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The effective vibrational density of states �VDOS� has been derived from inelastic neutron-scattering data,
for isotopically substituted Si 18O2 and Si 16O2 glasses, to gain information about the relative contribution to
the Si and O partial VDOS. This is a necessary point of comparison for vibrational mode analyses of
molecular-dynamics models. The mass contrast has led to a measurable shift between vibrational mode fre-
quencies in the effective VDOS of Si 18O2 and Si 16O2, which is well reproduced in an ab initio simulation.
The vibrational band centered at 100.2 meV is confirmed to have significantly lower contribution from the
oxygen partial VDOS, than the higher �150.3 and 135.8 meV� and lower energy bands �53.3 meV�.
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Glasses remain challenging materials to study and under-
stand due to the lack of long-range order in the structure.
This is especially challenging in the case of vibrational
modes, which in crystals are identified on the basis of sym-
metries present in the structure. Silica glass is fundamentally
viewed as a prototype strong glass former, and archetypal
model of the disordered network, as well as playing a key
role in optical and electronic devices.

There have been many experimental studies1–6 into the
vibrational modes of silica glass, and several computational
models explored.7–13 Information about vibrations is avail-
able from the common techniques of IR and Raman spectros-
copy, however, the visibility of modes is strongly dependent
on complicated cross sections. An alternative experimental
method is inelastic neutron scattering �INS�, in which vibra-
tions are probed by energy exchanges with thermal neutrons.
While INS is more costly and time consuming compared to
optical scattering methods, it provides an experimental route
to a close approximation to the true vibrational density of
states �VDOS�,

g��� =
1

3N
�
j=1

3N

��� − � j� �1�

where � j are the characteristic frequencies of the vibrational
modes in a system of N atoms. There have only been two
previous INS experiments on silica glass which measured the
complete VDOS.5,6

In an effort to realize more definitive information about
vibrational modes in glasses, isotopes have been used. The
use of isotopic substitution provides a mass contrast, result-
ing in a shift in frequency of the vibrational modes associ-
ated with a specific element �at the simplest level �
= �k /��1/2 where k is a force constant and � is the reduced
mass�. This provides a way to distinguish the contributions to
vibrational modes from different elements and so allows a
vital increase in the detail of information available for a
proper mode analysis of vibrational spectra.

The dependence on the vibrational spectra of SiO2 and
B2O3 glasses on isotopic mass has been investigated by Ra-
man measurements by Galeener et al.3,4 and Windisch et al.14

However, in Raman spectra vibrational modes are weighted
according to the change in polarizability which occurs, and
this is difficult to simulate accurately. For this reason, mod-
eling studies of vibrations in SiO2 glass �e.g. Refs. 10–13�
are not compared to experimental Raman spectra. Further-
more, the sample preparation method used in Ref. 3 could
only produce thin films of material, and the method em-
ployed in Ref. 14 could not be applied to silica due to its
higher melting temperature. So these earlier studies did not
provide a way to obtain the larger amounts of SiO2 glass
needed for INS experiments.

Presented in this Rapid Communication is the comparison
of the effective VDOS of vitreous Si 16O2 and Si 18O2 mea-
sured by inelastic neutron scattering. Neutron-scattering ex-
periments have long exploited the difference in scattering
length of certain stable isotopes in order to increase informa-
tion about static structure, referred to as scattering length
contrast. However, the 16O and 18O isotopes have no signifi-
cant difference in scattering length. In this case a glass has
been studied with inelastic neutron scattering using mass
contrast. The shifts in frequencies of the main features of the
effective VDOS, between the natural and isotopically substi-
tuted systems, are compared with the VDOS calculated from
ab initio B3LYP simulations of Si 16O2 and Si 18O2 glasses
and are discussed in light of recent mode analyses found in
the literature.

A challenge for the work was to produce enough Si 18O2
in order to obtain the effective VDOS from a time-of-flight
neutron-scattering experiment. This could not be done using
melt quenching because 18O available as H2O is not suitable,
and 18O available as oxide could not be melted at 1800 °C
without risking exchange with 16O in the atmosphere. The
sample was prepared by the sol-gel technique described fully
in reference 15, in which tetraethylorthosilicate �TEOS� is
hydrolyzed in water, with hydrochloric acid acting as the
catalyst, and gelled into a tetrahedrally coordinated silica-
containing network. The gel is aged, dried, and then heat
treated to condense the network further and remove organic
compounds. The 18O �in 98%+ 18O enriched water, from
Rotem Industries� was introduced into the network during
the initial hydrolysis stage, during the nucleophilic attack of
the oxygen in water on the silicon atom in the TEOS precur-
sor,
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�OR� � Si − �OR� + H2
18O → �OR� � Si − �18OH� + ROH

where OR represents the alkoxy group. The process was car-
ried out entirely under “zero-grade” nitrogen �BOC Gases�,
as was the subsequent aging, drying and heat treating, to
eliminate the possible exchange of 18O with other isotopes in
the atmosphere.14 An Si 16O2 sample was produced under
identical conditions with distilled water containing natural
oxygen �99.76% 16O�. Both samples were stored under a
nitrogen atmosphere. Figure 1 shows high-energy synchro-
tron x-ray diffraction ��=0.486 Å�, performed on station 9.1
at Daresbury SRS, U.K. The static structure factor of the
sol-gel produced glasses is the same as that of silica glass
produced by the melt-quench method �Sigma-Aldrich
342831�.

The inelastic neutron-scattering data was measured, for 15
g of both Si 16O2 and Si 18O2, with the MARI instrument at
the ISIS spallation neutron source in the Rutherford Apple-
ton Laboratory, U.K. The samples were shaped with an an-
nular geometry to reduce multiple-scattering events. The
MARI R chopper frequency was 450 Hz and the incident
neutron energy was 230 meV. These details are required for
the application of the instrumental resolution to model data.
The multiple scattering was calculated from the reduced data
and subtracted before deriving the one-phonon generalized
vibrational density of states, G�Q ,��, as a function of the
scattering vector magnitude, Q, and the vibrational fre-
quency, �. In the incoherent approximation �e.g., see Refs. 5
and 16�,

G�Q,�� = B�Q,��S�Q,�� �2�

where the dynamical structure factor S�Q ,�� is obtained di-
rectly from the INS experiment in a single measurement, and

B�Q,�� =
2M̄

�Q2e2W̄�n��� + 1�−1 �3�

corrects for the scattering dependence on the average atomic

mass M̄, the average of the Debye-Waller factors over all

atoms in the sample W̄, and the thermal-equilibrium aver-
aged occupation number n���= �exp��� /kT�−1�−1. The

value of W̄ used was obtained from Ref. 17, and the effect of
n��� was reduced by maintaining the sample at a very low
temperature �5 K� during the experiment.

In order to remove the Q dependence of G�Q ,��, it is
integrated and averaged over Q in the largest range �5�Q
�16 Å−1� available from the experimental configuration.5

The resulting effective VDOS G��� is closely related to the
true VDOS defined in Eq. �1� by a correction function
C����1 such that

G��� = C���g��� �4�

C��� has been calculated not to differ from unity by more
than 20%.18

In Fig. 2 G��� is presented as a function of energy, i.e.,
G�E� where E=��, for the Si 18O2 and Si 16O2 glasses and is
compared to the previously measured G�E� for silica glass
�Si 16O2� by Arai et al.6 Another previous measurement by
Price et al. is of lower resolution.5 The effective VDOS of
our Si 16O2 sample is in excellent agreement with Arai’s
measurement. This comparison highlights the significant dif-
ferences observed in the four main band positions in the
G�E� of Si 18O2 compared to the G�E� of Si 16O2.

Table I lists band center positions E1-E4 shown in Fig. 2
�centered at 150.3, 135.8, 102.2, and 53.3 meV, respectively,
for the Si 16O2 samples� and absolute and relative shifts be-
tween the Si 16O2 and Si 18O2 measurements. The bands
were fitted with asymmetric Gaussian functions, of which the
centers of gravity define the band centers. The absolute shifts
in energy are largest for the two high-energy bands �E1 and
E2�, and smallest for the 102.2 meV band �E1�. The shifts are
not symmetric around the band centers.

The ab initio results were obtained in the following way.
The simulated SiO2 glass utilizes an amorphous 72-atom su-
percell, relaxed at density-functional-theory level by Bakos
et al.,19 as an initial starting structure. Using the CRYSTAL06

code,20 the structure was optimized at the B3LYP level,21,22 a
commonly used procedure in the ab initio simulation of
glasses which effectively enables only short-range relax-

FIG. 1. High-energy synchrotron x-ray diffraction ��
=0.486 Å�, performed on station 9.1 at Daresbury SRS, U.K. SiO2

glass prepared by �a� melt quenching, �b� sol-gel method in air, �c�
sol-gel method in N2, and �d� Si�18O�2 glass prepared by sol-gel
method in N2. FIG. 2. Effective VDOS, G�E�, for �a� Si 16O2 as measured by

Arai et al., and �b� Si 16O2 and �c� Si 18O2 measured for this study.
Error bars are included, and are comparable to the symbol size. The
data of Arai et al. have been digitized from Ref. 6.
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ations. The B3LYP functional has good performance in pre-
dicting IR and Raman spectra of oxides.22 A full description
of the procedure and computational parameters can be found
in Ref. 23. A mass-weighted Hessian matrix was obtained by
numerical differentiation of the analytical first derivative of
the electronic and nuclear repulsion energy, calculated at ge-
ometries obtained by small displacements of each of the 3N
nuclear coordinates with respect to their equilibrium posi-
tions. Values of � j have been calculated as the eigenvalues
found from diagonalizing the dynamical matrix associated
with the � point, a complete discussion of which can be
found in Ref. 24.

In the case of vitreous silica, most previously published
comparisons of experimental and simulated VDOS disregard
the real instrumental broadening in favor of an arbitrary
function. The instrument resolution, calculated using the
MCHOP program,25 is shown in Fig. 3, and has been used to
broaden the calculated � j values. The ab initio results are

shown in Fig. 4 and reproduce reasonably accurately the key
features in the experimental effective vibrational density of
states. In particular, the four main band center positions �see
Table I�, and their relative intensities show a good similarity.
Figure 4 inset shows the value of C�E�-1 calculated from the
ab initio results, and as shown previously18 the effective
VDOS has more intense E1, E2, and E4 bands because
C����1 �see Eq. �4��. The main deficiency of the ab initio
results is that the highest frequency bands at 150.3 and 135.8
meV appear at slightly lower frequency. This is a known
weakness of the B3LYP and other generalized gradient ap-
proximation functionals, resulting from the overestimation of
the Si-O bond lengths.26,27 The effect of 18O mass contrast on
the ab initio results �see Fig. 4 and Table I� is seen to show a
remarkable similarity to the experimental effect of 18O mass
contrast.

Recent studies10–13 using classical and first principle
molecular-dynamics �MD� models mostly concentrate the
mode analysis on the local vibrations associated with the
SiO4 tetrahedral units and O-Si-O and Si-O-Si three-body
units in the model. All agree that the origins of the 150.3 and
135.8 meV bands are mainly from the symmetric and asym-
metric stretches of SiO4 units, with the symmetric stretch
contributing mostly to the upper of these bands10–13 and that
it is the partial VDOS of oxygen atoms that dominates.11,13

In these bands we see the largest shifts between the G�E� of
Si 18O2 and Si 16O2 which is in excellent agreement with the
relative shifts from the two ab initio models of these systems
�see E1 and E2, Table I�. The similarity of the size of the
shifts for these two high-energy bands support models as-
signing the doublet to local modes with similar contributions
to the oxygen partial VDOS.

Mode analysis of MD models has also suggested the ori-
gin of the feature at 100.2 meV �E3�; it corresponds to a
mixture of SiO4 stretching and SiO4 bending modes,10,11

where the motion relative to Si-O-Si units is mostly
bending.11,13 The results from MD models show this feature
to have the largest contribution from the partial VDOS of
silicon atoms.11,13 The relative partial VDOS for oxygen is18

TABLE I. Band center energies for the two silica samples and
their absolute and relative shifts. All measurements are in meV
�apart from %s� with an uncertainty in the center positions of
	0.2 meV.

Band E1 E2 E3 E4

Expt.

Si 16O2 150.3 135.8 102.2 53.3

Si 18O2 144.6 130.3 100.7 50.1

Abs. shift 5.7 5.6 1.6 3.2

Rel. shift 3.8% 4.1% 1.5% 5.9%

Ab initio

Si 16O2 143.6 129.4 102.2 44.2

Si 18O2 137.8 124.3 100.8 47.8

Abs. shift 5.8 5.1 1.3 2.4

Rel. shift 4.0% 4.0% 1.3% 5.5%

FIG. 3. Instrument resolution function R�e� calculated using the
MCHOP program �Ref. 25� for the MARI R chopper package with
frequency of 450 Hz and incident neutron energy of 230 meV.

FIG. 4. Effective VDOS, G�E�, derived from �a� experimental
data for Si 16O2 �open circles� and Si 18O2 �closed circles�, and �b�
ab initio results for Si 16O2 �lightly weighted line� and Si 18O2

�heavily weighted line�. The inset shows �triangles� the correction
function C���-1 �see Eq. �4�� and �solid line� the oxygen partial
VDOS 
oxy�E�-
oxy�0� �see Eq. �5�� from the ab initio results.
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oxy��� = goxy���/g��� . �5�

Figure 4 inset shows 
oxy�E�-
oxy�0� �see Eqs. 23 and 25 of
Ref. 18� from the ab initio results, and this is lowest for the
feature E3. This is consistent with experimental results,
which show the feature E3 has the smallest shift due to 18O
mass contrast. Hence, we have direct experimental confirma-
tion of the relative participation of Si and O atoms in this
vibrational band, as predicted from mode analysis of MD
models. Furthermore, an asymmetry of this band shift is ob-
served in both the INS and ab initio results. Modes on the
higher energy side undergo a larger shift than those on the
lower energy side resulting in a 10% and 8% reduction in the
FWHM of the band in INS and ab initio results, respectively.
This effect must originate from an unequal relative distribu-
tion of �a� oxygen-associated bending and stretching modes,
and/or �b� the oxygen and silicon partial VDOS. Moreover,
the oxygen partial VDOS must shift from higher energies,
toward the band center, E3. This asymmetry of band shift is
not observed in the two upper bands, E1 and E2, which is
probably because they are dominated by the oxygen partial
VDOS, and a single type of mode �stretching�.

The fourth prominent feature in the G�E�, which we have
also highlighted in Table I, is the large band of intensity
centered around 53.3 meV �E4�. A systematic shift due to 18O
mass contrast is apparent in the high-energy edge of this
feature, in both experimental and ab initio data, around
53–60 meV. In MD modeling studies, the high-energy edge
of this feature denotes where stretching modes no longer

make a major contribution. Wilson et al.10 attributed this
feature to SiO4 bending, while Sarnthien et al.12 attributed it
to Si-O-Si bending. The results of Taraskin et al.11 also make
these attributions and furthermore show that there is a major
contribution from the partial VDOS of oxygen atoms, with
silicon atoms making a smaller contribution. Our observed
relative shifts are close to the maximum possible shift of
5.7% from �= �k /��1/2 when only the oxygen is in motion.

In summary, we have found that synthesizing a sample of
18O-substituted SiO2 glass suitable for an inelastic neutron-
scattering experiment is achievable through the sol-gel tech-
nique. The G�E� of Si 18O2, derived from INS experiments,
show clear shifts in the vibrational modes to lower energies
when compared to that of Si 16O2, in accordance with mass
contrast. The shifts are well reproduced by a simulated ab
initio model, emphasizing that the experimental data pro-
vides a vital point of comparison in a field which relies
mainly on computational techniques. The results of MD
models have been compared here �and should continue to be
compared� with this data set. It is experimentally confirmed
that the vibrational band centered at 100.2 meV has a lower
oxygen partial VDOS contribution, in comparison to the
higher energy bands which are dominated by the oxygen
contribution.
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