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ABSTRACT

The dispersion properties of the absorption coefficients [a(v)] of different multi-component silicate oxide glasses have been studied in the
frequency region below the boson peak by using THz-time-domain spectroscopy. The value of a(v)/v* has been shown to exhibit a
minimum level (R) at low frequency and subsequently a linear increase in the form of r(v/vgp + E) with increasing frequency, where vgp is
the boson peak frequency and R, r, and E are material-specific constants. It has also been found that R x r and E is a constant common to
most glasses. This a(v)/v* behavior is ascribed to the dispersion property of the light-vibration coupling coefficient under the reasonable
vibrational density of state function. The minimum (constant) and linear terms of the a(v)/v* spectrum are originated from the physical/
chemical disorder-induced charge fluctuations in the long-range scale (constant term) and short-range scale (linear term), respectively. The
fluctuating charge (o7) caused by uncorrelated, long-range disorders has primary significance for determining the sub-THz absorption dis-
persion properties, and its value has been determined for each glass material.
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I. INTRODUCTION the THz frequency range is indispensable. THz-time-domain spec-
troscopy (THz-TDS)”™"" is highly suitable for such characterization
due to its advantage of the capability of independent determination
of the refractive index and absorption coefficient with high accu-

Recent advancement of terahertz (THz) technology has
widened its application covering various fields such as communica-
tion, imaging, sensing, and characterization.'™* Glass materials are

essential for preparing components required for constructing those racy and has been applied by many’ rfsearchers for accessing
THz systems. In particular, high-refractive index, low-absorption various oxide and chalcogenide glasses. "

loss glasses are highly demanded for applying to various devices Naftaly’s group has rep%rted THz dielectric properties ?f various
and component including not only passive components™® such as commercial oxide glasses” and chalcogenide glasses” using
waveguides, fibers, and lenses but also active or nonlinear compo- ~ THz-TDS measurements. We have developed oxyfluorosilicate (OFS)
nents”” such as amplifiers, modulators, switches, and frequency glasses, which exhibit high-refractive index (2.9-3.7) and low-loss
converters. For designing better materials and components, (6-9 cm™) properties in comparison to other multi-component oxide
in-depth characterization of dielectric and absorption properties in glasses at sub-THz frequency, and investigated the mechanism of
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dielectric constant enhancement in OFS glasses.'>'” More recently,

Pacewicz has performed precise determination of dielectric properties
of a variety of oxide glasses in a wider frequency range covering from
0.15 to 200 THz."® THz dielectric properties of other groups of glasses,
such as borosilicate,” aluminosilicate,”””" tellurite,'” and chalcogenide
glasses,'” have recently been investigated by THz-TDS.

Absorption characteristics in the sub-THz and THz ranges are
very important not only for practical device applications but also
for understanding physics of low-frequency vibrational properties
in glasses. Frequency dependence of the absorption coefficient has
been analyzed by the power low relationship that has been first pro-
posed by Strom et al,”>>’ in which absorption is regarded to be
caused by fluctuation in the charge distribution in the glass struc-
ture. On the other hand, it has been widely known that many
amorphous materials show vibration mode called boson peak (BP)
in the frequency range around 1 THz,”"*" in which the vibrational
density of state [vDOS g(v), where v is the frequency] is in excess
of the Debye level [g(v)/v*]. Boson peak appearance has been inter-
preted by various models such as fluctuating elastic constants in the
disordered structure,”®*’ quasi-localized soft potential defects,”®*’
broadened transverse-acoustic van Hove singularity,”>”' dispersion-
less surface phonon band,”” and several others (refer to Refs. 33 and
34 and references therein). Although the physical origin of boson
peak appearance is still elusive, there have been many reports on sig-
nificant BP signals in (sub-)THz absorption spectra in various glass
materials.**>">*° Thus, to study the absorption dispersion charac-
teristics at low-frequency (sub-THz) range in glasses, it is required to
consider not just the acoustic phonon modes but boson peak contri-
butions. In this respect, the absorption dispersion properties have
been studied so far in glasses with simple structures such as
silica,”™*° but multi-component glasses have not been characterized
extensively, particularly around and below the BP frequencies.

In this work, we investigate on the absorption characteristics
of a series of multi-component silicate oxide glasses by using data
collected by THz-TDS measurements. We focus on the frequency
dependence of the absorption coefficient [a(v)] and a(v)/ V2 in the

ARTICLE pubs.aip.org/aip/jap

sub-THz frequency region particularly below the boson peak. We
aim to examine whether or not there can be found any common
feature in the frequency-dependent absorption characteristics in the
present glass group. The most striking results we have observed is
that a(v)/v* value is expressed by a common linear function of the
normalized frequency (v/vgp, where vgp is the boson peak fre-
quency) for most glasses in the present group. We discuss physical
aspects including a possible mechanism of the observed feature of
the absorption dispersion characteristics.

Il. EXPERIMENTAL PROCEDURE AND DATA
COLLECTION

The multi-component silicate oxide glass series adopted in
this study consists of OFS glasses (ZNbKLSNd and PbNKLSNd
glasses) and other commercial silicate oxide glasses such as Pyrex
and BK7 (borosilicate glasses), SK10 (dense barium glass), and
FS10 and FS6 (dense flint glasses), the same glass groups as selected
in our previous works.'®'”""~** Compositions and measured values
of basic physical parameters of glasses such as the molecular weight
M, specific density p, and molar volume V,,, = M/p are summarized
in Table 1. OFS glasses samples were grown by the melt-quenching
technique and were sliced and polished into ~1.6 mm thick disks
as described in our previous paper.' The THz dielectric and
absorption properties of OFS glasses were measured by using a
transmission-type THz-TDS system, in which a Ti-sapphire laser
with the pulse width of 60 fs and the wavelength of 800 nm and a
pair of low-temperature grown GaAs-based photoconductive
antenna devices were used for THz generation and detection.'®*’
The frequency dependences of the real and imaginary parts of
dielectric constants were obtained in the frequency range of
0.2-0.95 THz. The method used for parameter evaluation and sub-
stantial part of the result of THz-TDS measurements have been
reported in Refs. 16 and 17. As for commercial glasses and fused
silica glass, the THz spectral data were taken from Naftaly’s publi-
cations.'>'* Dielectric properties of OFS glasses in the optical

TABLE |. Compositions and basic physical parameters of a variety of silicate oxide glasses. Source data have been taken from Ramachari et al., J. Appl. Phys. 125, 151609

(2019). Copyright 2019 AIP Publishing LLC.

Glass Composition M (g/mol) p (g cm’) V., (cm®/mol)
ZNbKLSNdx (20 — x)ZnF, + 20Nb,Os + 20K,CO; + 10LiF + 308i0, + x\Nd,0;  x=1 124 3.65 34.0
x=5 133 3.66 36.3
x=10 145 3.54 41.0
PbNKLSNdx (20 — x)PbF, + 5Na,0O + 20K,COj; + 10LiF + 45Si0, + xNd,O5 x=1 110 3.72 29.7
x=5 114 3.78 30.2
x=10 119 3.62 32.8
Silica Si0O, 60 2.20 27.3
PYI‘GX 8068102 + 126B203 + 42Na20 + 22A1203 + 0.04FezO3 +0.1Ca0O
+0.05MgO + 0.1Cl 62 2.23 27.8
BK7 68.9Si0, + 10.1B,0; + 8.8Na,0 + 8.4K,0 + 2.8Ba0 + 1.0As,0; 65 2.51 26.0
SK10 30.6Si0, + 11.7B,0; + 5.0AL,0; + 0.1Na,0 + 48.2Ba0 + 2.0ZnO + 0.7PbO
+ 0.8Sb,03+ 0.9As,05 112 3.64 30.8
SF10 35.3Si0, + 2.0Na,0 + 2.5K,0 + 55.7PbO + 4.0TiO, + 0.5As,03 153 4.28 35.8
SF6 27.75i0, + 0.5Na,0 + 1.0K,0 + 70.5PbO + 0.3As,05 177 5.18 342
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frequency range have been evaluated by using the conventional
Fourier transform infrared (FTIR) spectroscopy system (Bruker
VERTEX 70v) for reference.”

lll. RESULTS AND DISCUSSION
A. Dispersion of absorption coefficient

The refractive index [n(v)] and absorption coefficient [a(v)]
spectra have been deduced from THz-TDS measurements on all
OFS glasses, and the results have been reported already.'® Figure 1
shows the product n(v)a(v) plotted as a function of the THz fre-
quency for ZNbKLSNd (x = 10) and PbNKLSNd (x = 05) glasses as
well as other multi-component oxide glasses. In the OFS glass data,
although weak oscillatory behaviors are observed at higher frequen-
cies possibly due to residual reflection/scattering related effect in
the system, this is not too severe to affect the evaluations of basic
dielectric parameters. This has been confirmed by the test measure-
ment using another THz-TDS system (Teraview system) that gave
similar parameter values. OFS glasses, in particular, ZNbKLSNd
glasses, exhibit refractive indices as high as 3.70 at 0.5 THz, being
the highest for silicate oxide glasses.'® Also the absorption coeffi-
cients observed in OFS glasses are significantly lower than those of
other glasses known as high-refractive index multi-component
glasses. '

A comprehensive physical model of far infrared absorption in
solids was discussed for various amorphous materials by Strom
1,>>* in which disorder-induced charge fluctuations in the
material structure cause the coupling of THz radiation into atomic
vibration modes. In this model, the product of n(v) and a(v) is

1000
* SF6
= SF10
x BK7
ASK10
100 £ .+ pbos
©ZN10
X Pyrex
+ Silica
g 10 ¢
1
0.1
0.1 1

v (THz)

FIG. 1. Absorption coefficient refractive index product plotted as a function of
frequency for OFS [ZNbKLSNd (ZN) and PbNKLSNd (Pb)] glasses and other
silicate oxide glasses. A straight line indicates the slope for 8 = 2. Data of other
silicate oxide glasses have been taken from M. Naftaly and R. E. Miles, J. Appl.
Phys. 102, 043517 (2007). Copyright 2007 AIP Publishing LLC.
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° ®SK10 ®SK10[P] +SF10
+SF10[P] XSF6 X SF6[P]
3 -
+
Q ° x
= [m]
25 r *
.
2 = *®
x A
S *
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15 L L L
0 200 400 600 800
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FIG. 2. Values of g parameter plotted as a function of absorption parameter
Kh? for various silicate oxide glasses as measured by different groups. [P] and
[N] indicate Refs. 12 and 18, respectively.

shown to follow a power-law relationship as expressed by”>”’

nwa) = K(hv)P, (1)

where K and f are material-dependent parameters of each glass
and h is Planck’s constant. We have analyzed the present OFS
glasses on the basis of this relationship. The n(v)a(v) vs v behaviors
as shown in Fig. 1 are in fairly good agreement with the slope of 2
in the central frequency regions. The absorption parameter K (or
Kh?) can be determined for f=2 for these glasses as reported in
Ref. 16. This feature is consistent with other results obtained for a
number of amorphous materials,”* including silicate'*'® and
chalcogenide'>'"” glasses, which supports the disorder-induced-
charge fluctuation model. On the other hand, the exact value of §
is basically dependent on the frequency and can be determined
from the na vs v relationship. In Fig. 2, the values of 3 as deter-
mined by different reports''*'* are plotted vs the Kh* value as
determined above. As is observed in Fig. 2, no simple, straight-
forward trend is found, and also the f value varies over a wide
range (2-3.4) depending on the materials as well as the measure-
ment frequency (0.5 ' and 0.63 THz'®), implying a necessity of
alternative method of characterizing the absorption coefficient
dispersion.

B. Dispersion analysis using a{(v)/v? spectrum and
boson peak frequency

Within the linear response theory,"' the absorption coefficient
a(v) of disordered material is related to the vibrational density of
states (VDOS) g(v) by the following equationz“’42

a(v) = Cab:(v)g(v)> (2)

where C,ps(v) is the light (THz wave)-vibration coupling coeffi-
cient. In the Debye model that assumes a single acoustic branch
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with a constant sound velocity, the frequency dispersion of vDOS
is known to be represented in a quadratic form [g(v) x V]2 By
rewriting Eq. (2), a(v)/ V* can be expressed by

a(v)
YR

Y.

= Caps\V 2 (3)

Boson peak is defined as a peak in the g(v)/v* spectrum in
excess of the Debye level,"" and it is reflected in the a(v)/v* spec-
trum. By monitoring the a(v)/v* peaks through the THz-TDS mea-
surements, boson peaks have been detected and analyzed in silica
glass”>*” and other amorphous materials.***’

In Fig. 3, the frequency dependence of a(v)/v* is shown for
various silicate oxide glasses in (a), and results for all OFS glasses
are shown in (b) (ZNbKLSNd glasses) and (c) (PbNKLSNd
glasses). If the absorption at low frequency obeys the Debye model,
a(v)/v* would exhibit a constant value, and the boson peak appears
as a peak in a(v)/v*. The boson peak frequencies (vgp) have been
determined from these data, and the results are listed in Table IL
In Table II, data in the first three columns («, Kh?, and p) except
for OFS glasses have been taken from Naftaly’s publication.'* The
boson peak frequency determined for silica is 1 THz, being consis-
tent with other reports.”*® Below the boson peak frequency, most
glasses show gradual decrease of a(v)/V* down to the minimum or
constant value (defined as R). Further below those frequencies,
some glasses show slow increases of a(v)/V*. Similar a(v)/V?
increase at lower frequency has been seen in silica®>*” and other

XS 00““0“” (a)
.Iq
100 ¢ an
= ]
g mm L]
X X ><><><><><f

X
I
[ L
£ *SF6
(&)
:.;10 =SF10
S [ AsKi0

[ XBK7

I X Pyrex

KN Pb05 ++++‘H+ +++++++

- 0 ZN10 ca "

+
+ Silica
-1 1 1 1 1
0.1 0.2 0.4 0.8 1.6
v(THz)

3.2
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glassy materials.’>*® The origin of such behavior is not clear but
may be related to the extrinsic effects such as the relaxation of
impurity- or additive atom-induced dipoles rather than the intrin-
sic vibrational modes.”’ In this work, we focus on the a(v)/V?
behavior at the frequency above this region up to the boson peak
frequency.

In order to discuss the a(v)/v* behavior near the BP, a(v)/v>
values are plotted as functions of the frequency normalized by the
boson peak frequency (v/vpp) in Fig. 4. As is visualized unambigu-
ously in the figure, slowly varying parts of the a(v)/v* between the
minimum (constant level) and the maximum (at vgp) can be
approximated by linear fitting except for SK10 glass. According to
our test to find the best fit of the variation of a(v)/v’ using a form
(v = vo)%, where v, is the inflection frequency where a(v)/v* starts
to rise, it has been found that g is in the range from 0.65 to 1.06
for most glasses and is 1.36 for SK10 glass. In the present analysis,
we have adopted linear fitting (q = 1) for most glasses and quadratic
fitting (q =2) for SK10 glass, as shown in Fig. 4. The most striking
finding in this result is that the extrapolation of all the straight lines
fitted for the varying parts of a(v)/v* converge to a common point
at v/vgp ~ —0.4. Therefore, the frequency dependence of a(VWV is
expressed by the following form:

R v<v
av) _ )7, =) @
V2 r(—+E) v>w)’
VBp
100 [
i (b)
q‘N i *,
I k=
=
3 L
Lo + ZNO1
= = ZN05
S
~ZN10
10
0.1 1
v(THz)
100 r
« . (c) =
N 4y
s
=
: %ﬁ’?
o * PbO1
} = Pb05
S
~Pb10
10
0.1 1

v(THz)

FIG. 3. Plot of a/v? as a function of frequency for (a) various silicate oxide glasses including representative OFS glasses, (b) all ZNbKLSNd glasses, and (c) all
PbNKLSNd glasses. Straight lines drawn in (b) and (c) have been obtained by piecewise linear fitting for the varying and minimum (=R) parts of a/v2.
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TABLE II. Physical parameters determined from the THz-TDS data for a variety of silicate oxide glasses.

a @0.5THz Kh* Vo Vep R r E
Glass (cm™! (10* cm™'s?) B (THz) (THz) (cm™' THZ™?) (cm™'THZz™?) E,.:0.399
ZNDbKLSNdO01 8.67 128 1.931 0.617 0.88 33.3 29.1 0.454
ZNDbKLSNd 05 8.10 120 2.034 0.612 0.85 31.5 26.6 0.485
ZNDbKLSNd 10 5.62 82 2.484 0.474 091 20.7 24.5 0.356
PbNKLSNdO1 7.57 90 2.162 0.437 0.8 27.3 31.2 0.342
PbNKLSNdAO5 8.60 104 2.306 0.472 0.83 32.1 32.3 0.434
PbNKLSNd10 8.84 105 2.254 0.552 0.82 334 29.0 0.521
Silica 0.62 5.5 2 1 1.6
Pyrex 7.37 62 1.97 1 28.6
BK7 17.93 180 2.28 0.571 1.05 52.4 57.5 0.398
SK10 20.62 240 2.8 0.514 0.95 36.7
SF10 33.49 430 2.38 0.388 0.7 72.2 95.7 0.299
SF6 49.16 700 2.23 0.39 0.58 142 150.5 0.303

where R, r, and E are constants to be determined for each glass
material. For fitting the experimental data with Eq. (4), a relation
R=r (vo/vep + E) should be satisfied because v, is the inflection
point frequency. All the parameter values determined from Eq. (4)
are included in Table II. As for the value of R for silica, appreciable
variation has been observed among different samples (due to, e.g.,
OH content).” In the present analysis, R has been determined to
be 1.6cm™'"THz > by referring to Taraskin’s analysis** together
with Naftaly’s analysis (@=04cm™" at 0.5THz)'* based on
Ohsaka’s experiment”” as shown in Table II.

The value of E estimated for different glasses are plotted as a
function of Kh” in Fig. 5. Although the E value shows a certain var-
iation due to considerably narrow frequency ranges available for
the curve fitting as well as data fluctuations, the average value of E
is estimated to be 0.4 + 0.1 for all glasses exhibiting linear frequency

250

* SF6

= SF10
4 SK10
X BK7

X Pyrex
- Pb05
* ZN10

a/v? (cm'THz?)

0.4 0.6 0.8 1 1.2 14 1.6 18

v/ Vep

0 0.2

FIG. 4. Relationships of o(v)/v? vs normalized frequency vivgp for various sili
cate oxide glasses. Straight lines indicated linear fittings with varying parts and
constant parts of the a(v)/v? Vs vivgp relations for most of the glasses. A curve
obtained by quadratic fitting is shown for SK10 glass data.

dependences. In Fig. 6, the values of R and r determined from
Fig. 4 are plotted as functions of Kh’. High similarity is found
between these values, and their proportionality is confirmed in the
inset of Fig. 6. This result is consistent with the relation R=r (v,/
vep + E) because E is constant and v,/vgp does not vary too much
for all glasses showing linear behaviors. One may concern with the
influence of the sample- or method-dependent differences of vgp
value on the common relation as expressed by Eq. (4). However, it
is noticed that there are no distinct dependence between vgp and
the determined parameters such as R, r, or E in the same glass
group (e.g., ZNbKLSNd or PbNKLSNd group) within the parame-
ter uncertainty ranges (e.g.<7% for vgp). Also, the common
feature as expressed by v/vgp has been observed over widely
different glass groups (vpp ranging over 0.58-1.05THz). The
observed feature is considered not being influenced by sample- or

1
*+ZN
08 APb
mBK
06 +8F10
w A,
R % SF6
04 r n
a
+ X
02
0 . . . .
0 200 400 600 800

Kh?(102*cm's?)

FIG. 5. Plot of values of E as determined in Fig. 4 as a function of absorption
parameter Kh? for various silicate oxide glasses.
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FIG. 6. Plots of R and r as determined in Fig. 4 as a function of absorption
parameter Kh? for various silicate oxide glasses. Inset shows a relationship
between R and r.

method-dependent variations, rather indicating the existence of
certain physical/chemical mechanism for the dispersion properties.

C. Discussion on light-vibration coupling coefficient
and fluctuating charge

1. vDOS form below boson peak

In order to understand the physical/chemical mechanism of
the frequency dependence of a(v)/v’, we have to consider the
effects of both C,(v) and g(v)/v* as shown by Eqgs. (2) and (3). In
particular, the functional form of low frequency edge of vDOS is
important to discuss the dispersion property below BP frequency.
Since experimental results on vDOS are not available for all the
glasses, we have made a survey of published data of g(v) spectra for
a variety of glassy materials. The g(v) spectra collected in this
survey have been obtained by neutron inelastic scattering (NIS),
heat capacity (HC) experiments, and molecular dynamics (MD)
ab initio calculations for different silicate oxide glasses covering
Si0, (NIS’>* and MD") and silicate oxides containing alkali ions
[xSiO, + (1 —=x)Y,0, Y=Li, Na, and K] (HC™ and MD*”),
xNb,Os + (1 —x)NaPO; glasses (NIS*®), and protein (lysozyme)
material (NIS*’) for reference. The BP frequency (Vep_ypos) Was
determined from the peak of the reported g(v)/v2 spectrum. At this
frequency, g(v) obviously matches the quadratic functional form.
The range of the frequency (vq) for which the quadratic function
provides a good approximation for g(v) has been determined from
the reported g(v)/v* spectrum [by allowing 5% lowering of g(v)/v*
from the peak]. These parameters, thus, determined and the ranges
of Vq/Vep_vpos are summarized in Table ITI.

It is noticed in Table III that the quadratic form vDOS is sus-
tained over the vq/vep_ypos range from 0.6 to 0.7 to >1.1 and even
wider range for a variety of oxide glasses except for silica, for which
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TABLE IIl. Boson peak frequency and quadratic limit frequency ranges determined
from vDOS spectra for selected glassy materials.

sV
peak gV V2 g(v) x v
frequency frequency frequency
Vpp_ypos  Tange vq  range vq/
Material (cm™ (cm™) Vep—vpOs  Reference
Silica (Si0,) 24 14-40 0.6-1.7  Richet™
Silica (SiO,) 36 31-40 0.8-1.1  Fabiani’”
Silica (SiO,) 30 10-20 0.3-0.7  Taraskin™
28i0, + Li,O 80 50-100 0.6-1.3  Richet™
$i0, + Na,O 35 18-68 05-19  Richet™
Si0, + K,0 18 20-60 0.5-2.0  Richet™
Nb,Os + 4NaPO, 40 28-50 0.7-1.3 Guo™®
Lysozyme 20 12-25 0.6-1.2 Mori*

definitive vDOS form has not been found in this survey. The
obtained Vq/Vep_ypos range seems to be sufficiently wide to cover
the linearly v-dependent a(v)/V* behaviors as found in Fig. 4.
When assuming such g(v) « v* form to be applicable to Eq. (3) in
the present glass groups, the a(v)/V’ spectra are considered to
provide spectra of the relative value of C,,s(v). This hypothesis,
although it has not been confirmed at this stage in the present par-
ticular glasses, is eventually identical, in terms of the frequency
dependence, with the Debye model approximation as applied to
the low frequency vibrations in various solids.”” We adopt this
assumption in the following discussion to approach plausible
mechanism of absorption dispersion in those glasses. The confir-
mation of exact vDOS form in those glasses is subject to later
studies. Concerning the boson peak frequency determination, the o
(»)/V* peak (vgp) and g(v)/v2 peak (vpp_abs) have been used in
Sec. 1T and in this section, respectively. The vgp value may become
higher than the vgp_,pos value due to the effect of the frequency-
dependent term in C,ps(v). However, this effect can be negligible as
far as the frequency dependence is not too steep. In order to focus
the general trend of frequency dependence of C,p,s(v), we tentatively
use the a(v)/V? peak for the BP frequency determination (vpp) in
the following discussion.

2. Relative light-vibration coupling coefficient

Physical interpretation of the observed frequency dependence
of a(v)/V* is considered in the light of previously reported
studies.">”” Taraskin et al. proposed a universal model of atomic
vibrations by using the linear response theory with the harmonic
approximation.”>”” In their theory, the light-vibration coupling
coefficient C,,(v) is divided into two parts: coherent (giving corre-

lated response) and incoherent (giving uncorrelated response)
58,59

parts,”>”” as expressed in the following form:”’
Cabs(v) = CIM(v) + Cot(v),
2m*n 2 2m*n g
— atom Zq_,elz(v) + atom fiz% (ei(v) . e,v(v)),
C\/Exo 7 m; C\/Ex Z7 \/mimy
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where g;, m;, and e (v) are the fixed but spatially fluctuating
atomic charges, mass, and vibrational eigenvector of frequency v
corresponding to atom i (i), respectively. ¢ stands for the speed of
light, £, represents the high-frequency dielectric constant, and
Naom is the atomic number included in the chemical formula.
Summations run over atoms (i, i'). In the incoherent term of
Eq. (5), all the atoms are regarded as independent absorbing
objects, and in contrast, the coherent term takes into account the
correlation effects among dipole moments within the summation
region where the local charge neutrality is satisfied. It has been
shown'>”” that the incoherent term is independent of the fre-
quency, and this constant value A is correlated with the uncorre-
lated, fluctuating charge o; by the following equation:

27262 Natom 2ralp

- - bl
MayCy/Ew  M2,C\/Eco

(6)

where M, = p/Natom = M/Maom/Na is the spatially averaged atomic
mass (p, density; M, molecular weight; N, Avogadro number).
Taraskin et al also showed that the coherent term exhibits
v*-dependence under an assumption of linear dispersion of v-k
characteristics (Debye model) in the low-frequency (FIR) regime.
In this case, the coupling coefficient C,,s(v) is expressed by a form
of Cups(v) = A + BV by using material-dependent constants A and
B.*” By taking account of that g(v) « v is assumed in the low fre-
quency (v < vgp) range for the present group of glasses, the cons-
tant levels R of a(v)/v* as observed at low frequencies in all glasses
are considered to correspond to the incoherent term of the cou-
pling coefficient (A) and also the vz—dependent behavior of a(v)/v?
as observed for SK10 glass likely represents the coherent term of
the coupling coefficient (BV).

In contrast to SK10 glass, other glasses show quite different
a(v)/v* behavior, exhibiting a constant level R at low frequency fol-
lowed by shifted linear v dependence as expressed by Eq. (4) up to
the boson peak frequency. Similar light-vibration coupling coeffi-
cient behavior has been observed in the absorption in silica glass
by Ohsaka and also in Raman scattering in silica glass by
Fontana®® as well as in a variety of materials including oxide and
chalcogenide glasses and polymers by Surovtsev.”' Linear behaviors
of the coupling coefficients have been reported recently for both
the absorption and Raman scattering below and/or around the
boson peak frequency in glucose by Kabeya*® and in lysozyme by
Mori.”” In lysozyme, the linear coupling coefficient behavior has
been observed even above the boson peak frequency, and it has
been interpreted by the dispersion relation of the fracton model.”’

The linear v-dependences of the absorption coupling coeffi-
cient as observed in the present result could appear within
Taraskin’s model when the linear v-k dispersion becomes no
longer applicable due to, e.g., the damping or dispersion flattening
of transverse acoustic mode. The proportionality between R and r
as found in Fig. 6 could be understood by speculating that the
same dipole oscillator, which is induced by the same ion atom, pre-
dominates both the incoherent and coherent contributions of the
vibration absorption. As we have shown in our previous work,”
the low-frequency (sub-THz to THz) oscillators are actually pre-
dominated by specific atoms in the glass structure, e.g., Nb in
ZNbKLSNd glasses and Na in PbNKLSNd glasses. In Eq. (5), [e;
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(v) + ey (v)] term gives only a numeral difference between 1 (paral-
lel eigenvectors) and 1/3 (random eigenvectors). If the incoherent/
coherent absorption is assumed in a first-order approximation to
be governed by the same oscillator, the value of R (uncorrelated
contribution, «xA) and r (correlated contribution) would eventually
vary in proportion to each other, which gives consistence with the
result of R r as found in Fig. 6. The v*-dependence of a(v)/v* as
observed for SK10 glass may be attributable to a different oscilla-
tor/bond formation in the glass structure eventually matching with
Taraskin’s model. The same value of frequency shift (E~0.4) as
observed for many different glasses implies the existence of a
common origin in glass nature, but its detail is subject to further
studies.

3. Determination of fluctuating charge in glass
structure

On the basis of the discussion made above, the uncorrelated
fluctuating charge o, is regarded as a key parameter to control the
overall dispersion characteristics of a()/v*, and it is worthwhile
knowing their quantities in all glass materials. The value of o, can
be estimated by Eq. (6) by using the value reported on SiO, as a
reference. Using the proportionality between the incoherent cou-
pling coefficient level A and the observed a(v)/v’ minimum level
R in each glass, the value of o, normalized by its SiO, value
[01/01(Si0,)] can be determined. By using this ratio and the previ-
ously reported values of o; =0.06e (e: electronic charge) for Si0, "
the value of o7 has been calculated for each glass, and the results
are summarized in Table I'V. The relationship between the fluctuat-
ing charge oy and the averaged atomic mass m,, is shown in Fig. 7.

The silica glass shows the lowest fluctuating charge among all
glasses, supporting the lowest fluctuations such as structural disor-
ders and/or chemical bond anomalies introduced in binary oxide
materials. Additive atoms with even small contents strongly affect
the structural/chemical fluctuation in glass structures, and the
absorption loss can be enforced to increase in multi-component

TABLE IV. Result of charge fluctuation parameter characterization for a variety of
silicate oxide glasses. The value of &, determined in Ref. 37 has been used. The
value of o for silica glass has been taken from Ref. 42.

Natom Myy 0-1/

Glass (/formula)  (107% g £» 01(Si0;) o(e)
ZNbKLSNd01 3.92 5253 328 6.23 0.374
ZNDbKLSNd05 4.0 5.521 3.20 6.33 0.380
ZNbKLSNd10 4.1 5.873 3.24 5.57 0.334
PbNKLSNdO1 3.07 5.95 2.46 5.90 0.354
PbNKLSNdO5 3.15 6.01 2.66 6.53 0.392
PbNKLSNdA10 3.25 6.08 2.34 6.68 0.400
Silica 3 3.321 2.13 1 0.06

Pyrex 3.29 3.13 2.16 3.97 0.238
BK7 3.18 3394 231 5.59 0.335
SK10 2.84 6.549 2.62 7.73 0.464
SF10 2.15 11.817 3.00 18.7 1.119
SF6 2.15 13.671 3.28 28.1 1.688
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FIG. 7. Plots of fluctuating charges o+ in the unit of electronic charge (e) as a
function of averaged atomic mass for various silicate oxide glasses.

glasses such as BK7 and Pyrex glasses. OFS glasses exhibit high
THz refractive indexes (ZNbKLSNdAO1: 3.28, and PbNKLSNdO05:
2.66, both at 0.5THz’") primarily due to the high polarizability
(ZNbKLSNd glasses) and high ionicity (PbNKLSNd glasses).”
Regardless of appreciable amount of additives introduced in OFS
glasses, the absorption minimum levels (R) as well as the fluctuat-
ing charges are suppressed to fairly low levels similar to those in
BK7 and SK10 glasses. This is attributed to the strain relaxation
effects caused by the fluorine addition in OFS glasses.'** On the
other hand, very large fluctuating charges are observed in SF series
glasses with high contents of heavy metal atoms Pb. This suggests
that the Pb-induced contribution to absorption loss is significant
and overwhelms the effect of heavy mass [1/ml, in Eq. (6)].
According to the results described above, the reduction of the
structural/chemical fluctuations through the glass composition
optimization (e.g., fluorine incorporation and limiting heavy metal
content) is effective to reduce both the incoherent (long-range) and
coherent (short-range) light-vibration couplings and eventually
minimize the sub-THz absorption loss.

IV. CONCLUSION

The frequency dependences of the absorption coefficients in
multi-component silicate oxide glasses have been investigated in
the frequency region below the boson peak. The normalized fre-
quency (v/vgp) dependence of a(v)/v* has been found to show a
common behavior in most glasses, which exhibits a minimum
(constant) level (R) at lower frequency followed by a subsequent
linear increase, as is expressed by a(V)IV* =r (vivgp + E), until the
boson peak frequency is reached. It has also been shown that r is
proportional to R and E is a common constant (~0.4) for all the
glasses exhibiting this behavior. The constant level R is attributed
to the uncorrelated charge fluctuation caused by the medium- and
long-range structural/chemical fluctuations. The slope r is
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attributed, under the reasonable vDOS functional form, to the cor-
related charge fluctuation generated from the short-range disorders
maintaining the local charge neutrality in atomic scale. Taking
account of the strong link between r and R (r «x R), the absorption
dispersion property is controlled primarily by the uncorrelated
fluctuating charge (o;). o is, thus, a useful parameter for character-
izing the sub-THz absorption dispersion, and its specific value has
been determined (from R value) for each glass.

The present study of the sub-THz absorption dispersion in
different glasses has led us to the finding of a common dispersion
behavior as well as the determination of glass-specific parameters.
The obtained results can compensate information missing in the
conventional power law-based analysis and will be useful for char-
acterization and design of materials.
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