses obtained by heat treatment (670 °C,
1 h) in 7%H,-93% Ar mixed gas atmosphere. The data on the quenched
samples are also shown.

glasses. On the other hand, in the case of the samples re-
duced in 7%H,—93 % Ar mixed gas atmosphere, it was con-
firmed from micro-Raman-scattering spectra that the crystal-
lization is induced by Nd:YAG laser irradiation (P=1.0 W,
S=7 ums~') and the lines consist of Ba,TiGe,Og crystals,
similar to the case of NiO-doped BTG50 glass. It is consid-
ered that the temperature of the YAG laser irradiated region
is very sensitive to the amount of V3*, V#*, and Fe”* ions.

The SH wave images (the intensities of green light with
N=532 nm) observed from a crystal line written by YAG
laser irradiation in Fe,O3-doped BTG50 glass, i.e., the azi-
muthal dependence, are shown in Fig. 4. It is seen that the
SH intensity is almost uniform over a whole line at each
polarization angle (angle between the crystal line and lin-
early polarized incident laser). The maximum SH intensity is
observed at the angle of 90°. This angle means that an elec-
tric field of incident light is perpendicular to the writing di-
rection of crystal line, and it is considered that the polariza-
tion direction of Ba,TiGe,Og crystals in the crystal line is
perpendicular to the writing direction. The same results have
been observed in the case of 8-BaB,0, crystal lines written
by YAG laser irradiation.” It is necessary to study more for
the determination of the growth direction of Ba,TiGe,Og
crystals in the lines.

In the REAH processing, it is a key point to find glasses
containing large amounts (8-15 mol %) of Sm,0; or
Dy,03. On the contrary, in the case of TM ions, the doping
amount of NiO, Fe,03, or V,05 is small, i.e., 0.3—1 mol %.
Generally, transition metal ions such as nickel, iron, and va-
nadium in oxide glasses have broad d-d band transitions
compared to rare-earth ions (f-f transitions). The absorption
and nonradiative relaxation (electron-phonon coupling) in
the outermost d electrons of TM ions might induce efficient
YAG laser-induced heating. In the present study, crystal lines
have been written on the surface of glasses, but controlling
reducing positions of TM ions, it might be possible to write
crystal lines in the interior of glasses. Finally, we propose

Appl. Phys. Lett. 88, 231105 (2006)

FIG. 4. (Color online) Second harmonic wave images from a crystal line
written by YAG laser irradiation in Fe,O5 (0.3 mol % )-doped BTG50 glass
obtained by heat treatment (670 °C, 1 h) in 7%H,—93% Ar mixed gas at-
mosphere. 6 is the angle of the crystal line against linearly polarized inci-
dent laser.

that the technique developed in this study is called “transi-
tion metal atom heat processing.” Since the doping amount
of TM ions is small, this technique will be widely applicable
to other glass systems.

In conclusion, a technique for the writing of crystal lines
in glasses was developed, in which continuous-wave
Nd:YAG laser (wavelength: A=1064 nm) was irradiated to
the glasses containing TM ions. The crystal lines consisting
of nonlinear optical fresnoite-type Ba,TiGe,Og and
Ba,TiSi,04 crystals were patterned in NiO-, Fe,O5-, and
V,0s-doped  (0.3—-1 mol %) BaO-TiO,—GeO, and
BaO-TiO,-SiO, glasses. It was found that the absorption
and nonradiative relaxation process in the d-d transitions of
TM ions are effective for YAG laser-induced heating. The
technique developed in this study was proposed to be called
“transition metal atom heat processing.”
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