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Structure of a Nanocrystalline Phase with Second Harmonic Generation
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Phases of the 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic with second harmonic generation
were studied by using an energy dispersive method in X-ray spectroscopy and XRD. The
Bravais lattice of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic was basically a face-centered
cubic structure from the results of sin2. The cubic crystalline phase of this oxygen-deficient
fluorite-type structure was found to be slightly distorted. Knowledge of the crystal structure of the
tellurite-based glass-ceramic is believed to be very important for the development and application
of new nonlinear optical materials.
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ricating transparent TeO2 based glass-ceramic and discovered that the glass-ceramic shows second-harmonic
generation (SHG) [11, 12]. It was proposed [12] that a
slight distortion from the cubic structure in the crystalline phase formed in TeO2 -based glass-ceramic leads
to the SHG. Hart et al. reported that the crystalline
phase of K2 O-Nb2 O5 -TeO2 glass-ceramic was a polymorph of K2 Te4 O9 [13]. However, the XRD patterns of
K2 O-Nb2 O5 -TeO2 glass-ceramic with SHG are different
to those for the K2 Te4 O9 crystalline phase. Furthermore,
the crystalline phase of K2 Te4 O9 in 15K2 O-15Nb2 O5 70TeO2 glass is not formed [11,12]. Therefore, an understanding of the crystalline phase formed in TeO2 -based
glasses is a key factor for fabrication of glass-ceramic
with SHG.
In this study, we report the structure of transparent K2 O-Na2 O-Nb2 O5 -TeO2 glass-ceramic with secondharmonic generation. The chemical composition of a
crystalline phase in the K2 O-Na2 O-Nb2 O5 -TeO2 glassceramic was determined by using an energy dispersive
method in X-ray spectroscopy (VG, HB501-type FeSTEM, 100 kV). The phase of 10K2 O-4Na2 O-14Nb2 O5 72TeO2 glass-ceramic with second harmonic generation
is similar to that of 15K2 O-15Nb2 O5 -70TeO2 glassceramic.

I. INTRODUCTION

Research on tellurite-based glasses has made greatly
encouraging advances with regard to their good electrical and optical properties. Their large second- and thirdorder nonlinear optical susceptibility and large nonlinear
refractive indices show that they have promising applications in nonlinear optical devices such as optical switches
and optical memories [1–3]. Furthermore, the structures
of TeO2 -based glasses have frequently been examined by
Raman and IR spectroscopy, with reports that there are
two types of basic structural unit: TeO4 trigonal bipyramid (tbp) with two equatorial and two axial Te-O bonds
and a lone pair of electrons located on the third equatorial site, and TeO3 trigonal bipyramid (tp) [4,5]. This
exclusive structure character of tellurite glasses provides
the possibility for them to be good hosts of some rare
earth and heavy metals with small multi-phonon decay [6, 7]. With metal or oxide doping, tellurite glasses
reveal particular virtues as potential materials for upconversion lasers, optical-fiber amplifiers, and nonlinear
optical devices [8–10]. Recently, we succeeded in fab∗ E-mail:
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II. EXPERIMENT
Glasses in the series xK2 O-(14-x)Na2 O-14Nb2 O5 72TeO2 were prepared by using a conventional meltquenching method. Commercial powders of K2 CO3 (99.5
%, Nacalai Tesque), Na2 CO3 (99.5 %, Soekawa Chemicals), Nb2 O5 (99.9 %, Soekawa Chemicals) and TeO2 (99
%, Soekawa Chemicals) were mixed and then melted in
a platinum crucible at a temperature of 1000 ◦ C for 40
min. in an electric furnace. The batch weight was 15 g.
The liquids were then poured onto a carbon plate heated
to 250 ◦ C. The glass transition (Tg ) and crystallization
peak (Tx ) temperatures were determined by using differential thermal analyses (DTA) at a heating rate of 10
◦
Cmin−1 . The glassy state in the quenched samples and
the crystalline phase present in the heat-treated samples
were examined by room temperature X-ray diffraction
(XRD) analyses using CuKα radiation. The chemical
composition of a cubic crystalline phase in the K2 ONa2 O-Nb2 O5 -TeO2 glass-ceramic was determined by using an energy dispersive method in X-ray spectroscopy
(VG, HB501-type FeSTEM, 100kV). The SH intensity of
the crystallized glasses was measured by using the fundamental wave of a Nd:YAG laser at a wavelength of λ
= 1064 nm as a function of the angle of incidence of the
incident radiation [14–16]. The Maker fringe method was
used for the above purpose. The laser powers were kept
in the range of 0.5 − 1 W, with irradiation for 1 − 230
s.

III. RESULTS AND DISCUSSION
The values of glass transition, Tg , crystallization onset, Tx , and melting, Tm , temperatures are 362, 467 and
701 ◦ C, respectively. 10K2 O-4Na2 O-14Nb2 O5 -72TeO2
glass shows high thermal stability against crystallization. The crystalline phase present in the 10K2 O-4Na2 O14Nb2 O5 -72TeO2 sample heat-treated at around Tx was
identified. Figure 1 shows the XRD patterns for original glass (a) and heat-treated samples of the 10K2 O4Na2 O-14Nb2 O5 -72TeO2 glass. The crystalline phase
(b) appeared as the first crystalline phase in the sample heat-treated at 375 ◦ C for 1 h. This phase disappeared above 470 ◦ C, and a new crystalline phase
was formed. The crystal structure of sample (c) is not
known. It is clear that the crystalline phase of K2 Te4 O9
is not formed in 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass.
SHG was obtained in the transparent 10K2 O-4Na2 O14Nb2 O5 -72TeO2 glass-ceramic (b), but sample (c) exhibited no SHG.
The powder XRD data of heat-treated samples of the
10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass were collected,
and the XRD data (Figure 1(b)) are shown in Table
1. From the results for sin2, it is inferred that the
Bravais lattice of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glassceramic is a face-centered cubic (FCC) structure. Fig-

Fig. 1. Powder XRD patterns at room temperature for
(a) original glass and heat-treated samples of 10K2 O-4Na2 O14Nb2 O5 -72TeO2 glass: (b) 375 ◦ C, 1h, (c) 470 ◦ C, 1 h.
Table 1. XRD data for 10K2 O-4Na2 O-14Nb2 O5 -72TeO2
glass-ceramic
2θ
27.87
32.26
46.29
54.97
57.56

D(Å)
3.196
2.770
1.958
1.667
1.597

Intensity (arb. units)
100
22
19
11
3

sin2 θ
0.053
0.070
0.133
0.165
0.179

A (Å)
5.54
5.54
5.53
5.54
5.54

hkl
111
200
220
311
222

ure 2 shows the crystal faces of 10K2 O-4Na2 O-14Nb2 O5 72TeO2 glass-ceramic. The unit-cell parameters obtained are a = b = c = 5.54 Å. Crystallite size (L) can be
calculated by using the Scherrer’s equation [17], L = 0.9λ
/ Bcosθ, where λ is the wavelength of the X-ray radiation (λ = 0.154 nm), B is FWHM of the peak (radians),
corrected for instrumental broadening, θ is the Bragg angle, and L is the particle size (nm). The average particle size of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic
was found to be 38 nm, indicating the optically transparent nature of the sample. Crystallization behavior of
10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic with second harmonic generation is similar to that of 15K2 O15Nb2 O5 -70TeO2 glass-ceramic [12].
Figure 3 shows the variation of SH intensity with
the angle of incidence for transparent 10K2 O-4Na2 O14Nb2 O5 -72TeO2 glass-ceramic, revealing that the glassceramic do exhibit attributable SHG. The observed SH
intensity in this glass-ceramic is comparable to that in
electrically poled TeO2 -based glasses [18]. Further, it is
seen that the Maker fringes are ambiguous and the de-
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Fig. 2. Powder XRD pattern at room temperature for
10K2 O-4Na2 O-14Nb2 O5 -72TeO2 sample heat-treated at 375
◦
C for 1 h.
Fig. 4. Chemical composition of 10K2 O-4Na2 O-14Nb2 O5 72TeO2 glass-ceramic determined by using energy-dispersive
X-ray spectroscopy.

Fig. 3. SH intensity with angle of incidence for transparent
10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic.

pendence of the SH intensity on the angle of incidence is
weak. These would be caused by a random orientation
of the small crystalline particles.
In general, it is well known that a glass or
cubic crystalline phase is isotropic and has inversion symmetry from a macroscopic standpoint, which
does not allow second-order nonlinear optical processes.
In this study, however, the transparent
10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-ceramic consisting of a FCC structure showed second-harmonic generation.
This result indicates that the origin of
SHG is closely related to the presence of the FCC
crystalline phase.
Figure 4 shows the chemical
composition of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glass-

ceramic determined by using energy-dispersive X-ray
spectroscopy (VG, HB501-type FESTEM, 100 kV),
and the result gives the chemical composition of
K7.41 Na5.1 Nb8.11 Te18.79 O60.59 .
This composition is
approximately expressed as (K,Na)(Nb1/3 Te2/3 )2 O4.8 ,
which might be considered as an oxygen-deficient fluorite
(cubic structure) composition, (K, Na, Nb, Te)O2−y , y
= 0.4. Although a defect pyrochlore-type cubic phase
of KNbTeO6 is known in the ternary system of TeO2 K2 O-Nb2 O5 glasses, this phase does not exhibit SHG
[19]. Sleight et al. reported that RbNbWO6 consisting
of pyrochlore-type structure exhibited SHG. These compounds have a slightly distorted cubic structure; that is,
they have tetragonal symmetry with c/a = 1.0018. It
should be pointed out that a pyrochlore-type structure
forms a link between defect fluorite structures.
If the structure of the cubic phase is a fluorite-type
structure, it is considered that K+ and Na+ ions occupy
the eightfold site in the fluorite structure. From the
characterization results of the energy-dispersive X-ray
spectroscopy and XRD, the structure of 10K2 O-4Na2 O14Nb2 O5 -72TeO2 glass-ceramic can be schematically described as shown in Figure 5. In this phase, tetragonal symmetry is estimated to be c/a = 1.001. Thus,
K7.41 Na5.1 Nb8.11 Te18.79 O60.59 compounds have a slightly
distorted fluorite-type structure. Hart et al. reported
that the short-range order of the tetragonal polymorph
K2 Te4 O9 was consistent with the observed 70TeO2 15K2 O-15Nb2 O5 glass-ceramic and the K2 Te4 O9 crystal. However, in the present study, the crystal structure
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Fig. 5.
Structure of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2
glass-ceramic.

of K7.41 Na5.1 Nb8.11 Te18.79 O60.59 from the unit-cell result
of XRD was different to that of K2 Te4 O9 . Therefore, it
has been suggested that a very small distortion from the
fluorite-type structure might be the origin of SHG.

IV. CONCLUSIONS
Phases of 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glassceramic with second harmonic generation were studied by using an energy-dispersive method in X-ray
spectroscopy and XRD. The crystalline phase showing SHG in the 10K2 O-4Na2 O-14Nb2 O5 -72TeO2 glassceramic has a chemical composition approximately expressed as K7.41 Na5.1 Nb8.11 Te18.79 O60.59 . The cubic
crystalline phase of this oxygen-deficient fluorite-type
structure was found to be slightly distorted.
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