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The dielectric constant, energy band parameters and ionicity are key physical parameters for fully understanding
the dielectric properties of glasses, but their mutual interrelationship and its applicability to a wide variety of
multi-component glasses have not yet been confirmed. We have applied the optical and THz spectroscopic
characterization to a set of multi-component silicate oxide glasses incorporating vastly different additive com-
ponents. The key physical parameters evaluated in the optical region have been interpreted consistently by the
single oscillator based dielectric model. The bandgap energy (Eg) and ionicity parameter (Wemple and DiDo-
menico’s p parameter) estimated in the optical region have shown reasonable correspondence, respectively, with
the homopolar energy (Ey) and the polarization ionicity (Ip) which are evaluated from the THz dielectric constant
measurement. The comprehensive interrelation thus confirmed has provided simple rules between the physical
parameters without limitation of glass compositions. For example, a tradeoff relation between the oscillator
strength and characteristic resonance wavelength and a simple correlation between the dielectric constant and
bandgap energy have been determined for the present set of multi-component glasses. The energy band pa-
rameters have been used for deriving the joint density of state diagrams, and characteristic physical/chemical
nature has been identified to each glass.

Introduction dielectric constant (2.9-3.7) at 0.5 THz [7,8], which indicates their

usefulness in short distance waveguides and compact devices in the

High refractive index glass materials are prerequisite for optical
components such as lenses, fibers, waveguides and various active de-
vices which are essential for developing systems in optical, infrared and
terahertz (THz) frequency ranges. Currently demanded topics of glass
research include the development of high dielectric constant glasses
useful in the THz frequency range (0.1-10 THz) [1-4]. Recent studies on
THz dielectric properties of a variety of glasses using THz time domain
spectroscopy (THz-TDS) measurements have shown that some of the
existing multi-component glasses, for example silicate oxide glasses [5]
and chalcogenide glasses [6], possess high dielectric constant values
useful in THz range. We have recently reported that oxyfluorosilicate
(OFS) glasses exhibit very low loss (down to 6-9 ¢cm™!) and high
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sub-THz frequency range.

There is no doubt about the critical importance of understanding the
physical reason and mechanism of such enhancement in the dielectric
constant. In our recent work [8], we have conducted detailed analysis of
the dielectric properties as determined from the THz-TDS data by using
the Lorentz model. This work has demonstrated that the dielectric
properties of a wide variety of multi-component silicate oxide glasses are
consistently interpreted by a unified single oscillator model [8]. The
dielectric constant in the THz region directly reflects the ionic vibration,
therefore the ionic/covalent nature of chemical bonding of the material
is readily observed by the THz measurements. Taking an example of a
multi-component silicate oxide glass, when modifier or intermediate
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network former atoms are added to SiO,, the basic three dimensional
network structure based on SiO4 tetrahedral arrays is reorganized or
modified, through the replacement of cations (Si) or physical/chemical
modification of Si-O links, and result in the resonant frequency shifts
and oscillator strength variations for the oscillators of ionic vibration. In
our most recent study [9], in which the local field correction and po-
larization ionicity effect are incorporated into the single Lorentz oscil-
lator model, significant influence of ionicity has been revealed in the
dielectric constant variation inbetween the THz and optical frequencies
for the same wide variety of the multi-component silicate oxide glasses
as tested in [8]. Such analyses have enabled novel findings in glasses’
structural/chemical nature such as an increase of the effective ionic
charge of oscillator in high-THz dielectric constant OFS glasses [9].
Those recent works have demonstrated the unique advantage of using
THz characterization to focus the impact of the ionic contribution to the
dielectric property, which is often hidden behind when only usual op-
tical characteristics are investigated.

The bandgap energy in oxide glasses is defined as the electron
transition energy for valence electrons of oxygen ions to the excited
states (conduction band). Because of the long range periodicity and
symmetry lost in glass structures, the band edge shape exhibits broad-
ening as compared with that in crystals, but the bandgap energy still
reflects the short range ordering and provides useful information on
valence electrons and band structure in the material. Since most of the
glasses used in infrared and THz applications have bandgap energies in
the optical frequency region, there have been numerous studies to
attempt to correlate the dielectric constant (refractive index), bandgap
energy and other parameters in optical frequency range for various
glasses [10-13]. The ionicity/covalency of materials is another impor-
tant parameter to investigate the interrelation between the dielectric
properties and atomic bonds in the material, as seen in the THz range [8,
9] as mentioned above. Wemple and DiDomenico (WDD) [14] have
analyzed the optical dielectric constant dispersion properties by
applying basically the single Lorentz oscillator model, in which they
have introduced a unique constant to distinguish the ionicity (ionic or
covalent bond) in a variety of materials. In Phillips and Van Vechten’s
(PVV) theory [15] based on the Penn gap model [16] of the optical
dielectric constant, contributions of the homopolar/heteropolar en-
ergies have been analyzed to determine the ionicity of material.
Although those characterization schemes have shown reasonable suc-
cesses in crystalline and amorphous solids having rather simple com-
positions [10-15], their applicability to multi-component glasses with
complicated compositions have not been studied satisfactorily so far. As
for the ionicity evaluation, there have been no investigations on the
relationship between the ionicity parameters as determined by optical
dispersion as mentioned above [14,15] and that (polarization ionicity)
as determined by the THz measurements as reported previously by us
[9]. Thus the issue of existing characterization methods we should
clarify is twofold: one is the correlations among different physical pa-
rameters, and the other is the applicability of such correlations to vastly
different glass compositions.

The main objective of the present work is to determine the dielectric
constant, energy band parameter, and ionicity properties in the optical
frequency region and clarify their interrelationship with the properties
determined in the THz frequency region over a wide variety of multi-
component silicate oxide glasses. This study provides the comprehen-
sive determination of a set of physical parameters to each glass, and
verifies the correspondence of the ionicity parameters determined in
both the optical and THz regions. Also the determined energy band
parameters can be used to derive the joint density of state diagram for
each glass so that one can discuss physical and chemical nature of a
specific glass.

In the following, after mentioning the experimental technique we
analyze and discuss the dielectric constant and bandgap energy prop-
erties in the optical region by using WDD model. We then look into the
ionicity effect by using the measured results of THz dielectric constant
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and by applying WDD model as well as PVV model. We finally illustrate
and discuss the joint density of state diagrams of representative glasses.

2. Experimental technique

The multi-component silicate oxide glasses adopted in this study
include our own OFS glasses and several other commercial glasses.
Compositions and basic physical parameters of glasses, the molecular
weight M, specific density p, and molar volume V,=M/p, are summa-
rized in Table 1 [7]. OFS glasses were prepared by the melt-quenching
technique as reported in our earlier paper [7,8]. The optical trans-
mission and reflectivity were measured by using the conventional
Fourier transform infrared (FTIR) spectroscopy system in the visible to
near-infrared range, and the dispersion properties of optical refractive
indices and absorption coefficients were determined using the standard
methods [8]. The THz dielectric constant properties of OFS glasses were
measured by using a photoconductive-antenna-based transmission type
THz-TDS system [17] and the results have been already reported in [7,
8]. As for commercial glasses used in this study, the optical dielectric
constant and absorption characteristics data were taken from data sheets
[18,19; for silica: 20] and the THz dielectric properties were taken from
Naftaly’s publication [5]. Considering the measurement accuracy and
calculation precision, the significant figures of all the data values used or
quoted in all equations, tables and figures in this paper have been set as
three digits.

3. Results and discussion
3.1. Optical dielectric constant

The dielectric constant dispersion characteristics in the frequency
region below the bandgap can be analyzed by using the WDD single
oscillator model [14]. The optical dielectric constant e(hv) at the photon
energy of hv (h is Planck’s constant and v is the frequency) is basically
expressed by e(hv) = ngp + ik, where ngy, is the optical refractive index
and k is the extinction coefficient. However, in all of present glasses k is
orders of magnitude smaller than np; (for example, k < 2 x 107° and
Ngpe > 1.5 for the present OFS glasses in the range of hv = 0.6-3.2 eV),
the optical refractive index is a real value and is approximated by e(hv)=
Nopt 2. In WDD model, the optical dielectric constant is expressed by:

EdEo

e(hv)—1= B () )

(€8]

where Ej and Eq are the oscillator energy and dispersion energy,
respectively. Eq represents the average bandgap which corresponds to
the difference between the center of gravity energies of the valence and
conduction bands. E4 represents the average strength of interband op-
tical transitions [21]. This equation can be converted into the following
form using the wavelength A:

1 Ao* 1 1
- = — ), 2
e(hv) —1 e, — 1 (102 22)’ 2

where A is the oscillator characteristic wavelength and we use €, to
denote the optical dielectric constant at a frequency much lower than
the characteristic frequency (A—oo in Eq. (2)) following the convention.
Eq. (2) indicates that the plot of 1/(e(hv)—1) versus A2 results in a
straight line, and that e, is given by €., = 1 + 1/(y-intercept) and A is
given by Ao= (slope)/(y-intercept). Then the value of Eq is determined by
Eo =hc/Ap and E4 by Eq = he(e,—1)/Ag, respectively, where c is the light
velocity. Fig. 1 shows the result of such plots for (a) ZNbKLSNd glasses,
(b) PbNKLSNd glasses, and (c) other multi-component silicate oxide
glasses. As shown in the figures, plots obey straight lines and Eq and Eq4
are readily determined. Although an oscillatory behavior by unknown
reason was seen in one of the plot (PbNKLSNdO5), linear approximation
was adopted, since this sample showed normal behaviors in other
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Table 1
Compositions and basic physical parameters of a variety of silicate oxide glasses.
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Glass Composition M (g/mol) p (g/cm®) Vi (cm®/mol) Ref
ZNDbKLSNdx (20-x)ZnF24-20Nb305+20K,CO3+ 10LiF+30SiO5 +xNd;03 x=1 124 3.65 34.0 [7,8]
x=5 133 3.66 36.3
x =10 145 3.54 41.0
PbNKLSNdx  (20-x)PbFy+5Nas0-+20K>CO5+ 10LiF-+458i05+ xNd»05 x=1 110 3.72 29.7 17,81
x=5 114 3.78 30.2
x =10 119 3.62 32.8
Silica SiO4 60 2.20 27.3 [7,8]
Pyrex 80.6Si05+12.6B,03+4.2Nay0+2.2A1,03+0.04Fe;03+0.1Ca0+0.05Mg0+0.1Cl 62 2.23 27.8 [7,8]
BK7 68.9510,+10.1B203+8.8Nay0-+8.4K,0+2.8Ba0+1.0As,03 65 2.51 26 [7,8]
SK10 30.6S8i02+11.7B203+5.0A1,03+0.1Na,0+48.2Ba0+2.0Zn0+0.7PbO+0.8Sb,03+0.9A5,03 112 3.64 30.8 [7,8]
SF10 35.35i05+2.0Naz0+2.5K,0+55.7Pb0+4.0TiO2+0.5A5,03 153 4.28 35.8 [7,8]
SF6 27.78i05+0.5Naz0-+1.0K,0+70.5PbO+0.3As,03 177 5.18 34.2 [7,8]
0.47 1 3.5
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i\'*’, 0.6 \ ¢BK7 Fig. 2. Relationship between the optical dielectric constant measured at the
- £ mSK10 wavelength of 1550 nm, &,p, as a function of Eq/Eq. The fitted straight line
0.5 % Silica indicates the agreement of experimental data with Eq. (1) at low fre-
% X SF10 quency limit.
04 -
| % SF6
03 b v vy excellent fit with the straight line e, = 1 + Eq/Eo which is deduced from
0 5 10 15 20 Eq.(1) for zero frequency, confirming the applicability of this oscillator
1/32 (um2) model for all the multi-component glasses.

Fig. 1. Relationships of 1/(e(hv)—1) as functions of 22 for (a) ZNDKLSNd
glasses, (b) PbNKLSNd glasses, and (c) other multi-component silicate
oxide glasses.

measurements. The resulted values of Eg and Eq are included in Table 2.
Fig. 2 shows a plot of the optical dielectric constant measured at the
wavelength of 1550 nm, &y, as a function of Eq/Eq. This shows an

Table 2

Eq. (1) is essentially equivalent with the dielectric function based on
Lorentz model with the damping term neglected in the frequency region
well below the transition (also called Drude-Voigt equation [22]), as
shown by:

Ne*  f

ho) —1=— —"—, 3
e(ha) eom wo? — w?’ 3

The physical parameters determined from optical measurements for a variety of glasses, including the optical dielectric constant (e,), characteristic resonance
wavelength (Ao), dispersion energy (Eq), oscillator energy (Eo), bandgap energy (E,), Urbach energy (Ey), oscillator strength (f) and its proportionality factor (EqEqVrm).

Glass £ No(pm) Eq (eV) Eo (eV) Eq/Eo E, (eV) Ey (eV) Eo/Eg (Av. k” =2.30) EqEoVim(x10° eVZem®/mol) f
ZNbKLSNdO01 3.25 0.201 13.9 6.17 2.25 3.21 0.203 1.92 2.91 0.0889
ZNbKLSNd05 3.19 0.220 12.3 5.65 2.18 3.19 0.212 1.77 2.53 0.0771
ZNbKLSNd10 3.25 0.200 14.0 6.21 2.25 3.18 0.205 1.95 3.56 0.109
PbNKLSNdO1 2.37 0.204 8.30 6.07 1.37 3.55 0.123 1.71 1.49 0.0456
PbNKLSNd05 2.67 0.201 10.3 6.17 1.67 3.48 0.128 1.77 1.92 0.0584
PbNKLSNd10 2.37 0.170 10.0 7.30 1.37 3.44 0.142 2.12 2.39 0.0729
silica 2.10 0.0924 14.5 13.4 1.08 7.20 0.107 1.86 5.30 0.162
Pyrex 2.16 3.85

BK7 2.27 0.0963 16.3 12.9 1.26 3.80 0.161 3.39 5.47 0.167
SK10 2.58 0.104 18.8 11.9 1.58 3.42 0.144 3.48 6.88 0.210
SF10 2.86 0.148 15.6 8.40 1.86 3.15 0.106 2.67 4.68 0.143
SF6 3.10 0.155 16.8 7.98 2.11 3.06 0.113 2.61 4.58 0.140
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where 7 = h/2x, h is the Planck’s constant, o is the angular frequency, N
is the number of oscillator in a unit volume (N = Np/Vp,, Na: Avogadro
number), &g is the dielectric constant of vacuum, e is the electronic unit
charge, m is the electron mass, f is the oscillator strength for the tran-
sition at the energy of 7wy, and wy is the characteristic angular frequency
correlated with Ap by wo= 2rnc/Ag. A comparison of Egs. (1) to Eq. (3)
leads to an expression which determines the oscillator strength f:

= %EdEon =3.05 x 10 E,EyV,, “
A

where Egand Eq are in eV and Vy, is in em®/mol. Also 2 is written by
using Eg as Ag= 2nc/mo= hc/Eo. The oscillator strength values calculated
from Eq. (4) are included in Table 2. Fig. 3 shows a relationship of the
specimen specific proportionality factor E4E,V,, of the oscillator
strength f as a function of the characteristic wavelength Agfor all the
glasses examined. It is noticed that there is obviously a common trend of
the decrease of EqE,Vy, for increasing A for all multi-component glasses
regardless of the difference in additive components. A straight line ob-
tained by the linear fit (E4EqVp, (eV2em®/mol) = —3.17 x 10* Ao (pm) +
8.95 x 10%) is shown in the figure for a guide for eye. Such a clear
relation has not been reported in our knowledge for silicate oxide
glasses, but similar trends have been observed on other glasses, for
example, borate [23], tellurite, antimonite and heavy-metal oxide
glasses [24]. In borate glasses (BaO-Mp,0,-B20O3 glass, M: cation) [23],
small f and large Ao have been observed for high cation field strength
(Z/az, Z: cation valence, a: cation-anion distance). The trend observed in
Fig. 3 is considered to reflect the strength of chemical bond in the glass.
Glasses with large f and small A such as silica, BK7 and SK10 glasses
imply to have tighter bonds than ZNbDKLSNd and PbNKLSNd glasses
which exhibit, conversely, small f and large A. It is observed in Table 1
and Table 2 that silica and BK7 glasses have small V,, and high bandgap
energy (shown later), and conversely, ZNbKLSNd and PbNKLSNd glasses
rather large Vy,, and low bandgap energy (shown later). This is consistent
with the tighter bonding in the former glasses than in the latter.

3.2. Bandgap energy

The optical absorption coefficient (a) can be determined from the
transmission spectrum as ln((l-R)Z/T)/d, where R is the reflectance, T is

8000
I *sk
S 6000 D
E I
°?E t Silica
L\(‘J L
T 4000 |
>§ L
LLJB |-
W L
2000 |
0 " 1 " 1
0 0.1 02 03
Ao (um)

Fig. 3. Plots of the values of E4E,Vy, which represents the specimen specific
proportionality factor for the oscillator strength f as a function of the charac-
teristic wavelength Aofor all the glasses examined. This indicates a tradeoff
relation between f and Ay, and the result of linear fit is indicated by a
straight line.
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the fractional transmission, d is the sample thickness and (1-R)? is a
factor representing the Fresnel loss. (1-R)?is nearly constant in visible-
infrared range for each sample (0.85-0.91 for OFS glasses). Considering
that the object of the present analysis is to determine the energy
dependence rather than the absolute value of o, we have used a
simplified relation « = In(1/T)/d by neglecting the Fresnel loss. The
optical absorption edge shape can be analyzed by using Tauc relation
[25] and we apply the following formula to determine the optical
bandgap energy relevant for allowed indirect transitions in amorphous
materials:

ahv = A(hw — E,)*, ()

where A is a constant specific to the transition in question. Fig. 4 shows
the relationships of (ah1)'? as functions of hv for (a) ZNDbKLSNd, (b)
PbNKLSNd and (c) other multi-component glasses. The bandgap energy
is determined from the energy intercept of the straight line fitting with
the plots, and the results are shown in Table 2.

(@) 16
14
12
10

[ZNbKLSNdX g

(ah V)1/2 ( Cm—1/2€v1/2 )

o N B O ©

(c) 14 [
12 SK10
I SF10 Eg=3.42 eV
é\ 10 L Eg=3.1§ev BK
2 H Eg=3.80 eV Silica
o 8 | Eg=7.20 eV
IS L
G
s 6 [ sre Pyrex
‘;S b Eg= Eg=3.85eV
E 4 | 3.06eV .
[ L
2 = J
[ Vg ad® ]l
0 O 7 ood N/ . L . L . L
2 3 4 5 6 7 8
hv(eV)

Fig. 4. Relationships of (ahv)¥? as functions of hv for (a) ZNbKLSNd, (b)
PbNKLSNd and (c) other multi-component glasses. The hv-axis intercept of the
linear extrapolation of data gives the optical bandgap energy E,.
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An absorption tail can appear in the lower energy side of the main
transition energy when localized state exists in the energy gap. This is
called Urbach tail and is expressed by an exponential function [26]:

a(hv) = apexp(hv | Ey), (6)

where ag is a constant and Ey is the Urbach energy. Fig. 5 shows Ina
versus hv plots for (a) ZNbKLSNd and PbNKLSNd glasses and (b) other
multi-component glasses. The Urbach energies calculated from the
linear parts of the plots are shown in Table 2.

In Fig. 6 the determined values of Eg and Ey are plotted as functions
of the optical dielectric constant e... Eg shows a high value for silica and
sharply decreases as soon as additive elements begin to be incorporated
in the glass, and thereafter E; shows a monotonous variation with &.
The sharp decrease of E; due to the addition of very small amount of
additives has been found also in other glasses [27-29], which implies a
strong influence of the additive to the band structures. The large Eg
decrease observed in multi-component glasses should be due to the
small bandgap energies of constituent oxides such as NbyOs (Eg = 3.4 eV
[11]), NaO (2.5 eV [10]), BaO (2.7 eV [10]), ZnO (3.4 eV [11]), and
PbO (2.8 eV [11]). The monotonous relationship between E; and &, or

the optical refractive index ngpr (nopr = £’?) as found in all
4 8
[ ©ZNOo1
35 [ AZNO5
[ OzN10
3 [ oPbo1
E L oPbos
> L APbB10
3 2.5 r =
S [
= L
£ 2 |
15 | %
1 L ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 !
3.1 32 33 34 35 36 37 38 39
hv(eV)
2
1 L
- (b)
ot
1 L
e
<3 8 &
= 4 o mBK7
S i ASK10
£ 5L
L ) OSF10
6 r OSF6
7L o Silica
_8 L Il L Il L Il L Il L Il L
2 3 4 5 6 7 8
hv(eV)

Fig. 5. Plots of Ina versus hv for (a) ZNbKLSNd and PbNKLSNd glasses and (b)
other multi-component glasses. The slope of linearly fitted line gives the
Urbach energy.
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~
Silica ¢

Fig. 6. Plots of (a) the optical bandgap energy E; and (b) Urbach energy Ey as
functions of the optical dielectric constant ¢,,. The inset of Fig. 6(a) shows the
dependence of the optical refractive index ngp on Eg for multi-component
glasses other than silica, and the straight line indicates their linear fit.

multi-component glasses (except silica) have been observed in many
different solid materials, and a variety of approximation methods have
been proposed [30,31]. A linear approximation [20] has been examined
here for nop, and a relationship of nopy = —0.448 Eg (eV) + 3.1669 has
been obtained as is shown in the inset of Fig. 6(a). On the other hand, as
shown in Fig. 6(b), Ey is almost independent of &, and is considered to
be controlled by the compositional/structural fluctuations and defects in
each glass. Silica has the minimum value of Ey (0.109 eV) and as the
additives are incorporated in the glass Ey seems to increase, and
ZNDKLSNd glasses show the maximum value of Ey (0.212 eV). The
Urbach tail is often ascribed by the tail states associated with either the
conduction band or valence band. In Fig. 5(a) PbNKLSNd glasses exhibit
characteristic shoulders in the energy dependence of absorption. We will
come back to the discussion on the origins of those absorption tails and
shoulders in Section 3.5.

3.3. Relationship between dielectric constant and energy gap

The relationship between the energy gap and dielectric constant can
be studied by using the macroscopic energy gap picture proposed by
Penn [16]. Penn gap model is based on an isotropic, nearly free electron
model for the dielectric function which is characterized by an average
energy difference between the conduction and valence bands called
Penn gap. The dielectric constant at high frequency (optical frequency)
€4 is given by Penn [16] and PVV theory [15,32]:

hw,\ >
_ 4
8w71+(EP>507 )]

where o, is the valence-electron plasmon frequency, Ep is the Penn gap
and Sy is a factor weakly dependent on the band gap. The valence-
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electron plasmon energy, 7o, (eV), is given by [12,33]:

N2 1/2 N2 1/2
hwﬂ = h< é(;/r]n ) = h( \é,,,e("gm )
N\ 12
=28.8
(%)
where N is the effective number of valence electrons per molecule, and
Vn is the molar volume in cm®/mol. Nt is calculated by Ne=Ma-+N(8-b)
for a binary compound AyBy, where a(b) is the number of valence
electrons per atom of type A(B) and M(N) is the atomic fraction of
element A(B). According to Phillips’ dielectric theory [33], the Penn gap
is separated into the homopolar (Ey) and heteropolar (C) parts as is
written as Ep? = En2 + C2. The ionic character of the bond is defined by
the Phillips’ ionicity parameter f; by:

(8)

CZ

= 9
El+C ©)

fi

where Ej, is related to the static dielectric constant g, which is deter-
mined at the frequency sufficiently lower than all the oscillator reso-
nance frequencies, by [34,35]:

hw,\ >
s =1 —L2 S,.
€ +(Eh) 0

We can determine the energies Ep, E;, and C and the ionicity parameter
from e, and &g by using Eqs. (7)-(10). In this estimation, Sp has been
assumed to be a constant (0.6) according to [36,37]. The value of Z is
found to be 8 for SiO; and the same value has been used by assuming
that the networks in all silicate oxide glasses examined here are gov-
erned by the same SiO4-based network structure. The low frequency
dielectric constant €5 has been measured by using THz-TDS method as
reported by us [7,8] and Naftaly et al. [5]. The values of & and all the
evaluated parameters are summarized in Table 3. To see the trend of
variation, Ep, Ep, and C as well as the measured value of E4 are shown in
Fig. 7 as functions of the optical dielectric constant e. All four pa-
rameters decrease as €., increases. The homopolar energy Ej, is found to
approximately coincide with Eg over the whole range of ey. This is
considered to support that both of the optical and THz dielectric con-
stants are consistently evaluated from the PVV model. On the other
hand, since Eg (and Ey) exhibits a sharp drop as soon as additive com-
ponents are introduced into pure silica, the heteropolar energy C be-
comes large and very close to the value of Ep, resulting in a very large
Phillips ionicity parameter f; for most of multi-component glasses as seen
in Table 3. The value of f; for silica (0.613) is consistent with the re-
ported values [10,26], but as &, increases f; becomes insensitive to the
€, variation. Such high, saturating values of the ionicity parameter in
those multi-component silicate oxide glasses are not consistent with our
previous results obtained from THz-TDS analysis.

Here we return to the relationship between the optical dielectric

(10)

Table 3
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Fig. 7. Relationships of the Penn gap energy Ep, homopolar energy E;, heter-
opolar energy C and the optical bandgap energy Eg as functions of the optical
dielectric constant &, for different multi-component glasses.

constant and bandgap energy in the light of Egs. (7) and (8). In Table 3,
Ep is found to be proportional to Ey, and the ratio k = Ep/Ey, is estimated
to be 2.28 on average for all multi-component glasses (except silica).
Knowing that Ey, ~ E; and considering that the glass dependence of Vy,
and therefore of 7, is not very strong, (ewfl)l/ 2 is considered to be
inversely proportional to Eg. According to this consideration, we show
the plot of 1/(80071)1/ 2 as a function of Eg (eV) in Fig. 8. A straight line
can be fitted to the data as shown in Fig. 8 using the expression proposed
by Herve and Vandamme [38]:

2
r
o =1+ ,
(EngrZ)

where r; and r; are constants. The values determined from Fig. 8 are ry
=2.997 and ry = —1.071. Although it is not appropriate to compare the
fitting methods (Fig. 6, Fig. 8, etc.) within a narrow range of dielectric
constant variation, the above result would be consistent with the
physical background of the relation.

an

3.4. Evaluation of ionicity effects

In order to look into the ionicity effect on the dielectric property, we
investigate further the optical dielectric constant using the method
developed by WDD [14]. The dispersion energy Eq in Eq. (1) indicates
the strength of interband optical transition and has been found not to

The THz dielectric constant (gs), valence electron plasmon energy (%w;), Penn gap energy (Ep), homopolar energy (Ey), heteropolar energy (C), Phillips ionicity
parameter (f;), Wemple DiDomenico ionicity parameter (B, 2, p3) and polarization ionicity measured from THz measurement (Ip).

Glass I8 hop (eV) Ep (eV) Ej (eV) Ep/Ep (Av. k = 2.28) Eo/Ep (Av. kK’ =2.10) C(eV) f; B (eV) B2 (eV) B3 (eV) Ip

ZNbKLSNdO01 13.54 14.00 7.22 3.06 2.36 2.02 6.54 0.821 0.261 0.272 0.313 0.465
ZNbKLSNd05 13.69 13.51 7.07 2.94 2.41 1.93 6.43 0.827 0.233 0.252 0.302 0.476
ZNbKLSNA10 13.32 12.73 6.57 2.81 2.34 2.21 5.94 0.817 0.263 0.250 0.310 0.468
PbNKLSNdO1 8.70 14.96 9.90 4.17 2.37 1.45 8.98 0.822 0.157 0.226 0.211 0.544
PbNKLSNdO5 9.24 14.84 8.89 4.00 2.22 1.54 7.94 0.797 0.194 0.264 0.252 0.515
PbNKLSNd10 8.76 14.23 9.42 3.96 2.38 1.84 8.55 0.823 0.189 0.214 0.204 0.572
silica 3.84 15.59 11.51 7.16 1.61 1.87 9.01 0.613 0.277 0.316 0.343 0.437
Pyrex 4.43 15.45 6.46 0.477
BK7 6.30 15.97 11.0 5.37 2.04 2.40 9.57 0.760 0.308 0.270 0.209 0.524
SK10 8.47 14.68 9.05 4.16 2.17 2.86 8.04 0.788 0.354 0.260 0.234 0.508
SF10 10.30 13.62 7.74 3.46 2.24 2.43 6.92 0.800 0.294 0.254 0.254 0.472
SF6 12.67 13.94 7.45 3.16 2.36 2.53 6.75 0.820 0.316 0.262 0.278 0.458
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Fig. 8. Dependence of 1/(¢.,—1)"/? on the bandgap energy E,. The straight line
fitted to the data indicates an approximation based on Herve and Van-
damme model.

depend significantly on the bandgap energy and material structure or
density [14], which is also confirmed from Table 2. It has been shown
over a large number of crystalline materials [14] and also amorphous
materials [39] that Eq is described by [40]:

E, :ﬂNLZquffp/pm (12)

where N is the coordination number of the cations nearest to the anion,
Z, is the formal chemical valency of the anion, and N is the effective
number of valence electrons per molecule, p /p. is the ratio of the density
of vitreous material to the density of crystalline material, and p is a
constant to represent the ionicity. The value of p has been found to
exhibit p; = 0.26 + 0.04 eV for ionic crystalline materials including
halides and many oxides and f, = 0.37 & 0.05 eV for crystalline mate-
rials with higher covalency [14]. In the Phillips’ model Eq. (7) and ((8)),
the dielectric constant is related with the material’s physical structure
through V. In contrast, Eq in WDD model is independent of both the
physical structure and energy gap, and is more directly correlated with
the material’s chemical bond (N, Z,) and ionicity (p). Eq can be corre-
lated with the optical dielectric constant e, using Eq. (1) for hv—0 and
this has been also confirmed already in Fig. 2. This follows the relation:

= Q = /j_N“Z“N“ffp/pc

£ — 1
E‘) E()

13)
To determine p from Eq. (13), we use the parameter values of N. = 4, Z,
= 2 and Neg = 8 for silica glass [14] and the same also for all other
multi-component silicate oxide glasses. This could be a rude assumption
when the glass network based on the SiO4 tetrahedral structure is
modified too heavily by the introduction of multiple additive oxides.
However, as WDD has reported in [39], in several silicate glasses con-
taining different additives (e.g., Nas0, K50, PbO, BaO, CaO; the fraction
of Si0y >50% mol), Eq value is fairly independent of the composition
and additive species, and therefore the same N.Z,N¢ value is considered
to be maintained in Pyrex, BK, SK and SF glasses as well. As for OFS
glasses studied here, the fraction of SiO5 is more than 30% mol and the
Eq values evaluated are not far from those of other oxide glasses. In
addition, a strong increase of Eq (e.g. >20 eV) as reported by WDD [14,
39] for oxide crystals containing high-coordination number cations [14]
and rare earth cations (e.g. La [39]) has not been found in our study.
Taking those observations into account, it would be allowed to apply the
value of N.Z,Neg same as that for Si for all multi-component glasses
examined here. For the density ratio p /p., we consider the quartz (p. =
2.65 g/cm® [11,39,40]) and fused silica (p = 2.20 g/cm® [5,39,40]), and
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use this ratio (p /p. = 0.83) for all multi-component glasses.

For deriving f from Eq. (13), we have examined three ways of esti-
mating E. Firstly one can directly use the value of E as evaluated from
the optical dispersion for determining f (). In the second approach
(B2), the value of E; as determined from the THz dielectric constant is
used. Considering that both Eq and Ep are basically interpreted as the
energy of dominant imaginary part of the optical dielectric constant, Eq
is assumed to be replaceable with Ep. Using a good approximation of Ep
= KkE}, (k = 2.28) as described in the previous section, Eq can therefore be
estimated by Eq = k’Ep,. The average value of k’= Ey/Ey, is given to be
2.10 (+0.76, —0.65) as shown in Table 3. In the third approach (f3), the
optical bandgap energy E, is used. By further applying the approxima-
tion of Ey ~ Eg, Eg can be evaluated by Eg = k”Eg. The average value of
k”= Eo/Ey is given to be 2.28 (+0.67, —0.08) as shown in Table 2.

For illustrating the procedure of the third approach, the plot of e,,—1
as a function of 1/Eg is shown in Fig. 9. The slope made by each data
point and the origin, or the value of (¢,,—1)Eq, determines the value of p
(B3) for each glass. Two straight lines in the figure correspond to the
covalent (B, = 0.37) and ionic (p; = 0.26) lines, respectively. Silica in-
dicates a B value close to the covalent value, and most of other glasses
show f values closer to the ionic value. The estimated results of § using
three approaches (f1, B2 and p3) are shown in Table 3. The relation Eg =
k”Eg as used in the third approach has been verified in many works in
literature, though somewhat different k™ values have been reported for
different materials. For example, k” = 1.5 has been found for numbers of
crystalline solids [14], 1.7 for SiOxNy non-crystalline films [41], 1.9 for
chalcogenide glasses [42], 1.8-2.3 for TiO, amorphous films [43,44],
and 2.2-2.5 for iridium oxide polycrystalline films [45].

In our most recent study [9], we have demonstrated the essential role
of the polarization ionicity Ip in characterizing the THz dielectric con-
stant in glass materials. Ip is defined as the ionic (or lattice vibration
induced) contribution fraction in the total microscopic susceptibility
(which consists of the electronic and ionic contributions) and is deter-
mined straightforwardly from the optical (e,) and THz dielectric con-
stant (es) values by a simple relation [9]:

3(&5 — €o)

(e~ (ew +2) a4

L=

In Fig. 10, all the values of § determined by three approaches are plotted
as functions of Ip. A straight line in the figure shows a linear fit of ()
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Fig. 9. Relation of e,—1 as a function of 1/E, for different glasses. The slope
made by the origin and each data point is proportional to the Wemple and
DiDomenico parameter for ionicity, p. Two lines show representative slopes for
ionic (B;) and covalent (f.) characteristics.
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Fig. 10. Relationships of the values of ionicity parameter § determined by three
approaches as functions of the polarization ionicity Ip determined from THz
measurement. A straight line in the figure shows a linear fit of p ($;) obtained
from the e,,—1 versus 1/E, relationship.

obtained from Ey. The most important message of Fig. 10 is in that,
although p; exhibits appreciable scattering, all p values evaluated by
three different approaches based on optical and THz measurements
indicate a consistent interrelation with Ip regardless of the large differ-
ence of glass compositions. It is interesting to note that p and Ip do not
show a saturating behavior which is noticed for the Phillips’ ionicity f; in
the large f; region (as is observed in Table 3). The monotonous depen-
dence of § on Ip as observed here suggests that § can be used as an in-
dicator for the strength of ionicity rather than a discrete-valued
parameter. In particular, the use of Eq. (13) together with Eg = k”Eg (the
third approach) enables the determination of f using only the optical
dielectric and energy properties as far as the chemical bond parameters
(N¢Z,Nefp) can be assumed.

In contrast with the present results, previous attempts to correlate
the ionicity with a certain single parameter such as the Pauling’s bond
ionicity parameter (I, as defined by the cation-anion electronegativity
difference) [10] or the optical electronegativity (as defined through the
optical refractive index) [46] face considerable limitations in applica-
bility [39,40]. For example, no monotonous correlation has been found
between Ip and I, [9] on the same set of multi-component glasses as
adopted in this work. Also, in the case of ionicity evaluation using the
optical electronegativity (defined by the optical refractive index),
different equations had to be used for characterizing different groups of
material structures (e.g., silica vs. other SiO polymorphs) [46]. In
contrast to those parameters, the present § parameter, which primarily
reflects the dielectric dispersion nature of the material, is reasonably
understood to be capable of covering wider variety of materials.

3.5. Joint density of states in glasses

We have seen so far a strong interlink between the optical dielectric
constant and the bandgap energy, which implies the critical effects of
the band structure. In order to have an insight about the band structure,
we discuss in the following the joint density of states (JDOS) which is
defined by the convolution of DOS for two bands:

JDOS(E /N N, (E +E)dE (15)

where Ny(E’) and N((E) are the valence band DOS and conduction band
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DOS at the energy E’ and E, respectively. JDOS(E) is estimated by
considering all the energy parameters obtained in the present study, and
the schematic illustration of JDOS(E) are shown for four representative
glasses in Fig. 11. Ep represents a macroscopic gap accounting for all the
possible optically induced electronic transitions in the material. Ej is an
average energy to excite electrons from the valence band to conduction
band coinciding with the energy for the maximum of the imaginary part
of dielectric constant e, in the &5 —E spectra. Ep and Eg are both in the
vicinity of the ey peak, but their exact values could fluctuate. For
example, a few investigators reported that Ep agrees reasonably well
with the average energy of a few peaks appearing in the broadband
reflectance spectra (indicating transitions) [35,47,48]. In our result, an
alteration in the relation between Ep and Eg is noticed among four
glasses; Ep >E for silica and SK glass, and Ep <E, for other glasses. This
is presumed to be caused by the variation in the €5 spectral profile or in
the DOS profiles within the two bands. At the energy near the onset of e
or JDOS, an abrupt change occurs in the absorption spectra. Eg which is
determined from the Tauc plot represents the energy of the onset of
JDOS increase indicating the electronic transition between the valence
band maximum and conduction band minimum, corresponding to the
mobility gap. This absorption change is associated with the Urbach tail
which indicates the existence of localized states in the forbidden gap.
Those sub-gap states are spatially isolated and may not directly
contribute to the conduction but can contribute to optical transition. We
have seen that E; and Ej, exhibit very close values. Taking into account
that Ej, is determined from the valence-electron plasmon energy (Eq.
(10)) rather than from the optical transition spectra, Ej is tentatively
interpreted to correspond to the energy at the abrupt JDOS onset: Eg.

In oxide materials, the valence band consists of oxygen anion’s 2p
orbitals with strong spatial directivity. When structural or compositional
disorders are introduced in the oxides, bonds are physically or chemi-
cally strained, leading to the generation of localized states above the
valence band maximum. In contrast, the conduction band is made of
metal cation’s s orbitals with spherically symmetric envelope, and the
overlap of s orbitals between neighboring metal atoms is not influenced
significantly by structural fluctuations (neglecting the d orbital electron
effects). Therefore the electronic states below the conduction band
minimum are insensitive to disorders [49]. Thus the sub-gap localized
states as revealed by the Urbach tails in the present glasses are consid-
ered to be primarily associated with the valence band. It has also been
reported that most of the defects found in silica and silicate oxide ma-
terials are oxygen related; i.e., oxygen deficiency induced cation (Si)
dangling bonds or excess oxygen induced non-bridging oxygens [50,51].
Several different localized states have been found to form above the
valence band [51]. Ey values determined in the present glasses coincide
with the ones already reported for silica glasses (0.06-0.18 eV [52,53]).
The Urbach tails observed here are thus presumed to originate from such
anion structural disorder induced localized states.

Among all of the present glasses, ZNDKLSNd glasses have shown Ey

Silica SK10

PbNKLSNd

ZNbKLSNd

E=1196eV

E;=3.42¢eV

T-Ey=0.14 eV

Log(JDOS)— Log(JDOS)— Log(JDOS)— Log(JDOS)—
Fig. 11. Schematic illustration of the joint density of states JDOS(E) versus
energy for four representative glass materials. Insets show close-up views near

the bandgap energies for PbNKLSNd and ZNbKLSNd glasses.
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(0.21 eV) considerably higher than others. The largest Vi, lowest Eg and
highest &, of ZNbKLSNd glasses may be consistent with the introduc-
tion of higher degree of structural disorders. ZNbKLSNd glasses have a
low ionicity (Ip = 0.465-0.476) as low as that of silica (Ip = 0.437),
meaning their fairly strong covalent nature. In covalent materials, e.g.
amorphous Si:H, the conduction and valence bands comprise of Si sp®
orbitals with high spatial directivity. Therefore, when their chemical
bands are strained, high density localized states can be generated [49,
54]. The fairly high covalent nature of ZNbKLSNd glasses would be
responsible for the higher Urbach energy.

PbNKLSNd glasses are unique in that they exhibit appreciably strong
shoulders in absorption spectra at ~3.5 eV (Fig. 4(b) and Fig. 5(a)). The
shoulder observed is considered not due to the interband transition
absorption but attributable to the atomic multiplet absorption of Nd
atom (4D1 2+ 4D3/2 + 4D5/2) [55,56]. This interpretation is consistent
with that the absorption peak intensity increases in parallel with the
Nd,03 composition (x) increase, and also that absorption shoulders are
recognized at the same photon energy also in ZNbKLSNd glasses which
incorporate Nd;O3 (Fig. 4(a) and Fig. 5(a)). In PbNKLSNd and SK10
glasses, the Urbach energy is comparatively restrained. This is likely
caused by the high ionicity (Ip = 0.508-0.572) of these glasses, which
exhibits an apparent contrast to ZNbKLSNd glasses.

4. Conclusions

In order to obtain comprehensive understanding of the physical
properties of a variety of multi-component silicate oxide glasses con-
taining vastly different additive components, both the optical- and THz-
spectroscopic characterizations have been utilized. The dielectric con-
stant and energy band parameters have been determined from the op-
tical data on the basis of the single oscillator based WDD model. Using
those results, a common tradeoff relationship has been found between
the oscillator strength and characteristic resonant wavelength. It has
been shown that the optical bandgap energy (Eg) coincides with the
homopolar energy (Ep) deduced from PVV dielectric model by using the
THz dielectric constant. Also an expression has been determined to
correlate the optical dielectric constant (e,,) with the bandgap energy
(Eg) for all multi-component glasses (except pure silica). The ionicity
parameters evaluated from the optical () and THz (Ip) measurements
have been compared and a reasonable correspondence has been
confirmed. Thus a comprehensive interrelation has been confirmed
among the determined physical parameters over a wide range of multi-
component silicate oxide glasses regardless of the vast difference in
additive species. The energy band parameters estimated have been
applied to obtain the joint density of state diagrams for representative
glasses, and physical/chemical natures specific to respective glasses
have been identified.
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