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Abstract

The first-order Raman spectra of vitreous SiO, between 10 and 650 cm ™! have been measured as a function of sample

fictive temperature, Ty, achieved by laser quenching. The changes observed in the high frequency range of the spectra,
> 100 ecm™!, which is related to the short range order, are correlated with the shift of the ‘Boson peak’ (BP) which is
present in the low frequency range, < 100 cm ™!, and characteristic of the medium-range order. Based on the non-continn-
ous glassy structure model, these observations are attributed 1o a decrease in the size of domains, associated with a
modification of the Si~O-Si angle distribution, with the increase of T. © 1997 Elsevier Science B.V.

1. Introduction

The properties of glasses at low excitation ener-
gies differ from those of crystalline solids and appear
to be universal [1,2]. These properties result from
structures on the scale of a few nanometers which
are involved in the medium range order. Further-
more, it is known [3—6] that various parameters such
as the composition, the chemical preparation, the OH
impurity concentration and the fictive temperature
affect the vitreous structure. The structure of this
medium range order is not well determined.

Experimental investigations show the existence of
a non-Debye density of vibrational state, g{w), with
a universal shape in glasses [7,8]. Most of the models
relate this to the vibrational excitations localised on a
nanometer scale but the source of these vibrational
excitations is not completely explained.
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The aim of this paper is to relate the changes
observed in the first-order Raman spectra to struc-
tural modifications of the silicate network as a func-
tion of the fictive temperature, T (T is a tempera-
ture, greater than the glass transition temperature, at
which the glass is allowed to reach an equilibrium
state before a rapid quenching to room temperature).

The Raman spectra of vitreous silica may be
divided into three parts: the very-low frequency range
(<10 cm™!), the low frequency range (between 10
and 100 cm™') and the high frequency range (> 100
cm™!). The region corresponding to ‘quasi-elastic
light scattering excess’ (QLSE), is temperature de-
pendent. A description in terms of relaxational modes
was developed in order to explain neutron and in-
elastic light scattering [9]. The low frequency con-
tains a band around 80 cm™! usually called the
‘Boson peak’ (BP). The high frequency range is
made up of a band and two defect lines, D, and D,.
The VV polarised band around 430 cm™! is at-
tributed to a Si~O-Si stretching mode whereas the
490 cm™' (D)) and 606 cm~! (D,) lines are at-
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tributed to vibrations of structures on the scale of the
intermediate range order [10-12].

The temperature dependence of the spectra is
determined by the Bose factor, n(w), and the ampli-
tude is proportional to the vibrational density of
states, g{w), and a light-vibration coupling coeffi-
cient, C(w):

n{w) + 1
() = g(w) - C(w) - ———
for Stokes scattering,
n(w)
Is(@) =g(0) - C(w) - =
for anti — Stokes scattering. (1)
We define the reduced scattering intensity, 1.(w), as
C(w)g(w)
(@) = L= Lg = ————— (2

Via neutron scattering, g( w) can be measured. Thus
neutron scattering data can be compared with light
scattering data to obtain information about C(w).
This comparison suggests that C{w) & w* in the BP
frequency range with s = 1 for silica [13]. By taking
into account this linear variation of C(w), the re-
duced intensity, I(w), yields directly the density of
states:

I(0) xg(w). (3)
To observe the relative changes of these features in
the v-SiO, Raman spectra, we investigated the effect
of variation in Tg. After a brief description of sam-
ples and the experimental techniques, we report the
results. Then we discuss the effects of this parameter
on the medium range order in silicate glass.

2. Experimental procedure

To compare different Ty, we fused Suprasil silica
with a focused CO, laser under flowing argon to
prevent devitrification by the action of water vapour.
Hence, the v-Si0, reached a temperature higher than
the melting temperature and quenching was accom-
plished by blocking the CO, laser light. Using a
pyrometer, we measured a maximum temperature
that the glass reached before quenching, greater than
2000°C. Hence we obtained samples with a high T

and we compared them to the original Suprasil silica
which has a lower T¢.

The Raman scattering measurements were ob-
tained with an XY Dilor triple spectrometer followed
by a cooled CCD (charge coupled device) multichan-
nel detector and a microscope (Olympus BH2). Hence
small samples (5 wm diameter) were studied. The
excitation beam was the 514 nm line of an Argon
laser. The incident light polarisation was vertical or
horizontal while the scattered light was analysed in
the vertical polarisation. The spectra were collected
in a backscaitering geometry through a long focal
length microscope objective (X50) (Mitutoyo).
Stokes and anti-Stokes Raman spectra were mea-
sured to obtain the reduced intensity after the noise
of the CCD detector was subtracted.

3. Results

Fig. 1 shows VV Raman spectra obtained at
different fictive temperatures. The Raman spectrum
of vitreous silica is dominated by a polarised band at
430 cm™!. This band is associated with oxygen
motions and has been described in different ways: as
a symmetric oxygen stretching vibration of the bent
Si—-O-Si linkages [10,11], or as vibrational modes of
five-, six- and higher-membered rings of SiO, tetra-
hedra [12]. The frequency of such vibrations is de-
pendent upon the intertetrahedral angle, . Hence,
the asymmetry and the large width of the band can
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Fig. 1. High frequency reduced Raman spectra in VV polarisation
of v-8i0, with different fictive temperatures, —————: sam-
ples with high Tg; ---: samples with low Tg.
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be understood in terms of the known distribution of
Si-O-Si angles within the structure. Indeed, X-ray
studies [14] show that 6 has a most probable value
of 147° and is asymmetrically spread from 120° to
180°. The frequency of this band increases slightly
with increasing fictive temperature. Several measure-
ments on several samples show that this phe-
nomenon is reproducible. Hence this increase is
greater than the random errors.

The Raman spectrum contains two polarised bands
at 606 and 490 cm ™. It is currently thought that the
606 cm™! peak corresponds to the symmetric oxy-
gen breathing vibrations of three-membered siloxane
rings of SiO, tetrahedra embedded as ‘defects’ within
the glass structure [11,12,15]. The source of the 490
cm™! peak has not been unambiguously determined.
This band has been described as the vibration of
puckered four-membered rings [11,15]. Its small
width compared to the rest of the glass spectrum is
explained by the fact that this mode is decoupled
from the glass network and is localised within the
rings. This band has been also assigned to a vibra-
tional mode of SiO, tetrahedra with one non-bridg-
ing oxygen [11,16]. These bands increase in ampli-
tude with increasing fictive temperature (Fig. 1),

The band around 80 cm™! is identified as the
‘Boson peak’ (BP), characteristic of the disordered
glassy structure (Fig. 2). The BP is a consequence of
the excess of the low-energy vibrational density of
states in comparison with the Debye regime. This
excess is also observed through inelastic neutron
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Fig. 2. Low frequency reduced Raman spectra in HV polarisation
of v-8i0, with different fictive temperatures, ————: sam:
ples with high Tg; ---: samples with low Tg. '

scattering and in low temperature specific heat ca-
pacity [13]. Several models associate the BP with a
maximum in the vibrational density of states due to
the localisation of the phonons by disorder in a
homogeneous and isotropic medium [17,18]. Another
interpretation suggests that these excitations can be
represented as relative rotations of almost rigid tetra-
hedra [19]. As an alternative to these continuous
random network models, others authors explain the
BP as a characteristic frequency of domains with a
size of ~2 nm [8,20]. This model introduces a
connection between the frequency of the BP and a
structural length, / (domain size), of the glass:

wmax = (4)

where @, is the frequency of the maximum of the
BP, v is the sound velocity and S is a constant. Our
measurements (Fig. 2) show that the BP shifts to
higher frequency and its amplitude decreases with
increasing fictive temperature.

4. Discussion

The increases of the defect line intensities with
increasing T could be fitted to Arrhenius functions
with different activation energies [5]. These changes
in the Raman spectrum can be understood in terms
of an increase in the number of defects. On the other
hand, the 430 cm™! band shifts toward higher fre-
quencies. Because there is an inverse correlation
between the Si—O-Si bending frequency and Si-O-
Si angle in silicates [10,21], this frequency increase
can be ascribed to a decrease in the average Si—O-Si
angle as Ty is increased. Furthermore, Elliot [15]
calculated the vibration frequencies of planar three-
rings and puckered four-rings with 6= 131° and
H=154°, respectively. The increase of the number
of planar three-rings which involve small Si—-O-Si
angles, is compatible with the increase of the fre-
quency of the 430 cm™! band. Hence, the increase
of the amplitude of the D, band and the frequency
of the 430 cm™" band is attributed to an increase in
the number of planar three-rings.

Concerning the low frequency range, the HV
reduced Raman spectrum of sample with higher T
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Fig. 3. Difference between HV reduced Raman spectrum with low
T¢ and HV reduced Raman spectrum with high Tg.

was subtracted from the HV reduced Raman spec-
trum of sample with lower T (Fig. 3). This subtrac-
tion shows that a high fictive temperature induces an
anisotropic light scattering deficit over the ~ 5 to
~ 100 cm ™! spectral range. Hence, a shift toward
higher frequencies and a decrease of the BP intensity
are observed as the fictive temperature increases.
Terki et al, [22] have demonstrated that the softening
of modes responsible for the variation of the position
of the BP is not fully explained by the variation of
the sound velocity, v. Hence, according to Eq. (4),
this effect is atiributed to a change in the characteris-
tic length, /. The medium range order is thus modi-
fied by change of the fictive temperature. It is found
that / decreases with increasing 7.

In the non-continuous medium model framework,
the domain size decreases with increasing 7. Pocsik
and Koos [8] showed that the excess low energy
density of vibrational states, g(w), which is repre-
sented by the BP in the Raman spectrum, is de-
scribed by a log— normal law. This law describes the
size distribution of the final products in breaking and
grinding processes, the association and nucleation of
new phases and the growth of new phase nuclei. We
assume that two structures corresponding to popula-
tions with different Si—O-Si angles and densities,
constitute separate domains within the glass. Then
we assume that the regions with greater 6, which
correspond to six- and higher-membered rings of
SiO, tetrahedra, are glued together by material which

contains small rings. Hence, as T increases the
number of three-rings associated with the 430 cm ™!
and D, bands, increases at the expense of the re-
gions with higher Si—0O-Si angles whose size de-
creases. This hypothesis is supported by Vukcevich’s
[23] proposition that there exists two different aver-
age Si—O-Si angles. In this simple two states model,
the states represent two local minima in the v-SiO,
interatomic potential energy with differing intertetra-
hedral angles and volumes. Temperature dependent
behaviour in silica glass arises from a change in the
distribution of these states. Marians and Burdett [24]
presented a network model which consists of do-
mains of six-ring networks linked by interfacial ma-
terial containing rings of other sizes. From an experi-
mental point of view, Gaskell and Mistry [25] sug-
gested, based on high resolution electron mi-
croscopy, that partially ordered regions embedded in
a disordered phase may be found in v-SiO,.

5. Conclusion

We investigated the changes in the Raman spec-
trum of v-8i0, as a function of fictive temperature,
Ty, and related them to modifications in the medium
range order. We observed shifts in the frequencies of
the network modes and in the BP and strong changes
in the intensity of the two defects modes. These
shifts are related to the existence of populations with
different Si—O-Si angles and densities within the
glass. In the non-continuous glassy structure model
framework, these observations are interpreted by a
decrease in size of the domains with increasing Te.
All of the changes in the Raman spectrum due to
increasing T can be understood in terms of the
growth of regions with lower Si-O-Si bridging
bond angle, 6, at the expense of the ones with higher
6.
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