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Abstract: Dielectric properties of oxyfluorosilicate (OFS) glasses have been characterized using
Terahertz (THz)-time domain spectroscopy in the sub-THz region as well as optical reflection
measurement. OFS glass containing 20 mol% of Nb,Os, which is termed ZNbKLSNd glass, has
the highest refractive index of 3.70 in the sub-THz region. The THz and optical refractive indices
of various silicate oxide glasses, including OFS glasses, have been confirmed to be correlated by
a unified relationship utilizing a parameter defined by the ratio of ionic to electronic polarizability.
Additionally, the frequency dependence of the THz dielectric constant has been interpreted by a
single oscillator model for all silicate oxide glasses including OFS glasses. On the basis of the
present unified dielectric model, the very high refractive index of ZNbKLSNd glass has been
attributed to the lowering of oscillator resonance wavelength originated from the incorporation
of Nb,Os5 intermediate network former.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz (THz) wave technology, which typically covers a frequency range of sub-THz to
tens-THz, is demanded for the applications to a variety of systems including spectroscopy,
communications, sensing and imaging due to the characteristic transmission and propagation
properties of THz waves in various media [1-3]. Recent developments are widening the
application field to cover materials, telecommunications, and variety of equipments in production,
bio-medicine, environment, security, etc. [4—6]. In constructing practical THz and sub-THz
components and systems, glasses are indispensable materials. Particularly, glasses having high-
refractive index and low-loss properties are prerequisite for forming basic passive components
such as lenses and waveguides as well as active components based on high nonlinearity of glasses
in the THz and sub-THz regions [7,8]. If empirical Miller’s rule [9,10] can be applied in the THz
range, high refractive index glasses are also expected to exhibit a high nonlinearity, which merits
their application to THz nonlinear functions including modulation, switching and wavelength
conversion [11-13].

So far, a variety of silicate oxide glasses with metal oxide modifiers and chalcogenide glasses
which have high chemical/mechanical stability and desirable dielectric properties, e.g., high
refractive index, high transparency and high optical nonlinearity, have been developed for the
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application in visible and mid-infrared wavelength regions [14,15]. Investigation on dielectric
properties of glass materials in the THz frequency range has first been carried out by means of
far-infrared absorption measurements, and fairly limited kinds of glasses such as fused silica,
soda-lime glass and As-S/Se glasses have been studied [16-20]. Detailed studies on THz
dielectric properties have been started fairly recently by using THz-time domain spectroscopy
(THz-TDS) technique on various materials [21-24]. The use of THz-TDS technique has been
extended to detailed characterization of a variety of glass materials such as silicate oxides
[25-28] and chalcogenides [29-31]. Naftaly has reported a study of THz refractive index and
absorption properties of a series of commercial silicate oxide glasses and found their relationships
with the optical refractive index and other various material properties including the density
and thermal expansion coefficient [27]. Ravagli has carried out a study on sub-THz refractive
index and absorption coefficient in a selection of chalcogenide and La:chalcogenide glasses
with varied compositions, and discussed the absorption mechanism [29]. We have recently
conducted sub-THz characterization of oxyfluorosilicate (OFS) glasses as a new group of silicate
oxide glasses [32], in which fluorides (ZnF,, PbF; and LiF) and rare-earth ions (Nd3*) are
introduced in the silicate glass host, along with the incorporation of alkali ions (K™ and Na*)
and/or metal oxide based intermediate network former (Nb,Os) on the basis of our previous
studies on various OFS glasses [33,34]. An OFS glass containing 20 mol % of Nb,Os, which is
termed ZNbKLSNd glass, has achieved the simultaneous realization of the highest refractive
index and lowest absorption loss among silicate oxide glass family in sub-THz frequency region
[32]. Comparative analysis of THz properties has indicated that the very low absorption loss
achieved in OFS glass is attributed to the effect of fluorine to relax structural disordering, which
reduces charge fluctuation and eventually minimizes the absorption loss in the glass.

In view of either applying existing glasses in practice or developing new glasses for advanced
systems, it is essential to understand the mechanism of how the THz dielectric properties of those
glasses are determined. However, there has been no fully comprehensive description of THz
dielectric property even within the silicate oxide glass family.

In this study, we carry out detailed characterization of dielectric property of OFS glasses using
the same glasses as used in our recent work [32]. THz dielectric properties of these glasses
are analyzed by using THz-TDS data [32], and optical reflectivity measurement is performed
for optical refractive index determination. We compare THz properties of these series of OFS
glasses with those of different multicomponent silicate oxide glasses [27] and chalcogenide
glasses, particularly La**:chalcogenides [29], for which detailed THz dielectric property data
are available. For a comparative study, we first focus on the difference between the optical
and THz refractive indices, from which the electronic and ionic polarizabilities are determined.
This analysis gives a unified relationship between the optical and THz refractive indices for
all the silicate oxide glasses examined. Next, we analyze the THz frequency dependence of
refractive index using a single oscillator model, so that the characteristic oscillator parameters are
determined for different glasses. While all those data confirm the validity of the single oscillator
model, they also indicate the difference in characteristic parameters for different glass groups.
We discuss possible mechanism behind the high THz refractive index properties of the present
OFS glasses.

2. Experimental methods
2.1. Glass preparation

The OFS glass samples employed in our experiment involve two glass groups [32]; one is
ZNbKLSNd: (20-x)ZnF, + 20Nb,Os + 20K,COs3 + 10LiF + 30SiO, + xNd,Os3, and the other is
PbNKLSNd: (20-x)PbF; + 5Na;0 +20K,CO3 +10LiF +45Si0; + xNd» O3, where x =1, 5 and
10 mol%. Glasses were prepared by the melt-quenching technique [32]. A batch composition
(weight: ~15 g) was thoroughly crushed in an agate mortar and the homogeneous mixture was
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taken into a platinum crucible and heated at 1250 °C for 3 hours in an ambient. The melt was
then annealed at 400 °C for 10 hrs to remove thermal strains. After cooling down, glasses were
polished and formed into disks with the thickness of ~ 1.6 mm for measurements.

2.2. Characterization and analyzing techniques

The THz optical constants of OFS glasses were determined by using a photoconductive-
antenna-based transmission type THz-TDS system [3,24,32]. A Ti-sapphire laser (wavelength:
800 nm) with duration of 60 fs, average optical power of 380 mW was used for exciting GaAs
photoconductive antennae for THz generation and detection in an ambient.

The THz electric fields were recorded in the time domain with (Es,y(¢)) and without (E e (2))
the glass sample, which was placed in the collimated THz beam path of the THz-TDS system.
By Fourier-transforming the measured time-domain electric field data, we then retrieved the
complex amplitude and phase of the transmitted THz waves in the frequency domain. The THz
refractive index n(v) and extinction coefficient x(v) at the frequency v are related to the electric
field E(v) and phase ¢(v) measured after transmission through a reference (air in our case)(suffix:
ref) and through the sample (suffix: sam) by the following equations [27];

n(v) =1+ ﬁ(‘psam(‘/) - ¢re}"(v)) (1)
_a(e ¢ Err(v) | [n(v) + 1]2
k() = Ay 2xvd Esum(v)|  4n(v) ) @

where a(v) is the absorption coefficient at the frequency v, c is the speed of light, and d is the glass
thickness. The second term inside the natural logarithm of Eq. (2) is a Fresnel reflection correction
factor, in which the extinction coefficient is ignored because of its negligible contribution in our
glass samples. The effect of multiple reflections of THz wave within the sample is not included.
Taking account of the THz refractive index of our samples greater than 2, the transit time of THz
wave in our samples (d~1.6 mm) is greater than 11 ps, which is much longer than the THz pulse
width (typically 2 ps) in the present THz-TDS system. Under this condition, the transmitted THz
signal is not influenced severely by the multiple reflection effects, and equations shown above are
relevantly used for characterization.

The optical transmission and reflectivity r were measured by using the conventional Fourier
transform infrared (FTIR) spectroscopy system in the visible to near-infrared range. The optical
refractive index nop was determined at the wavelength of 1.5 um using the standard equation:

1++/r
1_

3

Nopt =

%

r

3. Results and discussions
3.1. THz refractive index and polarizability

Figure 1 shows the frequency dependence of the refractive index n(v) and extinction coefficient
k(v) of OFS glasses determined in the frequency range from 0.2 to 0.8 THz by using the same
original THz-TDS data as used in [32]. The extinction coefficient is found to be smaller by more
than 40 times compared with the refractive index within the measured frequency range. General
behavior of frequency dependence as observed here is consistent with those of previously reported
oxide-based silicate and chalcogenide glasses in the sub-THz frequency band [27-30]. The
refractive indices measured in the present glasses are comparatively high, and ZNbKLSNd glasses
particularly exhibit refractive indices as high as 3.70, being the highest among silicate glasses
reported to date and close to those of La®*:chalcogenide glasses [32]. It should be reemphasized
that the absorption coefficients (a(v)=4nvk/c) at 0.5 THz (5.6-8.7 cm™! for ZNbKLSNd glasses



Vol. 10, No. 2/1 February 2020/ Optical Materials Express 610

and 7.6-8.9 cm™! for PDNKLSNd glasses) are significantly low as compared with other high-
refractive index glasses [32]. This is interpreted to be caused primarily due to the structural
relaxation effect of fluorine in OFS glasses as discussed in our previous work [32]. Figure 2
shows the wavenumber/wavelength dependence of the optical reflection measured in the infrared
region and the optical refractive index calculated by using Eq. (3) for both of OFS glasses. It is
observed that the reflection and refractive index are nearly constant at the wavenumber greater
than 4000 cm™! (wavelength < 2.5 um) in both OFS glasses, and we use the refractive index
values at the wavelength of 1.5 um as the optical refractive indices for later discussion. Table 1
summarizes the THz and optical refractive index data for the present OFS glasses as well as
selected silicate oxide and chalcogenide glasses taken from Refs. [27,29]. The compositions of
the glasses selected in Table 1 are listed together with respective Refs. [35-38], in Table 2.

e~ ZNbKLSNd01 —— PONKLSNdO1
i_ 3.8 H_a— ZNbKLSNAO5 (a) :_ 3.1 H—=— PbNKLSNd05 (b)
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Fig. 1. Refractive index and extinction coefficient for (a),(c)ZNbKLSNd glasses and (b),(d)
PbNKLSNd glasses determined by THz-TDS measurements.

In order to compare dielectric properties of the present OFS glasses with other silicate
oxide and chalcogenide glasses, we analyze the data by using the Clausius-Mossotti equation
(Lorentz-Lorentz equation) [27,32,39,40]. The dielectric constant &qp in the optical frequency
range is determined by the polarizability of electrons associated with constituent molecules in
the glass. On the other hand, the dielectric constant ey, in the sub-THz frequency range is
determined by the total polarizability including contributions not only of fast response electrons
(P¢) but also of slow response ions (P;) in the glass. Thus the dielectric constants, gop and ey,
are related to the molar electronic polarizability, P., molar ionic polarizability, P; and molar
total polarizability, Pt = P.+P;, as shown in the following relations:

gopt_l 4n e
Vi = —NsP, = R, 4
30pt+2 m 3 Al e m ()
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Table 1. Material, THz, and optical parameters determined for a variety of glasses selected in the

present analysis.

Vi G

M p  (cm¥ Pot P P; et Ao (1010
Glass (g/mol) (g/em®) mol)  nty,  nope (A% (A% (A% a=Pi/Pe gopr  (um) cm/mol)Ref.
ZNbKLSNdO1 124 3.65 340 3.68 1.81 109 582 505 0.868 10.27 7457 6.247
ZNbKLSNdO5 133  3.66 363 3.70 1.79 11.7 599 567 0.947 1049 78.89 6.066
ZNbKLSNdI0 145 354 410 3.65 180 126 6.83 580 0.850 10.08 98.72 4.186
PbNKLSNdO1 110 3.72 297 295 157 847 379 468 124 624 1265 1.279
PbNKLSNdO5 114 378 302 3.04 1.63 877 419 458 1.10 658 112.6 1.510
PbNKLSNd10 119 3.62 328 296 153 938 394 544 138 642 1155 1.617
Silica 60 220 273 196 146 526 291 235 0810 1.71 [27]
Pyrex 62 223 278 211 147 590 3.02 288 0950 227 [27]
BK7 65 2.51 26 251 1.52 660 3.09 351 1.15 399 80.84 1.586 [27]
SK10 112 364 308 291 162 871 429 442 103 585 1267 1.082 [27]
SF10 153 428 358 321 173 107 566 507 0900 7.31 138.7 1305 [27]
SF6 177 518 342 356 181 108 586 493 0840 940 1325 1.762 [27]
S1 61 427 143 389 237 460 338 122 0361 952 1088 1.110 [29]
S2 58 448 13.0 374 238 420 307 1.13 0368 832 1104 0953 [29]
S3 56 411 13.6 3.60 237 430 322 108 0335 734 9568 1.064 [29]
S4 61 399 153 350 231 480 353 127 0360 691 9141 1.343 [29]
S5 65 421 154 3,65 237 490 365 125 0343 771 93.09 1.343 [29]
S6 76 466 163 285 273 460 436 024 0055 0.67 1394 0.303 [29]
S7 82 441 186 3.19 260 560 479 081 0.169 342 139.7 0.052 [29]

Table 2. Compositions of a variety of glasses selected in the present analysis.

Glass Composition Ref.
ZNbKLSNdx (20-x)ZnF;+20NbyO5+20K,CO3+10LiF + 30Si0; +xNd, 03
PbNKLSNdx (20-x)PbF,+5Nay0 + 20K, CO3+10LiF + 45Si0,+ xNd, O3
Silica SiO;y [27]
Pyrex 80.65i0,+12.6B,03+4.2Nay O + 2.2A1,03+0.04Fe;03+0.1Ca0 + 0.05MgO +0.1Cl [35]
BK7 68.9Si0,+10.1B,03+8.8Na, O + 8.4K,0 + 2.8Ba0 + 1.0As,03 [36]
SK10 30.6Si05+11.7B203+5.0A1,03+0.1Nay O + 48.2Ba0 + 2.0ZnO + 0.7PbO + 0.8Sb,03+0.9A5,03 [37]
SF10 35.38i0,+2.0Nay O + 2.5K,0 + 55.7PbO + 4.0TiO,+0.5A5,03 [37]
SF6 27.75102+0.5Nay O + 1.0K, 0 + 70.5PbO + 0.3As,03 [38]
S1 LayoGapSeo [29]
S2 LajGansSeo [29]
S3 La;»GangSeo [29]
S4 Laj>GaygSagSern [29]
S5 LajGazgS39Ser; [29]
S6 Ges3AsiaSess [29]
S7 GeogSbinSeqo [29]
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Fig. 2. Optical reflectance and refractive index spectra for (a),(c)ZNbKLSNd glasses and
(b),(d) PONKLSNd glasses.

ZZ—+;V"1 = %’TNA(Pe +P;) = R = Ro(1 +a), )
where V), is the molar volume defined by p/M using the density p and molecular weight M, Na
is the Avogadro number (6.023 X 1023 mol‘l), R¢, is the molar electronic refraction, R%' is the
molar total refraction including both electronic and ionic contributions, and a is defined as a
ratio P;/ P.. Taking account of that the extinction coefficient (k=ac/(4nv)) is negligibly small
compared to the refractive index in the sub-THz region in those glasses, the dielectric constant
£THg is obtained from ey, =nTH,>. Similarly the optical dielectric constant £ is obtained from
soptznopf. By using Eqgs. (4) and (5), the polarizabilities can be determined from the measured
refractive indices in each frequency range. The optical reflectivity spectra have been measured for
OFS glasses as shown in Fig. 2(a) and (b), and then the refractive indices have been determined
from them using Eq. (3), and the resultant spectra are shown in Fig. 2(c) and (d). The optical
refractive indices determined at the wavelength of 1.5 ym are included in Table 1.

Figure 3 shows the total, electronic and ionic polarizabilities thus obtained as functions
of the molar volume for the present OFS glasses, in which data for other silicate oxide and
La:chalcogenide glasses (S1-S5 in Table 1 and 2) as well as other chalcogenide glasses (IG series)
(S6, S7 in Tables 1 and 2) taken from the literature [27,29] are also plotted. The compositions
of glasses used in Fig. 3 are listed in Table 2, and their physical and dielectric parameters are
summarized in Table 1. The straight line in Fig. 3 shows a guide line corresponding to the THz
refractive index of 3.7. THz plots of ZNbKLSNd glasses and La:chalcogenide glasses show a
slope similar to this guide line being consistent with the THz refractive index very close to 3.7 as
confirmed in Table 1.

In Fig. 3, it is found that the electronic and ionic contributions to the total polarizability are
different for different glass groups; both contributions are comparable in silicate oxide glass
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Fig. 3. Electronic, ionic and total molar polarizabilities versus molar volume for all glasses
selected for the present comparison. A straight line indicates a slope corresponding to a
refractive index of 3.70.

group, and electronic contribution is much larger than ionic contribution in chalcogenide glasses.
This implies that the total polarizability of different glass systems is characterized in view of the
ionic and electronic polarizability ratio which is defined by a = P;/P.. By using this ratio a, the
electronic molar refraction Ry, and the molar volume V,, the optical refractive index (n1,p;) and
THz refractive index (n7y;) can be expressed by the following equations:

1 +2R%/Vy
SRR ALY 6
Nopt 1—R/V, (6)

\/1 +2Re (1 + )/ Vi
nTH; =

1-R,(1+a)/Vy ™
Figure 4 shows the relationships between the THz refractive index and optical refractive index
for the silicate oxide glass group and La:chalcogenide glass group. Curves shown in the figure
have been calculated from Eqgs. (6) and (7) by using R¢,/V,, as a parameter with assumptions of
a=0.95 for silicate oxide and a = 0.35 for La:chalcogenide glass groups, respectively. As seen in
this result, different glass groups are classified by the polarizability ratio a. This classification
applies to a variety of additives incorporated in the silicate oxide glasses. Slight deviation of the
experimental data from the calculation is interpreted by considering an appropriate shift of a
from 0.95, for example a = 0.85-0.95 for ZNbKLSNd glasses and a = 1.10-1.38 for PO NKLSNd
glasses, as shown in Table 1. The same trend is observed for La:chalcogenide glass group.
These results support the applicability of the polarizability ratio a in characterizing chemical
composition/structure of the glass within the same glass family, e.g., silicate oxide glasses in
which the oxygen ion 0>~ governs the dielectric property. Naftaly et al. reported a linear
relationship between the optical and THz refractive indices in high-refractive index silicate oxide
glasses, but the linear relationship does not hold for low-refractive index glasses such as Pyrex and
fused silica [27]. This allows us to confirm that the polarizability ratio a is useful to characterize
dielectric properties of glasses with a wider range of compositions.
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3.2. lonic contribution to the dielectric characteristics of silicate oxide glasses

In the previous section we have shown that the electronic and ionic contributions to the dielectric
properties are correlated by a unified relationship for all silicate oxide glasses. In the following,
we focus on the ionic contribution to the dielectric property and discuss its relation with physical
properties of glasses. In the present analysis, we adopt a simplified model of dielectric material.
The dielectric constant (¢) at a given frequency (v) in the THz and far-infrared (FIR) region,
&y, is assumed to be expressed by the classical single oscillator model (Lorentz model) for
displacement of a pair of anion and cation as shown by the following equation [40—42]:

4nNe? f
& = € T,
Ko vi—vE—iyvy

®)

where &, is the dielectric constant at the infinite frequency (v =c0), e is the electronic charge, u
is the reduced mass of ions given by 1/u =1/m.+1/m- where m, and m- are the masses of anion
and cation, N is the number of unit cells involving ion pairs per unit volume, vy is the resonance
frequency of the oscillator, f is the oscillator strength, and vy is the damping factor for displacement.
We assume here single charge anion and cation for simplicity; that is, a single parameter v
will represent the resonance frequency of the oscillator and will effectively determine dielectric
characteristics in the THz to sub-THz frequency range. Since we are interested in dielectric
property in the sub-THz range, which is much lower than the resonance frequency, the damping
factor can be neglected in Eq. (8). For further analysis, we rewrite Eq. (8) to express the dielectric
constant as a function of the wavelength A, e(l), in the following form:

1 1
|

72
A4

1 eV

g(l) —£(0)  Npef
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where N = Na/Vp, and the oscillator resonance wavelength Ay have been used. When we define a
material dependent amplitude factor g as:

N 2
e/ (10)
mce
Equation (9) can be written as:
1 Vi [ 1 1
LN —— 11
{20 2 (ag 42) a

This indicates that a plot of 1/[£(1) — £(0)] as a function of 1/4? gives a straight line, and its
slope gives the value of g through g = V,/[slope]. Considering the y-intercept 1/[£(2) — £(0)] of
this plot for 1 —o0, Eq. (11) leads to the following relation:

/12
£(c0) — &(0) = “;—0. (12)

Therefore [slope]/[y-intercept] yields the value of 1y” for each of the glass material.
In the present analysis, the values of £(0) have been determined from the refractive indices
measured at the optical wavelength (1=1.5 um) by using the relation £(0) = &opt = nZ .. For

opt*
&(c0), we have used the value of £(0.2THz) = ey, = n%HZ since &(Q) virtually saturates at 0.2
THz (Fig. 1). Figure 5 shows 1/[&(1) — £(0)] as functions of 1/4% for ZNbKLSNdx (x=1, 5, 10)
and PbONKLSNdx (x =1, 5, 10) glass series, which show good linear dependences. The g factor
and Ag are readily determined from these graphs, and the results are included in Table 1. The
same analysis has been carried out for other silicate oxide glass groups by using the data reported
in the literature [27]. Figure 6 shows plots of selected silicate oxide glasses. Some THz-TDS
data show weak frequency dependences (e.g. silica and Pyrex) and those data have been excluded
for accuracy in the present analysis. All data plotted in Fig. 6 show linear relationships and the
values of g and Ay determined for all glasses (including La:chalcogenide glasses) are listed in
Table 1.

Figures 5 and 6 show that THz dielectric properties of all glasses analyzed here can be
interpreted by the single oscillator model. Equation (12) indicates that &(co) — £(0), which
corresponds to the ionic contribution to the dielectric constant, is governed by Vy,, g and A9 all
of which are characteristic to each glass material. To see the ionic contribution in different glass
groups, we plot the dielectric constant difference e, — &opt -as a function of g/l()z/ Vm in Fig. 7.
Here we use (v =0.2 THz) for the ey, value for determining the dielectric constant difference,
and all parameters are determined basically from the experimental data as described above. As is
seen clearly in Fig. 7, a linear relationship has been obtained without regard to the difference of
glass groups (including La:chalcogenide glasses: not shown). This confirms a wide applicability
of the single oscillator model for characterizing THz dielectric properties of all glass materials
examined.

Next question is what parameters are governing the overall dielectric property in each glass. In
order to find out such dominant parameters, eTH; — Eopc has been plotted as functions of each
parameter: 1/Vy,, g and 1o, as shown in Fig. 8. Here 1/V, is regarded to be proportional to
the number of ion pairs in a unit volume. Other parameters, g and 12, are used to characterize
nature of the oscillator. As shown in Fig. 8(a), over a wide range of variation in the dielectric
constant difference, 1/V, does not show too much change. In contrast, Fig. 8(b) and (c) show that
the dielectric constant difference increases in proportion to g as well as 192, which is consistent
with the indication of Eq. (12). If we look into these g and 1y> dependences more closely, they
can be categorized into two classes: ZNbKLSNd glasses, and all other silicate oxide glasses.
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A distinct difference is observed between these classes. In ZNbKLSNd glasses, the very large
dielectric constant difference (>10) is achieved by the large value of g (rather than by 202).
By contrast, in other silicate oxide glasses including PONKLSNd glasses, the increase of the
dielectric constant difference is caused by the increase of o> (rather than of g). Thus the present
single oscillator model analysis has revealed that the different physical parameter is responsible
for the increase of ionic contribution to the dielectric constant in different glass groups, e.g., the
large g is predominantly responsible in ZNbKLSNd glasses and the large 1o is predominantly
responsible in other silicate oxide glasses.

3.3. Effects of compositional properties on the dielectric characteristics of silicate oxide
glasses

In this section we discuss how OFS glasses, particularly ZNbKLSNd glasses exhibit high THz
refractive indices by comparing their THz properties with those of other silicate oxide glasses. We
thus focus on the contribution of ionic vibration to the dielectric property of glasses. Dielectric
characteristics revealed by the present THz analysis should be correlated with the physical
property of specific glasses. According to the simple diatomic chain oscillator model as we used
in the THz analysis, the resonant wavelength A of the oscillator is determined by the mass of
atoms and the interatomic force within the groups of atoms comprising the glass network. The
resonant wavelength is given by [43,44]:

Ao = 27101/%, (13)

where c is the speed of light, u is the reduced mass, and D is the force constant of cation-anion
pair. The resonant oscillator in a silicate oxide glass presumably results from a low-frequency
vibrational mode of O-Si-O chains in the glass network, but the particular modifiers and
intermediates introduced in the glass structure will perturb the O-Si-O vibration. Hence the
resulting low-frequency vibrational mode will depend strongly on the structure and composition
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significant behavior difference is found between ZNbKLSNd glasses and other silicate oxide
glasses.

of the glass. Thus, it can safely be assumed that the resonant wavelength A represents the
dominant wavelength of all the low-frequency vibrational modes and that 1y can be used as a
measure to know the variations in ¢ and/or D which are caused by the addition of modifiers and
intermediates.

In silicate oxide glasses, as is shown in Fig. 8(c), 4o shows the largest value for SF series, the
intermediate values for PDNKLSNd series and SK10 glass, and the smallest for ZNbKLSNd
series and BK7 glass. We first discuss the effects of u and D by comparing ZNbKLSNd glasses
and SF glasses, both of which have similarly large dielectric constant differences up to 10. Here
it can be noted that the THz refractive index has a one-to-one correspondence with the optical
refractive index as shown in Fig. 4 and, in addition, that the optical refractive index, as well as
the electronic polarizability as its cause, has an unambiguous, empirical relationships with the
energy bandgap as have been reported for a variety of oxide glass materials [45-47]. Also, the
energy bandgap of silicate oxide glasses is considered to be determined by the coupling strength
of the dominant cation-anion pair. Taking into account that the optical bandgap energies of
ZNDbKLSNd glasses and SF glasses are not too much different (our visible region transmission
experiment indicated the bandgap energy to be 3.18 eV for ZNbKLSNdO5 glass, 3.15 eV for SF10
and 3.06 eV for SF6 glass), the cation-anion coupling strength and therefore the force constant D
would not be significantly different for a first approximation. In consequence, the difference of
Ao value between these two glass series is most likely resulted from the difference in the reduced
mass u. The SF series glasses involve large amount (molar fraction >50%) of modifier PbO
and would contribute to effectively increase u and eventually increase 4y. On the other hand,
ZNbKLSNd series glasses have considerable amount (molar fraction of 20%) of intermediate
network former Nb,Os, and this would contribute to the effective decrease of the reduced mass
due to the atomic number of Nb comparatively smaller than Pb, leading to a 4o value smaller than
that for SF series. These tendencies are consistent with the observation in Fig. 8(c) as mentioned
above. The inclusion of large amount of Nb,Ojs is also considered to contribute to the increase
of the refractive indices due to the high oxygen-to-cation ratio of Nb,Os which can provide
sufficient oxygen ions leading to the generation of non-bridging oxygens in the glass structure.
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When we turn to focus on a comparison between ZNbKLSNd glasses and BK7 glass both of
which have similarly small A (Fig. 8(c)), BK7 glass has a much smaller g factor than ZNbKLSNd
glasses (Fig. 8(b)). If we can assume that goc1/u (Eq. (10)) and Agoc(u/D)'/? Eq. (13) hold in
these glasses (presuming no severe influence of other factors in Eq. (10)), the above feature
(small g and small Ag) is only possible when BK7 glass possesses a significantly large force
constant D. Actually BK7 glass has small amount of additives and the bandgap energy estimated
from the transmission data is as large as ~3.80 eV, indicating a stronger coupling and a larger D
than in other oxide glasses. Consequently the small Ay in BK7 glass is attributable to a large
force constant. This interpretation seems to provide qualitative agreement with the experimental
results of dielectric properties in silicate oxide glasses.

Following the discussion based on Egs. (10) and (13) as described above, a couple of
comparatively distinctive features have been realized for certain groups of glasses: ZNbKLSNd
glasses are characterized by small reduced mass primarily caused by the intermediates Nb,Os,
SF series glasses have large reduced mass primarily due to modifiers PbO, and BK7 glass exhibits
a large force constant due to strong cation-anion coupling. Other glasses (PbNKLSNd, SK10)
likely locate in intermediate range in terms of the reduced mass and force constant.

The THz polarizability is linked with the optical polarizability through Eqgs. (4) and (5) together
with a parameter a = P;/P. which seems to be characteristic to each group of glasses as is noticed
in Table 1. The more ionic bonds are incorporated in the glass, the more ionic contribution would
be expected to dominate the molar polalizability. Noticing that bonding of chalcogenide glasses
is highly covalent and also silica has high covalency among silicate oxide glasses, it would be
reasonable that these glasses have small a (0.37 for La:chalcogenide; 0.82 for silica, being smaller
than for most of other silicate oxide glasses). The present hypothesis is likely supported by fairly
high a values for BK7 (1.15) and SK10 (1.03) glasses in which alkaline cations such as Na*, K,
Ba”* introduce ionic bondings. The a values found in FSO glasses (0.85-0.947 for ZNbKLSNd
and 1.10-1.38 for PbNKLSNd series) are greater than that of silica. This seems to indicate the
significance of ionic nature of the glass material, but further study is required for approaching to
a precise mechanism of “a” parameter determination.

4. Conclusion

The THz dielectric properties of two (ZNbKLSNd and PbNKLSNd) series of OFS glasses have
been characterized by THz-TDS and optical reflection measurements and discussed through a
comparison with previously reported data on selected silicate oxide and chalcogenide glasses.
The present OFS glasses, in particular, ZNbKLSNd glass has shown the highest THz (v=0.5
THz) refractive index around 3.70. On the basis of Clausius-Mossotti relationship, THz and
optical (1=1.5 um) dielectric constants have been correlated by a unified relationship using a
parameter a which is defined by the ratio of the ionic polarizability to electronic polarizability
for each glass series. This parameter a has been shown to be determined uniquely for each of the
glass groups.

The dielectric constant difference estimated between the sub-THz and optical frequency ranges
(eTHz —Eopt= N1y, —noptz), which correspond to the ionic contribution to the polarizability, has
been analyzed in the sub-THz frequency region by using a simplified single oscillator model.
The result has confirmed that the dielectric constant difference is well explained by the single
oscillator model for all silicate oxide glasses examined, and the glass dependent factors such as
the resonance wavelength 1y and amplitude factor g have been evaluated. Analysis has shown
that the increase of the dielectric constant difference, which leads to high THz refractive index
(e.g. SF series glasses), is supported by large 1o and small g in all silicate oxide glasses except
ZNbKLSNd glasses. In contrast, ZNbKLSNd glasses have shown a distinctive feature with small
Ao and large g.
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Effects of the glass composition have been discussed to understand the origin of large ionic
polarizability in OFS glasses, particularly ZNbKLSNd glasses. The small Ao found in ZNbKLSNd
glass has been attributed to the effects of large amount of intermediate network former Nb,Os
incorporated in the glass structure. Incorporation of Nb,Os_instead of heavy PbO in SF series
glasses, effectively suppresses the reduced mass of cation-anion pair, leading to the small Ay
as observed. It has also been suggested that the high oxygen-to-anion ratio of Nb,Os helps
introducing sufficient oxygen ions, which results in the enhancement of the total polarizability
and THz refractive index.

In this study, THz dielectric properties of silicate oxide glasses, with a focus on OFS glasses,
have been systematically interpreted in a unified approach. The high THz refractive index
properties of OFS glasses, particularly ZNbKLSNd glasses, have been interpreted consistently
with their physical properties.
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