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Atomic charge distribution in sodosilicate glasses from terahertz time-domain spectroscopy
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Terahertz time-domain spectroscopy has been used to extract the light-to-vibration coupling coefficient for
sodosilicate glasses, from which it was possible to calculate the variance in the distribution of uncorrelated
charges. It was found that increasing the sodium content of the glasses increased the standard deviation of the
uncorrelated charge distribution in a linear fashion, and was almost an order of magnitude higher when
compared to the charge distribution for pure silica reported previously, in agreement with previously published

simulation data.
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In recent years, terahertz time-domain spectroscopy
(THz-TDS) has emerged as a useful analytical tool in such
diverse fields as pharmaceutics,! solid-state chemistry,” secu-
rity monitoring,> medical screening, and amorphous
materials.>® As a time-domain technique, THz-TDS is able
to record both the amplitude and phase of the terahertz elec-
tric field, thereby allowing the extraction of the complex re-
fractive index of the sample. In contrast to other techniques
that operate in this frequency range, such as Fourier trans-
form infrared spectroscopy, it is not necessary to resort to
complex Kramers-Kronig analysis of THz-TDS data for
evaluation of the real and imaginary parts of the refractive
index. In a previous paper, we have shown that we can obtain
estimates for charge-fluctuation values in glasses from
THz-TDS.> The purpose of this paper is to demonstrate this
method for extracting atomic-charge-fluctuation values for
sodium silicate glasses with variable sodium concentrations.

Amorphous solids, such as glasses, are materials with a
structure lacking in periodicity, extended symmetry, and
long-range order. Because of this, the study of these materi-
als presents very different challenges to those for the crystal-
line materials that have been extensively studied previously
using THz-TDS.

Recently, it has been shown that disordered materials
(such as amorphous solids) exhibit a universal frequency de-
pendence of the optical absorption in the far-infrared
regime.’ These universal features are due to both the vibra-
tional eigenmodes below the boson peak being similar to
plane waves and therefore characterized by a Debye-type
vibrational density of states (VDOS),!%!! and to the presence
of fluctuating atomic charges within the sample. The contri-
bution from atomic-charge fluctuations can be split into an
uncorrelated, random component due to structural disorder
on intermediate and long-range scales, and a correlated com-
ponent of charge fluctuations caused by variations in the lo-
cal structure (e.g., Si-O-Si angle in silicate glasses'?) which
obey local charge neutrality within the structural units. The
overall frequency dependence of the low-frequency absorp-
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tion coefficient, a(w), is predicted5 to be of the following
form:

a(w) = C(w)g(w) = 0’C(w) = w*(A + Bw?), (1)

where C(w) is the coupling coefficient for photons and
atomic vibrations, g(w) is the VDOS, A and B are material-
dependent constants describing the uncorrelated and corre-
lated charges, respectively. Concentrating on the uncorre-
lated charges, it can be shown that the variance of the
uncorrelated charge distribution (o‘%) is related to the A co-
efficient through the following expression:®

A_ /
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where m, €., and n are the average atomic mass, the high-
frequency limit of the ionic dielectric constant, and the
atomic concentration, respectively, and ¢, is the speed of
light in a vacuum. A measure of the variance of the charge
distribution gives a useful insight into the relative ionicities
of the atoms, with larger variances suggesting greater differ-
ences in atomic charges between atoms.

In this Rapid Communication, a series of sodosilicate
glasses, with chemical formula éNa,O-(1-£)SiO, and £ be-
ing set at 0.33, 0.25, and 0.2 (hereafter referred to as NS2,
NS3, and NS4, respectively) are investigated using THz-
TDS in order to measure the low-frequency dielectric behav-
ior, in particular, the absorption coefficient (@). Using the
same techniques as reported previously® the optical constants
of the NS2, NS3, and NS4 glasses were extracted from the
THz-TDS data. From the frequency dependence of the ab-
sorption coefficient in the far-infrared range, the coupling
coefficient between far-infrared photons and atomic vibra-
tions in different sodosilicate glasses has been calculated as a
function of frequency, and its low-frequency limit, i.e., the
value of the parameter A, has been obtained. Finally, the
value of A has been used to estimate the typical width of the
uncorrelated charge distribution, o, by employing Eq. (2).
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TABLE I. The composition ratio, mole fraction of sodium, sample thickness, densities, and average
molecular mass for the three sodosilicate glasses, EéNa,O-(1—¢)SiO, measured herein.

d b p C mn d
Identifier £ XNg @ (mm™1) (g cm™3)"! (2)
NS2 0.33 0.22 0.180, 0.835 2.49 3.361 X 1073
NS3 0.25 0.17 0.320, 0.972 243 3.352xX 1073
NS4 0.20 0.13 0.150 2.38 3.347 1073

4Sodium mole fraction.
bSample thickness.

¢Glass densities taken from the work of Doweidar (Ref. 14).

dAverage molecular mass.

The glasses investigated were synthesized from fine quartz
and sodium carbonate powders melted in platinum crucibles
in an electric muffle furnace as described previously.'

The terahertz time-domain waveforms were acquired us-
ing a setup described previously.? Briefly, subpicosecond co-
herent pulses of broadband terahertz radiation (0.1-4 THz)
were generated by photoexcitation of a dc-biased semi-
insulating GaAs substrate by 12 fs pulses of a near-infrared
laser (Femtolasers, Femtosource cM1, Vienna, Austria, cen-
ter wavelength 800 nm). The pulsed terahertz radiation was
transmitted through the glass sample and detected using
electro-optic sampling with a ZnTe crystal.

The optical constants were extracted from the THz-TDS
time-domain data using an algorithm similar to the multiple-
reflection extraction method reported previously for As,S;.”
However, in contrast to that work, the optical constants were
extracted here by comparing the difference between the tera-
hertz electric field recorded for a reference measurement in
air with that obtained after propagation through the glass
material. Where possible, two different thicknesses were
used for each of the glass samples: the thinner sample al-
lowed higher frequency data to be obtained, whereas the
thicker sample improved the accuracy of the low-frequency
data due to the larger interaction length. The sample thick-
nesses measured are detailed in Table I. For the NS4 case,
the thicker sample was not suitable for measurement using
THz-TDS and so for this case only the results obtained for a
single thin sample are reported. For the NS2 and NS3 results
reported herein, the optical constants are a combination of
those extracted for the thicker sample at low frequencies
(=0.9 THz, thick sample) with those extracted at higher fre-
quencies (>0.9 THz, thin sample).

Figures 1(a) and 1(b) report the absorption coefficients
and real parts of the refractive indices extracted from the
THz-TDS data of the NS2, NS3, and NS4 glasses. Focusing
initially on the refractive index results in Fig. 1(b), clear
differences are observed in the value of the refractive index
obtained for the three samples, with the refractive index val-
ues at 1 THz being 2.78, 2.59, and 2.34 for the NS2, NS3,
and NS4 glasses, respectively. Consideration of the relative
concentrations of Na,O to SiO, in these materials reveals
that the increase in refractive index follows the increase in
Na,O concentration within the glasses. This trend of increas-
ing refractive index with Na,O concentration is consistent
with refractive index data published for pure SiO, with only

trace inclusions of elements other than silicon and oxygen,
where a refractive index of =~1.95 at 1 THz has been re-
ported by Naftaly and Miles.’

The absorption coefficient data [Fig. 1(a)] also reveal sub-
stantial differences between the three glasses at terahertz fre-
quencies. All three glasses display terahertz absorption coef-
ficients which increase across the frequency range, as
expected for amorphous materials. Below =1 THz, differ-
ences are difficult to resolve upon a cursory examination;
however closer study reveals a slightly larger gradient for
NS2 compared to NS3 and a larger difference is apparent in
the gradient of the NS4 data. These different gradients result
in a larger observable difference between the three materials
at higher frequencies (above =~1.2 THz). In the absorption
coefficient data recorded for NS4, there also appears to be a
broad feature (change in slope) centered around =1 THz.
This feature, perhaps, can be associated with the boson peak
where the nature of vibrational eigenmodes changes from
being weakly hybridized (below the boson peak) to strongly
hybridized plane waves with a possible mixture of local
components (above the boson peak).!> Similar features might
be expected in the frequency dependence of the absorption
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FIG. 1. (Color online) (a) Absorption coefficient data for the
three NS glass samples between 0.1 and 3 THz. The inset shows the
NS2 glass data at low frequencies where the black dashed line
represents the smoothed absorption data used for the later analysis
of the coupling coefficient. (b) Refractive index data for the three
NS glasses between 0.1 and 3 THz.
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FIG. 2. (Color online) A plot of the coupling coefficient C(w)
extracted for the three glasses as a function of frequency between
0.1 and 1.2 THz, along with the coupling coefficient data for SiO,
published previously (Ref. 5). The dashed lines represent the fits to
Eq. (1) calculated from these data using By=3.4. Only the data
below the boson peak were included in the fit (NS2 and NS3
=<0.9 THz, NS4=0.6 THz).

coefficients for NS2 and NS3 glasses but they are not seen so
clearly, possibly due to a different location and a weaker
strength of the boson peak in these materials. This observa-
tion agrees with the measurement of the boson peak of NS2
and NS4 glasses using Raman spectroscopy reported previ-
ously, where a decrease in the strength, and increase in the
frequency, of the boson peak was observed when comparing
the NS2 glass to the NS4 glass.'® For comparison, the ab-
sorption coefficient for pure glassy SiO, has been reported
by numerous studies®’ to be below 5 cm™ across the entire
frequency range probed in the present experiment. These
published results agree with the observed trend toward in-
creasing absorption coefficient with increasing concentration
of Na,O observed in the data presented here.

The absorption coefficient data were smoothed using a
moving-average filter (each point being the average of five
nearest neighbors) in order to facilitate the extraction of the
coupling coefficients for the glasses. The results for this op-
eration are highlighted in the inset in Fig. 1 where it can be
seen that the smoothed absorption data for the NS2 glass
preserve the low-frequency behavior of the absorption coef-
ficient.

In order to calculate the coupling coefficient from the
THz-TDS absorption data displayed in Fig. 1(a), an indepen-
dent measure of the VDOS is required. For the NS2 and NS3
glasses, the VDOS used were those which have recently been
calculated from the low-temperature heat-capacity
behavior,!” whereas the previously reported VDOS calcu-
lated using a Car-Parrinello ab initio model was used for the
NS4 glass.'® The reduced VDOS, g(w)/gp(w)=B(w) [where
gp(w) is the Debye VDOS with Debye frequencies reported
in Ref. 19], in sodosilicate glasses exhibits the boson peak
around 1 THz and approaches its limiting value B(w—0)
=,>1 in the low-frequency regime. The value of 3 is not
yet available experimentally for these glasses (moreover, the
VDOS in Ref. 17 is not normalized to the simulation size).
Therefore, the range of values and the VDOS in Ref. 18
could suffer significantly at low frequencies from finite-size
effects due By""= By= By™*, with By""=2 (see Ref. 20) and

0"=3.4 (see Ref. 5) have been used in our analysis (see
Fig. 3.
Figure 2 displays the coupling coefficients extracted for
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FIG. 3. The values of €., A and the standard deviation of the
uncorrelated charge distribution, o, as a function of Na concentra-
tion. The error bars represent the uncertainty in o as a result of the
experimental uncertainty in the value of A and e.. Filled circles
(triangles in middle and right panels) are the values calculated in
this paper for By=3.4 (By=2), and the open circle is the value
calculated for SiO, previously (Ref. 5). The straight lines through
the points represent best linear fits to the data.

the three NS glasses as a function of frequency. In order to
calculate the coupling coefficient, only the data below the
approximate positions of the boson peak were used to fit Eq.
(1), as this relationship is not necessarily expected to hold
true for frequencies above the boson peak. For the coupling
coefficient obtained for the NS2 and NS3 glasses, data points
below =0.9 THz were used; however, for the coupling-
coefficient data of the NS4 glass, the boson peak is apparent
around this frequency and so only the data points below
~(.6 THz were used. Values for A, the coefficient attributed
to uncorrelated charges, of (2.66+0.15)X10° cm™2<A
<(4.52+026)X10° cm™2,  (2.02%£0.20) X 10° cm™? <A
<(3.43+0.34)X10° ecm™2, and (1.15+0.35) X 10° cm™
<A<(1.96+0.60) X 10° cm™2 were extracted from the data
for the NS2, NS3, and NS4 glasses, respectively (values for
A and its experimental error assuming By=3.4 or B,=2, re-
spectively). The value of the B coefficient was not deter-
mined accurately due to the small frequency range measured
but appeared to be approaching zero in all three cases, which
agrees with the small value, B=0.3 cm™', extracted for
glassy SiO, previously.” That the B coefficient does not
change significantly with sodium concentration suggests that
the correlated charge fluctuations are not affected by the so-
dium inclusions.

A measure of the charge distribution as afforded by o
may be found using the expression in Eq. (2). The values of
m, co, and n=p/m (where p is the glass density) are all
known or may be calculated from other known constants (see
Table I). The value of €, was taken to be the value of the
high-frequency limit of the dielectric constant as measured
using THz-TDS, and was found to lie between 4.6 and 6.3
for the three glasses. Using the value of A calculated previ-
ously, values for o, were found to be (0.62*0.02)e <0
<(0.81=0.03)e, (0.53%=0.03)e<0;<(0.69*0.04)e, and
(0.38 = 0.06)e < oy < (0.50 = 0.08)e for NS2, NS3, and NS4,
respectively (values for o and its experimental error assum-
ing By=3.4 or By=2, respectively). These values, along with
o, calculated for SiO, previously, are plotted in Fig. 3 as a
function of the molar fraction of sodium. As can be seen in
Fig. 3, the value of o, appears to be influenced to a large
extent by the addition of Na,O into the SiO, framework,
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with an order-of-magnitude increase in the value of o when
compared to that of pure SiO,(0.06¢).

In addition, there appears to be an approximately linear
relationship between the mole fraction of sodium and the
value of 0. A possible interpretation of this effect is as fol-
lows. It is known that the addition of sodium ions in silica
results in the formation of nonbridging oxygen, i.e.,
Si-O---Na configurations, contrasted with bridging oxygen
configurations, Si-O-Si. Consequently, the addition of so-
dium species leads to a nonlocal redistribution of all the
atomic charges, resulting in a weakening of Si-O bonds.?'~?3
The fact that B is insensitive to the increasing concentration
of sodium atoms implies that the effect of the sodium atoms
on the charge redistribution appears to be nonlocalized. This
suggests that the role of the correlated charge fluctuations
responsible for the quadratic frequency term in Eq. (1) is
suppressed in sodium silicates. In contrast, the long-range
uncorrelated charge fluctuations, and thus the value of oy,
are expected to be enhanced with increasing concentration of
Na ions. Further analysis of the role of the sodium inclusions
on the distribution of charge requires higher quality VDOS
data at low frequencies, in order to constrain further the
value of .

In this Rapid Communication, we have presented a sys-
tematic study into the atomic charge distribution of a series
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of sodosilicate glasses using THz-TDS. As a time-domain
technique, it is possible to extract both the refractive index
and absorption coefficient directly. By using the universal
frequency dependence of the absorption introduced
previously,’ and an independent estimation of the VDOS, the
coupling coefficients relating to both correlated and uncorre-
lated charges can be extracted. In particular, we have used
the uncorrelated coefficient (A) to extract a measure of the
distribution of uncorrelated charges within the NS glasses
(o). An order of magnitude increase in o was observed in
the NS glasses when compared to pure SiO,. There appears
to be a linear relationship between o and the mole fraction
of sodium, possibly suggesting that the uncorrelated charge
fluctuations are dominated by the spatial disorder of the po-
sitions of the sodium atoms.
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