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Abstract: A terahertz (THz) dielectric property characterization method based on a unified
single oscillator model has been developed and applied to a variety of multi-component silicate
oxide glasses. The experimental values of dielectric constant determined by THz time-domain
spectroscopy (TDS) in the sub-THz region have been confirmed to agree well with the values
calculated by the single oscillator model which incorporates the local field effects and the
material’s ionicity. This has provided a unified formulation that enables systematic determination
of the key physical parameters solely from the high-frequency (optical) and low-frequency
(sub-THz) dielectric constants and characteristic resonance frequency in the (sub-)THz region.
The low-frequency dielectric constant has been demonstrated to be fully determined by a single
parameter of the microscopic total susceptibility. Also, the polarization ionicity, which is defined
by the ionic fraction in the microscopic total susceptibility, has been found to be a good indicator
to represent the ionic nature of the material. Through this analysis, an increasing trend of the
effective ionic charge has been found in high-dielectric constant glasses such as oxyfluorosilicate
glasses, and the physical mechanism of their dielectric constant enhancement has been discussed.
The present method is expected to be applied to design and characterize dielectric properties of a
wide range of multi-component glasses and other isotropic, insulating materials.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Glass is one of the indispensable materials in broad applications in the terahertz (THz) region,
which include a variety of systems for spectroscopy, communications, sensing and imaging
functioning in the frequency range of sub-THz to tens-THz [1-4]. Particularly, glasses having high-
refractive index and low-loss properties are prerequisite for forming basic passive components such
as lenses and waveguides [5] as well as active components based on high optical nonlinearity [6]. A
variety of silicate oxide glasses and chalcogenide glasses, which have high chemical/mechanical
stability, transparency, refractive index and plausibly high optical nonlinearity, have been
developed for the application in the frequency range from visible to infrared and THz regions
[7,8]. Dielectric properties in the THz and sub-THz frequency ranges (THz range, in short)
have been carried out by using far-infrared absorption measurement and THz-time domain
spectroscopy (THz-TDS) [9-12]. Recently THz-TDS technique has been applied to characterize
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a variety of glass materials including silicate oxides [13—16] and chalcogenides [17-19]. Naftaly
has reported a study of THz refractive index and absorption properties of a series of commercial
silicate oxide glasses [15]. Ravagli has carried out a study on sub-THz refractive index and
absorption coeflicient in a selection of chalcogenide and La:chalcogenide glasses [17]. We have
reported the fabrication and sub-THz characterization of oxyfluorosilicate (OFS) glasses as a new
group of multi-component silicate oxide glasses [20], in which fluorides (ZnF,, PbF, and LiF),
rare-earth ions (Nd>*), alkali ions (K* and Na*) and intermediate network former Nb,Os are
incorporated. An OFS glass containing 20 mol % of Nb,Os (i.e. ZNbKLSNd glass) has achieved
the simultaneous realization of the highest refractive index (2.9-3.7) and lowest absorption loss
(6-9 cm™!) among silicate oxide glasses in sub-THz frequency region [20].

For designing and characterizing glass material’s physical and chemical properties in the
THz frequency region, it is essential to understand the THz dielectric properties on the basis
of a common physical model. In this view, we have recently reported a study on the dielectric
properties of OFS glasses using THz-TDS [21] and optical reflectivity measurements, and results
have been compared with other multi-component silicate oxide glasses [15] and chalcogenide
glasses [17]. The static refractive indices in sub-THz and optical frequency regions have
been analyzed using the Clausius-Mossotti equation (Lorentz-Lorentz equation) [22,23] for
determining the electronic and ionic polarizabilities [15]. The ionic to electronic polarizability
ratio has been used to evaluate the ionic contribution to the sub-THz dielectric constant [21].
The dynamic property of sub-THz dielectric constant has been analyzed by using the damped
harmonic oscillator model (Lorentz model [1, 3, 9, 22, 23]), and its viability has been confirmed
in glasses [21]. The usefulness of THz characterization has thus been proven in various glass
materials. However, most of the previous optical studies on the physical/chemical properties
of multi-component silicate oxide glasses have been carried out only in the visible to infrared
frequency region, and the collected data have shown considerable scattering among different
glasses [24].

For systematically and fully understanding fundamental nature of various silicate oxide glasses,
a more precise, unified THz dielectric model is required. More specifically, the local field
correction and ionicity effects should be taken explicitly in the dielectric property analysis. The
local field effect gives a significant addition to the microscopic field at an atom site, therefore it
should be considered in precise evaluation of the dielectric constant. Since the effect has not been
considered in the simplified single oscillator model as used in [21], it is more relevant to take
the effect explicitly into the oscillator model in THz region. In order to closely investigate the
ionicity or the ionic/electronic contributions to dielectric properties, the dielectric dispersion in
(sub)THz region, which reveals the dynamics of ionic vibration, is essential. The THz dielectric
dispersion properties have been studied so far by using the Lorentz model for insulating materials
[1, 3,9, 21] and the Drude [22,23] and Drude-Smith [25] models for conducting materials, but
very few attempts have been made to fully include the ionic/electronic contributions to the THz
dielectric dispersion properties in glasses. For analyzing the static dielectric constant properties,
the Clausius-Mossotti relation can be adequately used, since it has been derived from the local
field effect consideration. On the other hand, we need an appropriate method to analyze the
dynamic dielectric constant characteristics in the THz region.

The purpose of the present study is to build up a unified characterization method on the
basis of single oscillator model to fully understand the THz and optical dielectric properties
in multi-component glasses. This is achieved by the application of single oscillator based
dielectric function which incorporate the local field correction and material’s ionicity effects. It
is also shown that only a couple of parameters obtained from THz-TDS and optical reflectance
measurements (namely, the THz- and optical-dielectric constants and the (sub)THz characteristic
resonance frequency) can provide basic parameters (namely, the total microscopic susceptibility
and the polarization iconicity which will be detailed later) for fully analyzing dielectric properties
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of materials. In this study, although we focus on experimental results of silicate oxide multi-
component glasses including OFS glasses and several commercial glasses by using previous
publications [15, 20, 21], the characterization method itself should be applicable to a wide range
of non-crystalline, non-conducting materials.

In the rest of the present paper, we first describe glass samples and data acquisition in Section
2. Section 3 summarizes the relationship between the static THz and optical dielectric constants
for different glasses. In Section 4, we describe the single oscillator based dielectric model
including the local field effects to analyze the THz dielectric constant. New parameters indicating
the polarization ionicity are introduced and used for fully interpreting the dielectric constant
properties of different families of glass. In Section 5, we analyze the frequency-amplitude
correlations in ionic oscillator characteristics and discuss possible physical/chemical origin of
dielectric constant enhancement. Section 6 summarizes the paper.

2. Glass samples and data acquisition

The multi-component silicate oxide glass samples considered here include our own OFS glasses
and several other commercial glasses. Dielectric property data were acquired either by our
experiments or from literature. The OFS glass samples used involve two glass groups [20]; one is
ZNbKLSNdx: (20-x)ZnF, + 20NbyOs + 20K2CO3 + 10LiF + 30SiO; + xNd, O3, and the other is
PbNKLSNdx: (20-x)PbF, + 5Na;0 + 20K,CO3 +10LiF +45SiO; + xNd» O3, where x=1, 5 and
10 mol%. OFS glasses were prepared by the melt-quenching technique as reported in our report
[20]. The THz optical constants of OFS glasses were determined by using a photoconductive-
antenna-based transmission type THz-TDS system [25]. The optical transmission and reflectivity
were measured by using the conventional Fourier transform infrared (FTIR) spectroscopy system
in the visible to near-infrared range, and the optical refractive indices have been determined
using the standard methods [21]. Compositions and basic physical parameters of glasses are
summarized in Table 1.

Table 1. Compositions and basic physical parameters of a variety of silicate oxide glasses.

Glass Composition M (g/mol) p (g/cm3) Vi (cm?/mol)  Ref
(20-x)ZnF;+20Nby O5+20K,CO3+  x=1 124 3.65 34.0
ZNbKLSNdx ) ) x=5 133 3.66 36.3 [20,21]
10LiF+30SiO; +xNd; 03
x=10 145 3.54 41.0
(20-x)PbF;+5Na, 0+20K,CO3+ x=1 110 3.72 29.7
PbNKLSNdx . . x=5 114 3.78 30.2 [20,21]
10LiF+45Si0,+ xNd; O3
x=10 119 3.62 32.8
Silica SiO; 60 2.20 27.3 [15,21]
80.6Si0,+12.6B,03+4.2Nay 0+2.2A1,03+
Pyrex 62 2.23 27.8 [15,21]

0.04Fe;03+0.1Ca0+0.05MgO+0.1Cl1
68.9510,+10.1B203+8.8Nay O+8.4K, 0+

BK7 65 251 26 [15,21]
2.8Ba0+1.0As,03

30.65i0,+11.7B2,03+5.0A1,03+0.1Nay O+

SK10 48.2Ba0+2.0Zn0+0.7PbO+0.8Sb, O3 + 112 3.64 30.8 [15,21]
0.9ASQO3
35.35i0,+2.0Nay O+2.5K,0+55.7PbO+

SF10 153 4.28 35.8 [15,21]
4.0T102+0.5A8203
27.7510,+0.5Nay O+1.0K,0+70.5PbO+

SF6 177 5.18 342 [15,21]

0.3A5203
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3. Static dielectric constants in the THz and optical frequency regions

As discussed in our previous study [20,21], the static dielectric constant characteristics of silicate
oxide are analyzed by using the Clausius-Mossotti equation (Lorentz-Lorentz equation) [15, 22,
23]. The dielectric constant &, 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 ety in the sub-THz frequency range is determined by the total polarizability including
contributions not only of fast response electrons («) but also of slow response ions («;) in the glass.
Thus the dielectric constants, g, and &1y, are related to the molar electronic polarizability,
a, molar ionic polarizability, a;, and molar total polarizability, a = @ + @j, as shown in the
following relations (in ST unit):
8(}17[ -1 1

= —Nja =R, 1
Eopt +2 "7 3e A " M

—1 1
o1 = —Na(a+a) =R =R

— = Vm 1 , 2
STHZ+2 3gg ( +(1) 2

e
where Vy, is the molar volume defined by M/p using the molecular weight M and density p,
N, 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 the ionic to electronic polarizability ratio: @i/a. Taking account of the negligibly small
extinction coefficient (k=a,psc/2w, aups: absorption coefficient, c: speed of light, w: light angular
frequency) in comparison with the refractive index in the sub-THz region in those glasses [21], the
dielectric constant ety is obtained from ey, =rnTH,> using the refractive index values determined
at the low frequency (0.2 THz) in the THz-TDS measurements. Similarly the optical dielectric
constant gqp is obtained from soptznoptz using the optical refractive index value determined at
the wavelength of 1500 nm in the reflection measurement.

All the sub-THz range data have been collected from our experiments [20,21] and from
literature [15], and basic parameters are summarized in Table 2. Figure 1(a) shows the plots
of measured ey, as a function of &qp for multi-component glasses, and curves in the figure
have been calculated from equations: gop=(1+2b)/(1-b) and ety =(1 + 2(1+a)b)/(1-(1+a)b),
where b=R¢,/V,,, which are readily derived from Eqgs. (1) and (2) [21]. The dielectric constant
values measured for various silicate oxide glasses follow these relationships with the parameter a
determined by fitting for each glass, and the resultant a value is displayed as a function of gqp¢ in

Table 2. Material, THz, and optical parameters determined for glasses used in the present analysis.

Glass ETHz  Eopt a  wr?(x102THZ?)  w,"? iwr? ne  wplwy wrlwy  Ref
ZNDKLSNO! 1354 327  0.868 6.39 1026 1294  1.061 0583 [21]
ZNDKLSNO5  13.69 320  0.947 571 1049 1271 1075 0576 [21]
ZNDKLSNI0 1332 324 0850 3.65 10.08 1282 1063 0585 [21]
PbNKLSNOI 870 246  1.23 2.22 6238 0984  1.084 0646 [21]
PbNKLSNOS 924 266  1.09 2.80 6.585 1.067  1.064  0.644 [21]
PbNKLSNI0O 876 234 138 2.66 6421 0927  L112 0635 [21]
Silica 384 213 0.808 1710 0822 0799  0.841  [15]
Pyrex 443 216 0954 2270 0.837  0.874 0804 [15]
BK7 630 231 114 544 3990 0912 1.002 0721  [15]
SK10 847 262 103 2.21 5844 1.053  1.042 0665 [15]
SF10 1030 299  0.896 1.85 7311 1197 1035 0.637 [15]

SF6 12.67 328 0.841 2.02 9.398  1.294 1.046 0.600  [15]
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Fig. 1(b). Such a relationship implies the usefulness of this parameter for characterizing different
glass properties, but its behavior is not monotonous for £,y as shown in Fig. 1(b). Although
we have discussed in our previous paper [21] possible interpretations in conjunction with the
material’s ionicity/covalency, no rigid conclusion has been reached. We will come back to this
issue at the end of Sec. 4.2.

16
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JoF ol o1
& 8 ' BKe "\ 4Pb05
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1.5 2 2.5 3 3.5 4
gopt

Fig. 1. Relationships of (a)THz dielectric constant and (b) parameter a defined by the
ratio of the ionic to electronic polarizabilities as functions of optical dielectric constant for
different silicate oxide glasses.

4. Dielectric property analysis based on single oscillator model

4.1. Single oscillator based formalism for dielectric property analysis

In our previous study [21], a simplified form of single oscillator model has been confirmed to
be applicable as a unified model to describe the THz dielectric constant characteristics for all
the examined silicate oxide glasses. However, the analysis method adopted there only assumes
the diatomic chain vibration and does not represent explicitly the local field effect. To properly
discuss the behavior of electromagnetic waves induced by ionic vibration, the application of
phonon polariton formalism with the inclusion of the local field effect is useful [22,23,26,27].
In the following, we summarize the basic dielectric function and derive further some useful
relations for characterizing dielectric properties by referring to Gresse’s approach [28].

We assume a simple diatomic chain based single oscillator model for describing (analogously)
the “lattice” (ion) vibration to determine the dielectric functions of glass materials. An equation
of motion for the relative displacement of the cation-anion pair u is given in the following form:

3

where u is the reduced mass of ions defined by 1/u =1/m+1/m_, where m, and m_ are the
masses of anion and cation, vy is the damping factor for displacement, D is the force constant of
the ionic pair, g* is the effective charge of ion. E,. is the local electric field which involves the
microscopic Lorenz field applied to an atom and is correlated with the macroscopic applied field
E, and polarization P by:

pi + pya + Du = g"Eyye,

1 P 1

ElaczEa+§'_:( 4)
)]

where a macroscopic relation of the applied field E, with the polarization, P = gy yE,, has been
used. Here, g9 and y are the vacuum dielectric constant and macroscopic electric susceptibility

+l)P
3 80,
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of the material. The total polarization P consists of the lattice strain (u) induced dipole moment
originated from the relative ion core displacement (Ppy) and the polarization due to the valence
electron displacement with respect to ion core in the local field (Pyg) as is expressed by:

P = Ppy + Pyr = ng*u + negaEyy, (5)

where 7 is the number of atoms in unit molecule (n = Nao/Vp,) and « is the electronic polarizability
of valence electrons with respect to steady ion core (without lattice strain). The effect of valence
electron displacement induced by the lattice strain is incorporated in the effective charge g* of
ion pair. Under the application of harmonic electric field (E;cexp(-iwt)), Eq. (3) is written in the
following form:

(@? + iwy — wP)u + %E,OC -0, (6)

where wy is defined as wy? = g by using the force constant D, and wy indicates the intrinsic
resonance frequency for the undamped vibration of diatomic chain under zero electric field:
u+ u)()zll =0.

Equations (4)—(6) form a set of homogeneous equations for u, P and E;,. and they comprise the
basic phonon polariton formulation (Huang-Szigetti equation). By solving the secular equation
for the macroscopic susceptibility y, the following relation is obtained:

3
Y= 3<na—+xo> 7

- (na + xo)
Here, na and y indicate the microscopic electronic and ionic susceptibilities. The microscopic
ionic susceptibility, yo, is induced by the ionic vibration, in which effects of valence electron
polarization (negaEj,.) and the induced local field (P/3¢) are excluded, and is expressed by:

2 2
(,Up wo

I N 8
0 2 wo? - w? -iwy ®)

where, w), is the ionic vibration resonance frequency which is defined by a)p = &
It is readily proved that the macroscopic susceptibility as shown by Eq. (7) can be renormalized

into a form similar to Eq. (8):
a)p*z (,UTZ

X = Xoo F )
wTZ 2

C))

wr? - w? —iwy’
where yo is the value of y at the high frequency limit (w—o0), and is related to na and &
through € =1+c as:

3na
Xm:sm_l:S—l’lQ" (10)

As shown by Eq. (9), the macroscopic susceptibility comprises the contributions of the valence
electrons yve=x« and the contribution of the lattice vibration (ypg) as given by the second
term. In Eq. (9), the renormalized characteristic frequency wr is defined as:

1 1 Xoo +3 1 oo +2
2 2 2 2 2 Xeo 2 280
Wr” = Wo" — Wy = W) T 3wyt T = WT T Wy an
and the following conditions are satisfied:
wp*z
5 = Xs 7 Xoo = & ~ Ecos 12)

wr
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w,,2—a)p(

where y; and &, are the values of y and & at the low frequency limit (w—0). Thus the dielectric
function as given by Eq. (9) can be expressed also by:

13)

XYoo +3 2—w2 oo +2 z_nq*2 £ +2)°
o 3 T sou 3 ’

a)T2

£ =€+ (& — Ex0) (14)

wr? - w? —iwy’
which corresponds to the simplified form of dielectric function as used previously [21].
In order to look into the contribution of the ionic vibration or lattice strain (ecng*) and that of
the valence electron displacement (ccna) to determine the total polarization, it is worth to see the
behavior of dielectric parameters such as the dielectric constants, €., and &5, and the renormalized
characteristic frequency, wr, etc. as functions of the microscopic electronic susceptibility na
and the microscopic ionic susceptibility amplitude (a),,/a)o)2 (Eq. (8)). For this purpose, the
following equations are deduced from Egs. (9), (11) and (12):

8w:3+2na, (15)
3 —na
- 3+ 2((na + (wp/wo)?) 16

3~ ((na + (wp/wo)?)

172
wr _ (1_ 1 (ﬂ) ) . (17)
wy 3 —na \wy

It would be noteworthy that we can also deduce from Egs. (9)—(15) very simple and convenient
relations to determine na, wy/wo and other parameters by using only the steady state values of
dielectric constants, & and &, as shown in the following:

(e — 1)
— 7 7 1
na 2 (18a)
Wp _ 9(&s — &) 12 (18b)
wo (&8s + 20 +2)) °
1/2
wr  [Ee+ 2
o= (gs+2) . (18¢)

Considering €e= &opy and &= &7y, and Egs. (1) and (2), also the ionic to electronic
polarizability ratio a is expressed by:

a; 3(ss - ‘900)
a=—

@ (& +2)E0-1) (18d)

Although relations of Egs. (18a—c) have been described in literature [26,27], their practical
significance has not been recognized fully. The most important advantage of these equations is
in that only obtaining the data of &, wr (from THz-TDS) and &, (from optical measurement,
e.g. reflectance) is sufficient for determining all basic physical parameters necessary for material
assessment. This can provide a simple method of comparing low (e.g. sub-THz) frequency
dielectric properties even among different glasses as far as the single oscillator model is relevant.
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4.2. Comparison between theory and experiment

In this section we analyze the measured dielectric properties of different glasses by using the
relations described above. The values of the renormalized characteristic frequency wr and
amplitude factor w), #2 of the oscillator are determined from the measured frequency dependence
of dielectric constant in sub-THz region using the method same as used in our previous study
[21]. The renormalized characteristic frequency wr corresponds to the characteristic resonance
wavelength Ag as used in our previous study [21] (also refer to Sec.5) through wr =27mc/Ay. Using
this w), 2 wp 21 =g5-Eoo (Eq. (12)) is calculated. Then the value of wg as well as wp,/wo and
wrlwy are determined by using Eqs. (11)—(13) for each glass. Table 2 summarizes the obtained
parameters including na calculated from Eq. (18a).

Figure 2 shows three-dimensional maps for the evaluated results of (a) &5, (¢) wr/wy, (€) Eco,
and (f) a parameter on the planes of na and w,/wp. Plots in (b) and (d) show the experimental
data of (b) &5 and (d) wr/wq evaluated by using measured values of £, and &;. As is shown in
(e) and also in Eq. (15), £« is independent from the ionic contribution and solely determined by
the polarization due to valence electrons. On the other hand £; depends on both the electrons
and ions and increases steeply as their contributions increase as is shown in (a). The contour as
delineated for nar<3 and wp/wo<3 172 on the base plane shows the limit of existence of &, where
the catastrophic collapse of glass phase occurs and the dielectric constant diverges to infinity. In
figure (b), experimental data of €, are plotted for different silicate oxide glasses and also for two
La:chalcogenide glasses [17,21] for reference. As for OFS glasses, only data for x=5 are shown
for avoiding complexity of the figure. The comparison between figures (a) and (b) indicates
a good correspondence between the experimental and calculated results for all glasses. Since
chalcogenide glasses are known to be highly covalent in comparison with silicate oxide glasses,
they appear at locations with higher na and lower w,/wy than for silicate oxide glasses.

In Fig. 2(c) and (d), calculated and measured values of wr/wy are plotted (for OFS glasses,
x=5 only) with a viewing angle changed for easier inspection of the overall trend. It is clearly
seen that as increasing the electronic and ionic contributions, the characteristic frequency exhibits
a softening towards the catastrophic boundary where w7 vanishes and the dielectric constant
diverges. Again the experimental data support the calculated trend. This softening behavior of
wrlwy corresponds to the increase in the dielectric constant, and can be used for characterizing
the dielectric properties of materials. Figure 2(f) shows the values of a parameter estimated by
Eq. (18d), which shows non-monotonous behavior in contrast with €., or &;.

For more precise theory-measurement comparison, the relationships of &5, wr/wg and a as
functions of w,/wq using na as a parameter are shown in Fig. 3, in which all measured data
are also displayed. Those results suggest that the dielectric parameters in the glasses examined
here are largely influenced by the ionic vibration originated polarization ((wp/wo)z) but precise
parameter values are modified by the valence electron polarization effect (n@). This explains the
reason of data scattering in the &4 versus &, relationship as noticed in Fig. 1(a), and precise values
of na should be determined through curve fitting processes. The present results in Fig. 3 have
confirmed the consistency between the model and experiment. It has been confirmed that values
of key parameters necessary for the analysis, such as na, w,/wy and wr/wy, can be determined
simply from Egs. (18a)—(18d).

We here have a look at the behavior of the a parameter. It is noticed that the envelope of a
parameter drawn on the na—wp/w( plane is warped (Fig. 2(f)) differently when compared with
the envelopes of €., (Fig. 2(e)) and &, (Fig. 2(a)). In Fig. 1(b), a nonmonotonous (double-valued)
behavior of a parameter as a function of &, is found. Such a nonmonotonous relationship is
readily understood by taking account of the difference in envelope warp for a and &.,: when na
increases, £ also increases, whereas a parameter can either increase or decrease depending on
the value of wp/wy.
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Fig. 2. A variety of the dielectric parameters (a),(b) &5, (¢),(d) wr/wy, (€) €, and (f) a=
a;/a in the planes of na and wp/wy. Plots (a), (¢), (d) and (f) show the calculated results
using Egs. (10)—(13), and plots (b) and (d) show experimental data evaluated by measured

values of £« and &5 using Eqgs. (15)—(18).
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Slica

4.3. Effect of the ionic contribution to the low-frequency dielectric constant

Although two parameters na and w,/wq are necessary to precisely formulate the dielectric
characteristics of silicate oxide glasses as discussed above, it would be even more convenient
if a single parameter could represent the dielectric characteristics. Such a parameter can be
defined at least for representing &;. As is known from Eq. (7), the catastrophic boundary
projected on the na—w,/wq plane is given by na+(wp/a)o)2=3, which is nothing but a circle on
the (na)'/ 2—(wp/a)o) plane. Therefore &; has an axial symmetry on the (na)'/ 2—(a),,/u)o) plane,
and its value is uniquely determined by the total microscopic susceptibility R?, which is defined
as the sum of the microscopic electronic (na) and ionic ((w,,/wo)z) susceptibilities:
R? :na+(a)1,,/a)0)2 = % (19a)
To obtain precise values of other parameters such as wr/wg and a, however, another quantity
is still required to represent the balance between the valence electron contribution (ne) and ionic
vibration contribution ((wp/wo)z) to R>. Considering that these factors stand for the polarization
contributions which govern the dielectric constant, we define here the polarization ionicity Ip by
the following expression:

_ (wp/wo)’ _ (wp/wo)? I )
R? na + (wy/wo)* (&5 = (e + 2)

Ip (19b)

By using R and /p, relations to determine all values of ner, wp/wo and other dielectric parameters
can be rewritten as shown in the following:

na = R*(1 - Ip), (20a)
2o (R Ip)2 (20b)
wo
2(1 —
g = SH2RA - 1p) (200)
3—RX(1-1Ip)
3+ 2R?
& = 3——R2’ (20d)
wr _(_3-R " (20¢)
wp 3-RX(1-1Ip)) °
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azlp/(l—lp). (20f)

Table 3 shows the values of R? and Ip obtained for all glasses examined. Figure 4 displays
the dielectric parameters as functions of R>. Symbols show data measured for all silicate oxide
glasses except for silica and Pyrex; the values of wr/wy for these two glasses have been calculated
by Eq. (20) using the static dielectric constant values &; and €. Curves in the figure have been
calculated using Ip=0.5 or a=1, which are shown as straight dotted lines in Fig. 4(b) to guide the
eye. Asis obvious in Fig. 4(a), &; shows a perfect match between the calculation and experimental
data. Other two parameters, €., and wr/wy, also show reasonable matches for a constant /p=0.5,
primarily due to a fairly small variation of Ip for all glasses considered here. Thus the present
way of analysis provides a systematic understanding of low-frequency dielectric constant. It
is also understood from the similarity between the trends of /p and a as shown in Fig. 4(b) as
well as from Eq. (20f) that both of Ip and a represent basically the same characteristics of ionic
contribution to the low-frequency dielectric constant. Therefore the polarization ionicity can be
used more conveniently than the a parameter due to its monotonous behavior on the na -w,/wq
plane. (also refer to Sec. 4.4)
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Fig. 4. Measured data of (a) &5 and £, and (b) polarization ionicity /p, relative characteristic
frequency wy/wq and a parameter as functions of R2. Curves show calculated relationships.
Dotted lines are guide for the eye for 1,=0.5 and a=1.

4.4. Correlation of ionic contribution with electronegativity difference

Effects of the ionic and covalent contributions to material properties have been studied extensively
for a variety of dielectric and semiconducting materials [29-31]. Pauling [32] has empirically
defined the bond ionicity I,=1-exp(-0.25(4X)?), where AX is the electronegativity difference
of the material, and this scale is often used for discussing chemical bond energy and electronic
structure of materials [33]. For oxide glass materials, the ionicity/covalency characteristics
have been discussed in terms of the bandgap energy [34] and refractive index in the optical
frequency region [34-36]. Although these models have provided reasonable interpretations for
materials with rather simple compositions, there have been no attempts in literature to investigate
low-frequency (sub-THz) dielectric constants in multi-component glasses. In contrast with
previous methods, the definition of the polarization ionicity Ip as described above is definitely
straightforward in regard to describe the low frequency dielectric constant. Here we examine
the relationship between the present polarization ionicity /p with Pauling’s bond ionicity 1, for
multi-component silicate oxide glasses. Figure 5(a) shows the plot of Ip as a function of the
electronegativity difference, AX. To estimate AX, first the electronegativity difference for each
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of constituent oxides and fluorides are calculated by geometrical mean [37] using Pauling’s
electronegativity values [38], and the overall AX is obtained as the compositional average of
these values [30] as summarized in Table 3. A line in Fig. 5(a) indicates the Pauling’s I}, for
comparison. As seen in the figure, the general trend of Ip is consistent with I, except certain
vertical level shift and deviation for certain glasses. This feature implies that the electronic and
ionic contributions as indicated by the present parameter /p cannot be represented fully by the
electronegativity difference of the material. Additionally, Fig. 5(b) shows the overview of Ip
behavior in the na-wp/wo-Ip space, in which Ip exhibits monotonous variation and a diverging
behavior as seen for the a parameter (Fig. 2(f)) is eliminated.
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Fig. 5. (a) Relationship of measured values of polarization ionicity () as a function of
electronegativity difference 4X for silicate oxide glasses. A straight line indicates calculated
line of Pauling’s bond ionicity I;. (b) Three dimensional view of the behavior of the ionicity
contribution (Ip) to low-frequency dielectric constant in the plane of na and wp/wy.

Table 3. Summary of values of the total microscopic susceptibility R2,
polarization ionicity Ip, electronegativity difference 4X, and bond ionicity /,
determined for all glasses examined.

Glass R? I, AX I

ZNbKLSNO1 2421 0.465 1.95 0.386
ZNbKLSNO5 2.426 0.476 1.97 0.386
ZNbKLSN10 2413 0.468 1.99 0.392
PbNKLSNO1 2.159 0.544 1.94 0.384
PbNKLSNO5 2.199 0.515 1.98 0.390
PbNKLSN10 2.164 0.572 2.04 0.400
Silica 1.459 0.437 1.54 0.320
Pyrex 1.601 0.477 1.56 0.323
BK7 1.916 0.524 1.73 0.351
SK10 2.140 0.508 2.07 0.404
SF10 2.269 0.472 1.3 0.277

SF6 2.387 0.458 1.23 0.265
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Although the precise interrelation with material’s physical and chemical properties is subject
to further study, the presently defined polarization ionicity Ip is considered to be useful for
characterizing the ionic contribution in the low-frequency dielectric constant of materials.

5. Dynamic response characteristics of the dielectric constant

We have seen so far that the dielectric constant properties of various multi-component glasses can
be characterized by the single oscillator model taking account of the polarization ionicity. In the
following, the dynamic property of the oscillator is compared among different glass materials so
that the correlation between the dielectric constant and physical property of material is analyzed.
For doing this, it is crucial to grasp the property of the basic network former SiO, common to all
silicate oxide glasses. We have collected sub-THz range refractive index data on fused silica
from other sources as shown in Table 4 [39—44] and analyzed their dynamic properties. For the
optical dielectric constant values, the same value (2.13) as measured in [15] has been assumed
for all fused silica data. The method for determining the characteristic frequency is the same as
used in our previous work [21]. The dielectric function of Eq. (14) is expressed as a function of
wavelength in the following form:

2
() (L_i), o
£-t0 \wp*) \A2 A
where A is the oscillator resonance wavelength and is correlated with wr by wr =2mc/Ag. In
Eq. (21), the damping term is neglected since the frequency range of our interest is much lower
than the resonance. A plot of 1/(¢ -£4) as a function of 1/4% gives a straight line, and its slope
gives the value of w,? through w),?=(2mtc)*/[slope]. Also the y-intercept for 1/4?=0 (w=0) is
/(g5 -€w), so [slope]/[y-intercept] yields Ao? and hence wz?. Figure 6(a) and (b) show the plots
of 1/(g, -€c0) as functions of 1/4% for six groups’ data on fused silica samples. The parameter
values thus determined are summarized in Table 4.
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Fig. 6. (a) and (b) 1/[e5-6c0] Versus 1/4% plots for fused silica glasses taken from literature
[39—41]. (c) Plots of calculated value of a)T2 and measured value of wp*z as functions of
measured value of w72 for silica and multi-component silicate oxide glasses.

Figure 6(c) shows the relationship of the experimentally determined value of w7? versus the
value calculated from the measured values of ¢ and €., by using Eqgs. (12) and (13). This
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Table 4. Summary of THz and optical parameters determined for fused silica materials.

Group ETHz Eopt wt? (x10* THZ?) w2 Jwr? na wplwg wrlwg Ref
Grischkovsky 3.82 2.13 3.36 1.69 0.819 0.797 0.842 [39]
Parker 3.81 2.13 1.46 1.68 0.819 0.796 0.842 [40]
Tsuzuki 3.83 2.13 1.69 1.69 0.819 0.798 0.842 [41]
Palik 3.84 2.13 0.838 1.71 0.819 0.800 0.840 [42]
Koike 4.24 2.13 1.05 2.08 0.819 0.860 0.812 [43]
Kitamura 4.24 2.13 1.07 1.82 0.819 0.860 0.813 [44]

indicates a nearly perfect agreement between them, confirming the relevance of the present single
oscillator model for comparative analyses for different multi-component glasses. Figure 6(c)
also shows the relationships between a)p*2 and wr? for all the silicate oxide glasses examined.
Considering their mutual relationship as shown by Eq. (12), the vertical shift of each plot from
the guide line for u),,*zza)rz indicates the quantity of (&5 -€), Which represents the difference in
the amplitude of the oscillator in each glass material. There are appreciable differences in w,,*z
and wy? for different measurements on silica, and this is presumed to be due to the difference of
physical and/or chemical nature of the specimen used, although exact detail of materials have not
been given in cited publications. Appreciable changes of the polarizability and refractive index
in infrared [45] and visible to ultraviolet [46] frequency regions have been reported for SiO,
polymorphs. It is noted, however, that all the plots of a)p*z for different measurements come onto
a straight line exhibiting a vertical distance within the range of &; -£,,=1.90+/-0.22 above the
w, ?=wr? line. This vertical shift of w,"? from wr? (=w,**/w7?) is relevant to other glasses:
all vertical distances for other glasses agree, respectively, with the differences of &; -&, as can
be verified in Table 2, which again confirms the consistency with the present single oscillator
model. In the case of dielectric constants in optical region for other oxide glasses [47,48], a
smooth (e.g. linear) trend is obtained between the oscillator strength (corresponding to wp*z)
and resonance wavelength (corresponding to 1/wr). The present result is quite different from
those primarily due to the ionicity effects emerging in the sub-THz domain.

Having acquired oscillator amplitude factors a)p*z for all glasses as shown in Fig. 6(c), it
would be of interest to use them for analyzing parameters specific to material’s physical/chemical
properties. For an example, we take up the effective charge ¢” of ion pair for evaluation. By
using Eqs. (13) and (18) together with the definition, wy>=D/u, the following relation is readily
derived:

_(&VuD (e - &) 12
N (8 +2)(6w +2)

The effective charge for the oxygen stretching motion (neglecting non-central motions) in silica
glass is determined by using the central force constant of 600 N/m [49,50] to be 3.91 x 107! C
(q*/e=2.45), which is consistent with the values reported in literature [50,51]. Since the value of
D is not known precisely for all the glasses examined, we assume here a constant D as a first
order approximation. This assumption would not be inconsistent with the slow variation of the
optical dielectric constant (much suppressed than for wz?) for most of multi-component glasses.
The obtained relationship of ¢g* normalized by the value for silica glass as a function of the total
microscopic susceptibility R? is shown in Fig. 7. This result suggests the increase of the effective
charge in multi-component glasses as R” increases. If D were assumed to gradually decrease
for increasing R? (for instance to compensate the V,, variation), the slope of ¢* increase for R?
would become less pronounced.

Although the values of g* as determined by Eq. (22) may not be conclusive due to the present
simplified assumptions, qualitative trend of the effective charge increase has been found for those

*

(22)
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Fig. 7. Relationship of ¢* normalized by the value for silica glass as a function of R? for
multi-component silicate oxide glasses. The value of g* has been determined by assuming a
constant force constant D for all glasses.

multi-component glasses. Considering that the ion core displacement induced dipole moment
(a)pz/a)o2 in Eq. (8)) is rather small (refer to Table 2) and the large enhancement of the dielectric
constant is attributed substantially to the effects of valence electrons in the surrounding electron
cloud, the effective charge ¢” of ion pair is supposed to be dominated by the electron configuration
in the ions. In this regard, the change in the number of non-bridging oxygens and/or coordination
structure associated with the structural differences among the glasses would have strong influence.
In ZNbKLSNd glasses, Nb-O bonds of Nb,Os penetrate into the SiOy4 tetrahedral based Si-O-Si
network to leave nonbridging oxygens to enhance 0>~ polarizability [52]. In SiO,—PbO based
system (SF10 and SF6), it has been reported that as the PbO concentration increases (> 40 mol%)
PbO begins to play a network former role by forming high coordination number structures such as
PbO3 trigonal pyramid or PbO4 square pyramid structures, leading to the creation of nonbridging
oxygens and the increase of polarizability [53,54]. To interpret the enhancement of THz dielectric
constant in large R* region, the effect of increase in u (refer to Eq. (13)) due to the inclusion
of heavier metal cations such as Pb (in SF and PbNKLSNd glasses) and Nb (in ZNbKLSNd
glasses), must be a primary cause as we have pointed out in [21]. More detailed discussion on
the specific structural change is subject to further investigation.

6. Conclusion

We have extensively organized the single oscillator based dielectric model to characterize the THz
dielectric constant properties of multi-component silicate oxide glass materials by incorporating
the local field effects and material’s ionicity. The present model has been confirmed to satisfactorily
describe the THz dielectric properties over a wide variety of multi-component silicate oxide
glasses. This has provided a simple, systematic characterization methodology, in which only
the high- and low-frequency dielectric constants and the characteristic oscillator frequency
data enable the determination of all basic physical parameters of the material’s low frequency
dielectric characteristics. The polarization ionicity has been introduced to distinguish the ionic
and covalent contributions to the low-frequency dielectric properties. For all the examined
multi-component glasses with close polarization ionicity values (0.48-0.55), a unique parameter
(microscopic total susceptibility) has been demonstrated to be significant to systematically explain
all the basic dielectric parameters. The polarization ionicity has also been shown to interpret
the dielectric properties of multi-component glasses more precisely than the conventional bond
ionicity. Correlation of the dynamic oscillator parameters (frequency and amplitude) have been
demonstrated and used for arguing physical mechanism of the enhancement of low frequency
dielectric constant. The highest THz dielectric constant (13.5-13.7) in ZNbKLSNd glasses
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has been ascribed to its physical feature including the smaller ion reduced mass and increased
effective ionic charge in comparison with those in other multi-component silicate oxide glasses.
The present characterization methodology would be useful for better understanding and design
of THz dielectric properties of multi-component glasses and other non-crystalline insulating
materials.
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