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Boson Peak and High Frequency Modes in Amorphous Silica
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Low and high frequency modes in fused silica at normal and very high density are investigat
molecular dynamics simulation. The calculated vibrational density of states, the Raman intensit
the far infrared spectrum of normal silica glass present a low frequency modes,50 cm21d whose shape
and attenuation with temperature is closely related to the boson peak observed experimentally
mode is attributed to concerted motions between SiO4 tetrahedra. Finally, the present analysis suppo
the recent suggestion that silica glass becomes fragile at very high density. [S0031-9007(97)02

PACS numbers: 63.50.+x, 61.20.Ja, 61.20.Lc, 78.30.Jw
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Three of the most challenging problems in glassy st
theory are the elucidation of the molecular motions (in
vidual and concerted) taking place in the picosecond
subpicosecond time scale, their connection with the me
scopic scale, and their evolution along the route lead
to the liquid state [1]. From the experimental point
view, optical spectroscopies (Raman [2] and infrared [
and inelastic neutron scattering [4] have been widely u
in the last two decades to investigate low and high f
quency excitations in a large variety of amorphous ma
rials. Vitreous silica was particularly scrutinized due to
importance in geosciences and the glass industry. Ne
theless, although the aforementioned techniques are c
plementary to one another, their connection requires s
theoretical assumptions. The usual way to proceed i
compare the optical spectra with the vibrational density
states (VDOS) deduced from inelastic neutron scatte
data via a light-to-phonons coupling coefficient [5] whic
generally exhibits a nontrivial frequency dependence.
contrast, in a MD simulation (once a force field gover
ing the system is determined) it is possible to evalu
any correlation function and power spectrum of inter
simply from the computer generated trajectories of
molecules or atoms making up the simulated sample.

We have evaluated by MD the mean square displa
ments, the VDOS, the Raman, and the far infrared (F
spectrum of a model of fused silica originally propos
by Tsuneyukiet al. [6] (TTAM) to describe the vari-
ous crystalline phases of silica. A minor modificatio
of this model potential, recently introduced by us [
(named TTAMm) to eliminate some shortcomings of t
original potential, allows for the investigation of the e
tire range of the liquid phases,2000 12, 000 Kd. In
the present work the tetracoordinated silica (quartzli
at normal density (2.2 gycm3) and moderately high den
sity (2.5 and2.7 gycm3) as well as the hexacoordinate
silica (stishovitelike) at4.0 gycm3 were simulated be-
tween room temperature and 4000 K to cover both
glassy and the liquid state (T sim

g , 1800 2500 K [7]).
The calculations were carried out with 256 SiO2 units,
the Coulombic interactionssqSi  12.4e, q0  21.2ed
0031-9007y97y78(12)y2401(4)$10.00
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being handled by an Ewald sum (for further details s
Ref. [7]). Particular attention was paid at low temper
tures to average different runs with independent init
conditions.

The temperature dependence of the mean square
placement is presented in Fig. 1. The results plotted
a log-log graph confirm those obtained by Shao and A
gell [8] with a less accurate potential for silica. Thus fo
normal silica glass (2.2 gycm3) the evolution ofkr2l with
time is characterized by a strong overshoot near 0.2–0.3
followed by well shaped oscillations, a feature which pe
sists even atT sim

g (,1800 K) but disappears rapidly in the

FIG. 1. Mean square displacements of silicon (bold curve
and oxygen (dotted curves) atoms in fused silica.
© 1997 The American Physical Society 2401
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liquid state. In densified silica at2.5 gycm3 the overshoot
vanishes beforeT sim

g , whereas at2.7 gycm3 (not shown)
the overshoot at room temperature and 1000 K is m
less pronounced and the oscillations are strongly dam
In hexacoordinated silica at4.0 gycm3 a different behavior
is observed since neither an overshoot nor any oscillat
show up in the glassy state. Moreover, whenkr2l is plot-
ted against the temperature (not shown) for a time ma
ing the overshoot region (e.g.,t  0.3 ps) a strict linearity
is observed for all the polyamorphs up toT sim

g (suggesting
harmonic motions), whereas deviations from linearity o
cur at higher temperatures and are most pronounced w
the density of the polyamorph is high. This means t
on this time scale the dynamics becomes sensitive to
harmonicity and relaxation phenomena, a sensitivity wh
varies with the density of the polyamorph. To be comple
notice that although a change of the system size can a
the details of the relaxation dynamics in the picoseco
time scale as shown recently [9], these finite size effe
on the MSD are just sufficient to smooth somewhat
curves presented in Fig. 1, leaving unchanged the ab
conclusions.

In order to verify that the peculiar oscillations (and the
damping) exhibited bykr2l are related to the famous boso
peak (and its attenuation) observed by Raman spectros
[2] and inelastic neutron scattering [4], we have evalua
the neutron weighted VDOS,gN svd, a quantity directly
connected to the mean square displacement of the at
The important point is that the quantitygN svdyv2 can be
identified (under specified conditions [10] and apart fro
unimportant factors) with the one-phonon scattering cr
section as measured in neutron scattering experime
It is striking to notice on Fig. 2 (see the log-log grap
that for normal silica glass the latter quantity evalua
by MD displays a pronounced peak in the boson pe
region s,50 cm21d, which decreases progressively wi
the temperature and is barely visible at liquid temperat
(4000 K). In densified silica at2.7 gycm3 the same trends
are observed but the peak is slightly less pronoun
than at normal density (not shown). By contrast, t
hexacoordinated silica glass at4.0 gycm3 shows a weak
peak located at much higher frequencys,80 cm21d which
disappears nearTg s,2500 Kd. The agreement betwee
the simulation results and the neutron scattering data
for normal silica glass is striking. This means that t
simulation is able to reproduce the observed boson p
and that its attenuation with the temperature is direc
correlated to the damping of the oscillations inkr2l, as
suggested by Shao and Angell [8]. Furthermore, the
that the simulation predicts a reduced boson peak
silica at stishovite density supports the conclusion t
ultradensified silica glass is much more fragile than
normal glass (in general the amplitude of the boson p
is all the more weak when the glass is fragile [2]).

At higher frequency a detailed comparison with inela
tic neutron scattering data [4] on normal silica glass sho
(see Fig. 2) that the calculated VDOS agrees semiqu
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FIG. 2. Neutron weighted VDOS for fused silica at low an
high density. The curves correspond to the total VDOS
T  300 (bold), 1000 (dotted), 2000 (dashed), and 4000
(dot-dashed), respectively. The filled squares represent
inelastic neutron scattering data of Buchenauet al. [4] and the
empty squares that of Malinovskyet al. [4] for normal silica
glass at room temperature, while the filled triangles are
corresponding high frequency data of Carpenter and Price [1
The upper panels present linear plots ofgN svd and the lower
panels are log-log plots ofgN svdyv2.

titatively with the experimental one. For example, th
high frequency stretching band is located at too low
frequency (vsim 2 vexp , 2100 cm21) and the low fre-
quency band (100 600 cm21) is too flat, which indicates
that the TTAM potential is not sufficiently accurate. O
the other hand, the splitting of the1000 cm21 band and
the deformation band near800 cm21 are remarkably well
reproduced. A new feature appears in the evolution of
calculated VDOS with the temperature: It is the progre
sive redistribution of the intensity of the high frequenc
modess800 1100 cm21d in going from the glassy state
to the liquid state. In ultradense silica at4.0 gycm3 the
situation is different in that the calculated VDOS chang
very little in the glassy state (except the substantial red
tribution of the vibration modes accompanying the chan
of coordination from fourfold to sixfold) and very rapidly
above Tg (see Fig. 2), the very definition of a fragile
behavior.

To elucidate the genesis of the boson peak and the h
frequency modes found in the simulation of normal sili
glass, we have evaluated by MD the VDOS associa
first with an isolatedSiO22.4e

4 unit interacting via the
TTAM potential and next when this unit is immerse
in a frozen silica matrix (in the latter case, the VDO
was averaged over the 256 SiO4 units available in our
simulated sample). The VDOS of an isolatedSiO22.4e

4
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unit shows four main bands (see the stick spectrum
Fig. 3), as expected for aTd symmetry, located at 337
504, 768, and793 cm21, respectively, plus a numbe
of much weaker combination bands. The effect of t
vitreous field on these vibrational bands is considera
since in the frozen matrix not only are large frequen
shifts observed (e.g., the symmetric stretching band wh
shifts from 793 to ,950 cm21) but also broadening
and interaction-induced splittings occur. However, t
key point is that there is no boson peak in the lo
frequency region of the VDOS; the density of states h
no contribution below120 cm21 when a fluctuating SiO4
unit is incorporated in a frozen silica matrix (see Fig. 3
So the boson peak seen in the glass is the result o
collective excitation involving the concerted motions
several SiO4 units.

Complementary information can be obtained fro
Raman and FIR spectroscopies. The infrared absorp
coefficient is related to the Fourier transformIsvd of
the autocorrelation function of the total dipole mome
by asvd  vs1 2 e2 h̄vykBT dIsvd, where unimportant
factors have been omitted. In the present case wh
Si and O ions possess a screened charge and are
polarizable,Isvd can be expressed rigorously in term
of the Fourier transformgJsvd of the autocorrelation
function of the total charge current$Jstd  Siqj $yistd,

FIG. 3. The VDOS for an isolatedSiO22.4e
4 tetrahedron (stick

spectrum), a SiO4 unit immersed in a frozen silica matrix (bold
curves), and a silica glass at room temperature (thin curv
The continuous curves correspond to the motion of the silic
and the dotted curves to the oxygens. The upper pane
a linear plot of gsvd and the lower panel a log-log plot o
gsvdyv2.
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namely Isvd  gJsvdyv2. Consequently, in the
framework of the classical approximation (classic
dynamics is required in a MD calculation) the fo
lowing relation holds,asvd  gJsvd. The calculated
absorption spectrum for normal silica glass at roo
temperature is compared in Fig. 4 with the expe
mental data of Velde and Couty [11] beyond400 cm21

and with compilation data of Strom and Taylor [3] belo
400 cm21. Here again the agreement is only sem
quantitative (a better agreement is obtained by Wils
et al. [12] in the 500 cm21 region in using an interionic
potential which includes polarization effects). As for th
assignment of the spectral bands, note that in compa
gN svd shown in Fig. 2 with the infrared absorptiongJsvd
of Fig. 4 some modes are canceled (e.g., near800 cm21)
while other are enhanced (e.g., near600 cm21) by virtue
of the selection rule imposed by the very definitio
of the collective variable$J. But the most interesting
feature is the presence of a weak boson peak in
low frequency region of the FIR spectrum (see Fig. 4
This peak, although weak, was detected by Wong a
Whalley [13] and other authors as reviewed by Strom a
Taylor [3]. Moreover, the simulation also predicts th
the peak disappears rapidly with increasing temperat
(from 1000 K).

The Raman spectrum cannot be so easily evalua
because it requires supplementary information ab

FIG. 4. The FIR spectrum of fused silica between roo
temperature and 4000 K (same symbols as in Fig. 2). T
upper panel is a linear plot of the absorption coefficientasvd
and the lower panel a log-log plot of the intensityasvdyv2.
The filled triangles correspond to the experimental data
Ref. [11] and the filled squares to the data of Refs. [3,13].
2403
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interaction-induced polarizability in fused silica. Follow
ing Madden and Sullivan [14] it can be shown that seve
distinct mechanisms may contribute to the fluctuations
the total polarizability; distortion of the ions by Coulom
field gradient and field, overlap distortion between neig
bors, and dipole-induced-dipole (DID) processes.
order to grasp the essence of the phenomena, the th
can be recast by using the SiO4 units as the basic block
of the glassy sample (the theoretical details will be giv
elsewhere [15]). In this framework the polarized Ram
spectrumIVV svd is essentially due to the frame distortio
of the SiO4 units while the depolarized spectrumIVHsvd
is mainly caused by the DID mechanism between S4
units. In the latter case the anisotropy of polarizabil
is given by pDID  aSiO4 Si,j==sr21

i,j d where i, j run
over the silicon ions of the SiO4 units,ri,j is the distance
between two Si ions, andaSiO4 is the mean polarizability
associated with SiO4 units (in a first approximation
aSiO4  4aO since the polarizability of the silicon ion
is negligible with regard to that of the oxygen ion).
practice the evaluation by MD of the polarized Ram
intensity gives a spectrum quite similar to the neutr
weighted VDOS [see in Fig. 5 and compare withgN svd
in Fig. 2]. By contrast the depolarized Raman intens

FIG. 5. The Raman spectrum of normal silica glass at ro
temperature: VH spectrum (bold curves), VV spectrum (dot
curves). The upper panel shows the reduced Raman inte
in a linear plot while the lower panel shows the temperat
corrected Raman intensity [nsvd 1 1 is the Bose factor] in a
log-log representation. The experimental low frequency V
spectrum (squares) of Malinovskyet al. [4] is also shown
for comparison. Notice the statistical noise of the calcula
spectra due to the slow convergence of the simulated correla
functions.
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is rather different since the intermediate frequency reg
(500–900 cm21) is magnified at the expense of th
other spectral regions—a feature corroborated by
experimental data [16]. However, as far as the lo
frequency part of both spectra is concerned, the bo
peak around50 cm21 is clearly present as expected, an
its attenuation with temperature (not reported) is qu
similar to that exhibited by the VDOS. But the importan
point is that the simulated VH spectrum which prob
the medium-range order by ther dependence ofpDID

is sensitive to the collective excitation related to Si-
motions. Consequently, the boson peak is the result
concerted motions between SiO4 units, this peculiar low
frequency excitation disappearing as soon as one attem
to freeze the environment around a SiO4 unit (see Fig. 2).
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