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a b s t r a c t
Fused silica light-scattering properties are important for many industrial and laboratory applications. In
this work, ab initio molecular dynamics employing periodic boundary conditions are used to simulate its
structure and Raman scattering. Fused silica geometry is modeled as a frozen liquid, and the spectra are
compared to those of crystal quartz. The method is tested also on Raman spectra of liquid water. Structural similarities between water and fused silica are discussed. The modeling agrees with experiment and
suggests that most fused silica spectral features can be explained within the harmonic approximation.
The combination of Raman spectroscopy with theoretical computations thus appears useful for structural
studies of amorphous materials.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Fused silica is commonly used synthetic form of the silicon
dioxide (SiO2). It is manufactured from crystal quartz that melts
at above 1700 °C. It has superior thermal, mechanical, chemical,
and optical properties if compared to other glasses. A silica thread
is often used in optical ﬁbers [1].
Both infrared light in the absorption spectroscopy [2] and visible radiation in the Raman-scattering [3] can be used to probe
the fused silica vibrational properties. Indeed, these spectroscopic
techniques are often used to study its structure and reactivity.
For example, Raman microscopy was proposed for a surface damage monitoring [4], the silica substrate was used for surface enhanced Raman spectroscopy SERS [5], and sol–gel silicate glasses
were studied by IR and Raman scattering [6].
We found a particular need to understand the origin and
position of fused silica Raman bands in Raman optical activity
(ROA) experiments, where the fused silica cells are used to hold
the sample. The ROA method measures tiny differences in scattering of left and right circularly polarized light. However, if
the sample signal is weak, it interferes with the scattering from
the cell windows [7]. Even in unpolarized Raman experiments,
where the lowest-frequency region is needed, such as those
employing weak metal complexes [8], the sample signal needs
to be carefully separated from a baseline including the fused
silica signal.
Previously, rather empirical approaches were used for fused
silica spectral analyses. For example, several components were
identiﬁed in the fused silica Raman spectrum, although they were
not assigned to the structure [9]. Molecular dynamics (MD) and a
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ﬁxed partial charge model were used to model vibrations of SiO2
surfaces [10]. Vibrations in SiO were found similar to those in
SiO2, and could be modeled with a Brendel-type dielectric function
[11]. When an interaction-induced phonon Raman scattering was
modeled phenomenologically and related to the structure, an
interesting analogy to the water scattering properties was observed [12]. High-pressure experiments revealed notable Raman
intensity changes that were assigned to an intermediate-range order in fused silica [3]. All these results suggest that the Raman
spectra bear interesting information about the structure that can
be eventually deciphered by the simulations.
Within the central force network model, the fused silica experimental spectra could have been interpreted in terms of empirical
force constants and geometry parameters. The model assumes a
relatively regular tetrahedral structure, although it allows for a
force constant correction dependent also on the bond angle. In
spite of the crude approximation, it explained most important
SiO2 spectral features, and enabled comparison to similar tetrahedral glasses (GeO2, BeF2) [13]. Ab initio molecular dynamics with
the periodic boundary conditions provided realistic Raman intensities for the silicate crystal [14]. To the best of our knowledge, however, a priori model of the fused silica Raman spectral response
does not exist.
In this work, we used the Car–Parrinello molecular dynamics
(CPMD) [15] to model the fused silica structure as a frozen liquid.
Thanks to the extension of the coupled-perturbed techniques for
inﬁnite periodic systems [16] the harmonic vibrational frequencies
and Raman scattering intensities could be calculated quantum
mechanically within the GGA DFT approximation [17]. Optimal
computational parameters were determined for the spectrum of
quartz crystal, where the vibrational frequencies were better resolved than in the fused silica.
Alternate usage of conventional MD is currently not possible for
the fused silica; a reliable force ﬁeld for melted SiO2 is not known
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to us. The force ﬁeld would have to allow for SiAO bond creation
and breaking needed to equilibrate the ‘frozen’ fused silica
geometry. This is, on the other hand, automatically involved in
CPMD.
A liquid water CPMD simulation was also performed, to test the
method, but also to point out structural similarities and differences
to fused silica. For fused silica, the method provides larger inhomogeneous broadening of Raman spectral lines when compared to
another form of SiO2, the crystal quartz, and indicates that the
Raman spectra are sensitive to the structure, which can be potentially used for probing similar materials.
2. Method
Experimental spectra of a natural quartz crystal and fused silica
window of a standard spectroscopic cell (JASCO 120-QS) were obtained with the Biotools Raman instrument. The experimental conditions were as follows: laser wavelength 532 nm, laser power at
the sample 20 mW, spectral resolution 10 cm 1, acquisition
times 5 min. Backscattered Raman spectrum of water was obtained on a spectrometer located at the Physical Institute of the
Charles University, at 300 K and in a broader 50–4000 cm 1 wavenumber range.
Crystal quartz Raman spectra were simulated based on the
experimentally determined [18] cell parameters (298 K, AMC
structure database code 0006362). With CASTEP [19,20] the geometry parameters were optimized using the PBE [21] functional and
Raman intensities were calculated numerically at several levels
(Table 1). The geometries were optimized and vibrational frequencies were calculated also using the QUICKSTEP module [22] of the
CP2K program (http://cp2k.berlios.de/) with the BLYP functional
[23], the Gaussian and plane waves DZVP basis set [24], and the
GTH norm-conserving pseudo-potentials [25]. Note that the Raman intensities are not implemented in CP2K.
The initial geometry of fused silica (SiO2 glass phase) was taken from an MD simulation of water, where the oxygen and

Table 1
Quartz crystal calculated and experimental frequencies (cm

a
b
c
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hydrogen atoms were replaced by silicon and oxygen atoms,
respectively. Then a Car–Parrinello molecular dynamics (CPMD)
[15] was run using the NVT ensemble and 10.419 Å cubic periodic
box (75 atoms), within the CPMD software [26]. To maintain
numerical stability during the initial equilibration, 18 short simulations (200 steps each) were performed while gradually
increasing the temperature (500 ? 2200 K) and integration time
step (0.048 ? 0.14514 fs). After each simulation, the wavefunction was reoptimized to quench the system to the Born–
Oppenheimer surface. With 0.14514 fs integration time step a
longer 40 ps (about two months of CPU E7330/2.40 GHz time)
equilibration run was performed. Finally, four geometries for
the spectral simulations were selected at 5, 10.8, 16.4 and
22.4 ps of a production run. Similarly as for the quartz, the CPMD
snapshot geometries were optimized using the CASTEP software,
and the harmonic force ﬁeld and Raman intensities were calculated by the default numerical differentiation. For the fused silica,
our own scripts were used to generate radial and angular
distribution functions.
For comparison, a CPMD simulation of liquid water described
previously [8] (0.097 fs time step, NVT ensemble, 300 K, 9.957 Å
box, total time of 6.6 ps) was used to generate geometry distribution and snapshots (22 clusters taken each 0.3 ps) for the spectral
computations. These geometries were optimized and subjected to
calculation of vibrational frequencies within the CP2K program
using the method described above. The polarizability derivatives
needed for the Raman intensities were calculated by the Gaussian
program without the periodic boundary conditions. Water, unlike
the fused silica, is composed of well-deﬁned molecules. Therefore
the neglect of the periodic box boundary interactions had only
minor effect on the spectra. The GAUSSIAN program enabled us to
use a presumably more precise hybrid functional (B3LYP) [27] than
CASTEP relying on GGA functionals only. Also the basis set size
could be varied more extensively.
To estimate the inﬂuence of more delocalized longer-range
modes in fused silica, we propagated the elementary cell geometry

1

) at several approximation levels.

Convergence required for the second-order response to the electric ﬁeld in the Raman spectra calculation.
Symmetry and degeneracy are indicated, the b modes (italics, shaded) are not Raman active, c modes are IR-forbidden (point group 19, D3).
Imaginary frequencies.
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along the Cartesian axes to cubes containing 75, 600, 2025 and
4800 atoms (corresponding to the original cell and its 2  2  2,
3  3  3, and 4  4  4 multiples, respectively). Note that within
the periodic boundary conditions, the cell is well deﬁned also for
amorphous materials. The force ﬁeld and polarizability derivatives
were transferred [28] from the elementary cell as obtained by CASTEP. The Cartesian energy and polarizability derivatives were obtained by a linear transformation from the normal mode cell
parameters and the Cartesian-normal mode transformation matrix,
also provided by CASTEP. The Raman spectra were calculated by
the Fourier transform (FT) method based on a propagation in arbitrary time [29]. The FT approach is faster than a full diagonalization, and allows obtaining spectra of very large systems. Ten
propagation vectors [29] were averaged during the FT propagation.
To qualitatively analyze the fused silica vibration, distance, valence and torsion angle coordinates were introduced for the ﬁrst
CPMD snapshot geometry (75 atoms), so that intrinsic potential
energy distribution (PED) could be calculated using the CASTEP
harmonic force ﬁeld. For the smaller crystal quartz cell (9 atoms),
the introduction of the internal coordinates implying projection
of rotational degrees of freedom led to larger frequency errors;
thus a classiﬁcation of the normal modes based on the crystal symmetry was preferred in this case (Table 1).
From the calculated Raman intensities, all spectra were generated with Lorentzian proﬁles 10 cm 1 wide (full width at the half
height); the glass spectrum was slightly smoothed by a convolution with a 10 cm 1 wide Gauss function.
3. Results and discussion
3.1. Distribution functions of fused silica and water
In spite of the obvious differences, there are some amazing
analogies between the liquid water and fused silica structure and
behavior. In both systems, the bond network is based on approximately tetrahedral central atom (Si for silicon, O for water) and a
monatomic bent link (–O– and –H. . .). The pyramidal arrangement
also stabilizes the ordered states, i.e. the ice for water and quartz
for fused silica. However, material density increases for quartz
(to 2.65 g/ml, from 2.201 g/ml of silica, i.e. by 17%), whereas
the ice density (0.9167 g/cm3) is smaller than that of water at
0 °C (0.9998 g/cm3, i.e. by 8%) [30].

The structural similarities are reﬂected in the calculated angular
distribution functions (Figure 1, top). The O–Si–O angle band is
centered around 107°, which very well corresponds to the exact
value of 109° of the sp3 hybridization, and thus also provides
feedback on the convergence of the calculations. In the water
structure, the calculated most probable value of the H–O–H angle
of 106° (Figure 1, top right) only slightly deviates from the ideal
case of 104.5° due to the lone electron pair repulsion. However,
the aqueous distribution is broader (from 60° to 170°) than that
of the silica (80°–130°), which reﬂects the fact that all bonds in
the latter system are covalent. The Si–O–Si link angular distribution is relatively broad (100°–180°) and also well corresponds
to the experiment (120°–180°) [31]. It is centered around 134° (a
value of 144° was estimated by X-ray diffraction [31]), while the
hydrogen bond network in water provides the most probable O–
H..O angle of 166°.
The calculated most probable Si–O distance (1.65 Å, Figure 1,
bottom left) is in agreement with the distance of 1.62 Å found
experimentally [31], and conﬁrms the equivalence of all four SiAO
bonds that were predominantly present at each Si atom during the
simulation. The radial distribution function in water is, however,
quite different (Figure 1, bottom right), with two peaks corresponding to the covalent (0.99 Å) and non-covalent (1.83 Å)
OH bonds.
3.2. Quartz vibrational frequencies
The crystal quartz was used to test the precision of calculated
vibrational harmonic frequencies. The results calculated for the
C(0, 0, 0) phonon branch (i.e. including only the vibrations within
the 75 atom periodic cell) are listed in Table 1. Within the applied
computational parameters, the agreement of calculated vibrational
frequencies with experiment is poorer for the CP2K program (RMS
frequency error d = 75 cm 1) than for CASTEP (42 cm 1), although
both approaches provide realistic ordering of the vibrational transitions (Table 1). Relaxing the energy cutoff used to restrain the
plane wave basis in CASTEP and the k-space point set signiﬁcantly
shortens the computational time (10 ? 1.4 h), but the RMS deviation doubles, and the two lowest frequency modes (number 15 and
16) are produced with negative (imaginary) frequencies. On the
other hand, increasing the SCF tolerance (the CAS5 and CAS7 computations, Table 1) approximately doubles the computational time

Figure 1. Comparison of the liquid SiO2 (left) and water (right) angular (top) and radial distribution functions (bottom) obtained from the CPMD simulation.
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Figure 2. Raman intensities of water simulated with CP2K frequencies for a randomly chosen CPMD cluster with the polarizability derivatives calculated with three basis
sets, and the experimental spectrum. The experimental intensity scale is arbitrary. Note that cell window signal signiﬁcantly distorts the experimental scattering below
250 cm 1.

without any signiﬁcant inﬂuence on the results. The PW91 [32]
and LDA functionals (CAS7 and CAS8 approximations, respectively)
provide nearly the same frequencies as the default PBE functional
within approximately the same time. Raman intensities obtained
by the eight CASTEP computations (not shown) were quite similar.
Thus we can conclude that the computed vibrational properties of
crystalline quartz are relatively independent of the DFT functional
and SCF convergence criteria; on the other hand, it is difﬁcult to reduce the computational demands without a signiﬁcant loss of
accuracy.
3.3. Basis set dependence of the lowest-frequency vibrations in water
For the water box, a more extensive exploration of basis set
dependence could be done than for SiO2. For water the CP2K vibrational frequencies (normal mode) could be combined with the
polarizability derivatives obtained by GAUSSIAN. The Raman intensities at the Hartree–Fock level are presented (Figure 2) as they are
nearly the same as those obtained with the B3LYP and BPW91
functionals (not shown). We found interesting the comparison of
the 6-31G, 6-31G⁄⁄ and 6-311++G⁄⁄ results plotted in Figure 2, as
it documents a rather different character of the lower-frequency
vibrations. Clearly, the lowest-frequency modes involving water
molecule translations and rotations are more sensitive to the basis
set size, whereas the H–O–H bending (1650 cm 1) and O–H
stretching (above 2800 cm 1) are in this sense much less sensitive.
The decrease of the signal as the basis set size increases is rather
counterintuitive, as an opposite trend is usual for the static polarizabilities [33]. Clearly, small basis sets overestimate the polarizability changes caused by molecular motions.
The larger basis set spectrum clearly better corresponds to the
experimental signal (Figure 2), where a relatively weak signal
within 400–1000 cm 1 is apparent only if compared to the most
distinct H–O–H bending region around 1650 cm 1. We can thus
conclude that the simulation of the aqueous Raman scattering
using the CPMD approach provides realistic spectrum. A more detailed analysis of the water Raman signal and vibrational properties goes beyond the scope of this work, but can be found in
many previous studies [8,34–37].
3.4. Raman spectra of quartz and fused silica
The experimental and calculated quartz and fused silica Raman
spectra are presented in Figure 3. The calculated intensity pattern
of quartz is in an excellent agreement with the experiment; minor
extra peaks in the experiment can be explained by anharmonic
interactions (Fermi resonances) and impurities and structural
irregularities in the natural crystal. The approach based on the
force ﬁeld diagonalization used in this study seems to provide
slightly more realistic crystal band shapes than intensity

Figure 3. Experimental and calculated backscattered Raman spectra of the crystal
(quartz, black line) and fused silica (glass, red) SiO2 forms. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

simulations based on the autocorrelation approach used for a similar mineral previously [14]. In particular, the low-frequency bands
are simulated more faithfully.
The correspondence between the calculation and the experiment for fused silica is less obvious; nevertheless the main spectral
features can be assigned, as well as the main changes in the spectra
accompanying a crystal–glass transition are captured by the theoretical model. For example, the strongest Raman peak in quartz
(experimentally at 465 cm 1) disappears in glass, where a broad
intense signal appears instead in the whole lowest-frequency
(<500 cm 1) region. The calculated spectra of the fused silica glass
(Figure 3, bottom) capture this trend; the smooth bandshape, however, was not obtained due to incomplete averaging of the limited
number of CPMD conﬁgurations. At 600 cm 1, an increased
intensity appears in the experiment. This is reproduced by the
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calculation, although the relative intensity is signiﬁcantly overestimated. Currently, we cannot explain this discrepancy. The sharper
experimental band at 486 cm 1 can be most probably attributed to
the simulated maximum at 479 cm 1. Below this limit the experimental Raman signal is broadened by collective vibrations with a
maximum intensity at 438 cm 1, which is only approximately
reproduced.
The higher-frequency (>700 cm 1) Raman signal of fused silica
is simulated more faithfully. The 807 cm 1 quartz experimental
band is broadened to a signal centered around 791 cm 1, and well
reproduced by the calculation (providing 784 and 791 cm 1,
respectively). Also the quartz experimental peaks at 1047 and
1063 cm 1 approximately stay at their positions, giving broader
bands in fused silica (1060 and 1195 cm 1), which is qualitatively
well simulated, except for the incompletely averaged calculated
signal.
Interestingly, in the initial stages of optimization a strong band
appeared at 1300 cm 1 (not shown) corresponding to a double
Si@O bond stretching vibration, which disappeared during the
equilibration. This also documents the sensitivity of the Raman signal to the structure, and potential applications of the simulations
in material science.

3.5. Contribution of the phonon modes and potential energy
distribution
Up to now we calculated the vibrational spectra within the periodic boundary conditions, but only using the C(0, 0, 0) branch of
the crystal modes as implemented in CASTEP. To estimate the error
coming from this simpliﬁcation, namely the neglect of delocalized
phonon-like modes in the fused silica glass, we simulated spectra
of several adjacent elementary cells (2  2  2, 3  3  3,
4  4  4) by the FT method based on a propagation in arbitrary
time [29] (Figure 4, top). As can be seen, the delocalized phononlike modes that are possible in the large systems probably cause
only insigniﬁcant variations of Raman intensities, mostly in the

lower-frequency region. In other words, the Raman signal comes
mostly from short-range atomic interactions.
The qualitative assignment of fused silica vibrations based on
the internal coordinate potential energy distribution (Figure 4, bottom) reveals a different character of the higher-frequency modes
(>900 cm 1), containing a substantial part of the Si–O stretching
energy. The bending modes (OASiAO, SiAOASi) are omnipresent,
and so are the torsions. Nevertheless, the minor but still visible
contribution of the stretches within 700–900 cm 1 suggests that
these vibrations are still somewhat similar to the parental vibrations in quartz crystal (cf. Figure 3) and related to the covalent
SiAO bonding. Indeed, below this limit, the Raman signal is broadened and cannot be so easily related to that of the quartz.
4. Conclusions
We used the plane wave ab initio MD methodologies and periodic boundary linear response calculations to obtain the geometry,
vibrational properties and Raman intensities for the fused silica
glass. The model based on a frozen liquid provided geometry
parameters that well agreed with the experiment. So did the simulated Raman intensities, although the accuracy was limited,
mostly because of the high computational demands of the CPMD
simulations. The potential energy distribution analysis indicated
a strong contribution of the SiAO stretching to the fused silica
vibrations only above 900 cm 1.
Several aspects of the computational approach were tested also
on crystal quartz and liquid water. For crystal quartz, we obtained
realistic band shapes and positions, superior to the time-domain
approaches reported previously for analogous materials. The water
simulations revealed several similarities in the radial and angular
distribution functions between the fused silica and liquid water.
It also allowed for more extensive testing of the computational
procedures. Relatively large basis set was required for accurate calculation of low-frequency Raman signal of liquid water. The ab initio simulations of fused silica Raman spectrum thus provided
insight into the amorphous material structure and a valuable link
between the spectral and geometrical properties.
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[33] P. Bouř, Chem. Phys. Lett. 265 (1997) 65.
[34] T. Hasegawa, Y. Tanimura, J. Phys, Chem. B 115 (2011) 5545.
[35] H. Torii, J. Phys. Chem. A 110 (2006) 9469.
[36] M. Starzak, M. Mathlouthi, Food Chem. 82 (2003) 3.
[37] M.A. Ricci, G. Signorelli, V. Mazzacurati, J. Phys.: Condens. Matter. 2 (1990)
SA183.

