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Evidence for a Crossover in the Frequency Dependence
of the Acoustic Attenuation in Vitreous Silica
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We report measurements of the sound attenuation coefficient in vitreous silica, for sound waves of
wavelength between 50 and 80 nm, performed with the new inelastic UV light scattering technique. These
data indicate that in silica glass a crossover between a temperature-dependent (at low frequency) and a
temperature-independent (at high frequency) acoustic attenuation mechanism occurs at Q =~ 0.15 nm ™!,
The absence of any signature in the static structure factor at this Q value suggests that the observed
crossover should be associated with local elastic constant fluctuations.
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The sound attenuation in disordered materials and its
frequency and wavelength dependence are the result of the
interplay between two physical mechanisms: one is due to
the anharmonicity of the interparticle interactions, and the
other to the structural disorder.

The anharmonic attenuation of an acoustic sound wave,
identified by its wavelength A, frequency (), and wave
vector Q = 27/A, is characterized by a specific,
temperature-dependent, relaxation time 7, [1]. At low fre-
quency (w7, < 1) this process dominates the sound ab-
sorption through mechanisms such as, e.g., the Akhiezer
mechanism [2,3]. Accordingly, the sound attenuation co-
efficient, as measured by the broadening I" of the Brillouin
peak in the dynamic structure factor S(Q, w), scales as w?>
and Q2. At high frequency —w7,>1, ie, Q> Q, =
1/vr,, where v is the sound velocity, the anharmonic
attenuation becomes frequency independent [1-3].

The sound attenuation associated with topological dis-
order gives rise to a steeper Q dependence of I'(Q). If
Rayleigh scattering is responsible for this attenuation, I" o
Q* is expected for wavelengths larger than the typical
defects size & =2m/Qg. For Q> Qp, when the
Rayleigh scattering regime is abandoned, one expects
that I'(Q) is no longer « Q* Experimentally, for Q larger
than 1 nm™!, all glasses studied so far show I' o« Q*, with x
very close to 2 [4,5].

This scenario can be summarized by a three-regime
behavior of I'(Q): (i) at low Q, I'(Q) is determined by
anharmonic processes, and I'(Q) « Q> up to a first
(temperature-dependent) crossover Q, = 1/v7,; (ii) an in-
termediate regime, where the Q dependence of I'(Q) is
determined by the system dependent strengths of anharmo-
nicity and structural disorder processes; (iii) a high-Q
regime, where I'(Q) is determined by the topological dis-
order and I'(Q) = Q? with a temperature-independent co-
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efficient. This picture is highly debated because it critically
depends on the location of Q, and Qp in different glasses.
In densified v-Si0,, for example, the crossover Qp has
been hypothesized to be around 2 nm~!' [6].

In the most studied case of vitreous silica, similarly to
what happens in many other glasses, both Q, and Qg
belong to a Q region which is not directly accessed by
traditional scattering probes. In the case of v-SiO,, clear
evidence is reported for the low- and high-Q quadratic
behaviors of I'(Q), using Brillouin light scattering (BLS)
[7,8] and inelastic x-ray scattering (IXS) [9], respectively.
Of fundamental importance is the observation that the two
quadratic behaviors do not have the same coefficient, and
therefore do not extrapolate one onto the other. This pro-
vides some evidence for the presence of an intermediate
regime [8,10].

In this Letter, we report the characterization of this
intermediate regime in Si0O,. We report measurements of
the dynamic structure factor of vitreous silica using the
newly developed inelastic ultraviolet scattering (IUVS)
technique [11]. This probe, using a photon energy approxi-
mately 4 times larger than that usually employed in BLS
experiments, allows one to study sound waves up to a
momentum transfer region of 0.14 nm~!. Our experimen-
tal results show the transition between the two quadratic
behaviors and indicate a value of Qg = 0.15nm™!.

The experiment was performed at the IUVS beam line at
the Elettra Synchrotron Radiation Laboratory in Trieste
[11], with incident photon energies between 5 and
8.2 eV; we performed experiments on several vitreous
silica samples. The results from different samples appeared
to be indistinguishable, and in all cases the photon absorp-
tion was measured to be negligible in the investigated
energy region, thus indicating that the contribution to the
width of Brillouin lines coming from the finite penetration
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depth could be neglected up to this energy. The spectra
were taken in the range =1 meV with a CCD cooled
detector (noise of 1 el/pixel/h). The spectra were obtained
by integrating over a strip 0.26 mm long orthogonal to the
energy dispersion direction. The instrumental total relative
energy resolution was about 5 X 1073, At the lowest inci-
dent photon energies, the total integration time for each
spectrum was 1 h, giving rise to a total inelastic intensity of
=~ 400 counts/channel.

A set of representative IUVS spectra taken at different
momentum transfers and at 7 = 300 K is reported in
Fig. 1: the Brillouin peak shift and broadens as the mo-
mentum transfer increases. In order to extract quantitative
information on the Q dependence of the parameters de-
scribing the peaks and, in particular, the sound attenuation
coefficient, the spectra were fitted by a model function
made up by the convolution of the experimental resolution
function with S(Q, ) represented by the sum of a &
function and a damped harmonic oscillator [12,13] for
the elastic and inelastic contributions, respectively:

Q*(Q)r(Q)
[0? = QX(Q)F + »’T*(Q)’

where A and B are intensity parameters. As an example of
the results of the fitting procedure, in Fig. 2 we show the
spectra at Q = 0.095 nm™ !, Q =0.127 nm™ ', and Q =
0.138 nm™~!. The values derived from the fit for Q(Q)
show a linear dispersion with Q and a slope corresponding
to a sound velocity v = 5950 m/s, consistent with pre-
vious measurements in the low-Q (BLS) and high-Q (IXS)

ﬁ‘ Q=0.095 nm’”

S(0, w) = Ad(w) + B (D

Q=0.107 nm”'

Q=0.113 nm’"
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FIG. 1. Brillouin spectra (Stokes side) of vitreous silica (open
circles with statistical =10 error bars) at the selected Q values
indicated in the figure. The dashed curves aligned with the
Brillouin peaks are the instrumental resolution functions.

regions. The values of the widths I'(Q) are displayed in
Fig. 3 as a function of Q in the examined Q range. In this
figure we also report as dot-dashed and dot-dot-dashed
lines the extrapolated quadratic behavior of I'(Q) =
DQ? as measured at low Q by BLS (Dgg=
0.45 meVnm?) and at high Q by IXS (Dixs=
0.98 meV nm?). The difference between Dy g and Dixs,
as well as its physical origin, is the central issue of the
present work.

From Fig. 3, it can be observed that the low-Q TUVS
values of I'(Q) are superimposed to the extrapolation of the
BLS data, while, at high Q, I'(Q) exhibits a clear departure
from the BLS behavior: In this high-Q region, I'(Q) rises
towards the curve extrapolated from the IXS data.

In order to compare the present data to measurements
performed in different Q ranges, in Fig. 4 we report in log-
log scale the parameter I'(Q) for room-temperature vitre-
ous silica as measured by IUVS (present work), IXS [9],
and BLS [4,7,8]. As previously discussed, both the low-Q
(BLS, 0 <4 X 1072 nm™ ') and the high-Q (IXS, Q >
1 nm~!) data show a Q2 dependence of I'(Q), described
by the dot-dot-dashed and dot-dashed lines, respectively,
but with coefficients which differ by approximately a
factor of 2. Therefore, the literature data identify a Q range
between =~ 0.05 and 1 nm™~! where a transition between
the two regimes must take place. The new IUVS data
reported in the present Letter partially cover this transition
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FIG. 2. Brillouin spectra (Stokes side) of vitreous silica (open
circles with statistical = 1¢ error bars) at Q = 0.095 nm™~', Q =
0.127 nm~!, and Q = 0.138 nm~!'. The solid lines superim-
posed on the experimental data are the best fitted line shapes,
while the dashed curves aligned with the Brillouin peaks are the
instrumental resolution functions. The tail at low energies,
visible in the spectrum at Q = 0.138 nm~ ', is due to the
instrumental elastic line.

035501-2



PRL 97, 035501 (2006)

PHYSICAL REVIEW LETTERS

week ending
21 JULY 2006

I(Q) (neV)

0.08 0.10 0.12 0.14

Q (nm™)

FIG. 3. Width of the Brillouin peaks of room-temperature
silica, as a function of the momentum transfer, as extracted by
fitting IUVS data to Eq. (1). The dot-dashed and dot-dot-dashed
lines correspond to the extrapolation of the quadratic behaviors
measured at low Q using BLS (Refs. [7,8]) and at high Q using
IXS (Ref. [5]).

region and show (i) the departure from the low-Q quadratic
dependence and (ii) the sharp rise towards the high-Q
quadratic dependence that, however, is not fully reached
in the investigated Q range.

Some measurements of acoustic attenuation on silica
thin films in this transition region, performed with the
tunneling junctions (TJs) technique at temperatures around
1 K, are indeed found in the literature [14]. These data will
not be considered in the following discussion because they
do not seem to be directly comparable with our measure-
ments on bulk v-SiO, samples. It is worth noting that the
TJ data are dominated by uncontrolled nonequilibrium and
nonlinear effects [15] and that their interpretation is highly
controversial, as similar independent measurements give
results which differ up to a factor of 5 [16].

In principle, the presence of photons absorption in the
sample, and the consequent exponentially decaying enve-
lope of the light intensity, gives rise to an additional broad-
ening of the Brillouin peak because of the ill definition of
the wave vector Q. This additional spurious broadening is
AT = 2(k/n)i€2(Q). Here n and k are the real and imagi-
nary part of the refractive index, respectively. At a photon
energy E = 8.2 eV—the higher energy considered in this
work—the value n and k of vitreous silica are n = 1.73
and k = 4.63 X 10~*[17]. Therefore at this energy (that in
the scattering geometry employed in the present experi-
ment correspond to Q = 0.144 nm™!) the contribution to
the width of the Brillouin peaks turns out to be AI' =
0.3 peV, negligible with respect to the natural broadening
(I' = 10 pneV). The upper inset of Fig. 4 shows the mea-
sured Brillouin width (open circles) compared to that ex-
pected on the basis of the values of n and k from literature
(open squares) [17] and from a direct measurement (open
diamonds) performed on the same samples used for the
UV-BLS experiment at the Elettra beam line BADEIph
[18]. These data lead one to discard the possibility that
the measured width is an artifact associated with photon
absorption.
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FIG. 4. T'(Q) from different data sets: Circles, IUVS (this
work); triangles and diamonds, visible BLS (Refs. [7,9]); solid
circles, BLS data with 266 nm photons (Ref. [8]); squares, IXS
(Refs. [5,9]). The dotted line corresponds to a Q* law while Q,
and Q, are the crossing point discussed in the text. The lower
inset shows an enlargement of the newly investigated Q region,
where the departure from the low-Q quadratic law is found. The
upper inset shows in a log-lin scale the I'(Q) from this work
(open circles) compared to that expected on the basis of the
values of n and k from literature (open squares) [17] and from a
direct measurement (open diamonds) performed on the same
samples used for the UV-BLS experiment [18].

The scheme reported in Fig. 4 has two “‘crossing”
points: the first crossover, Q, divides the low-frequency
Q? behavior from an higher frequency Q¢ law, with «
compatible with 4. This crossover has never been observed
before. The second crossover, Q,, corresponds to a subse-
quent (in the direction of increasing Q values) bending of
the Q% behavior to the Q% law observed in the THz
frequency region by x-rays Brillouin scattering. Although
the value of O, has not been reached in the present experi-
ment, due to the high photon absorption by the sample
above 8.3 eV, the existence of this crossover at Q, is the
simplest way to reconcile the Q¢ slope observed here with
the high-frequency Q? law. The present data provide a
value Q; = 0.11 = 0.01 nm~! for Q, and, using a sound
velocity v = 5950 m/s, v; = 100 = 10 GHz. Moreover,
IUVS data allow one to estimate by extrapolation the
crossover Q, value as Q, = 0.15 = 0.01 nm™~! and », =
140 = 10 GHz.

Two possible explanations can be invoked for the exis-
tence of a crossover at Q = (,. In the first one, the cross-
over can be interpreted in terms of a characteristic length
scale (¢ = 27/Q,) of elastic constants inhomogeneity of
about 40 nm, a value that is surprisingly high and that
corresponds to almost 70 nearest SiO, tetrahedra. In this
framework Q, = Qg, i.e., the momentum transfer where
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Rayleigh scattering from inhomogeneities is the dominant
sound attenuation mechanism. £ cannot be associated with
density inhomogeneities, as no characteristic signature is
found in the static structure factor at Q = Q. Besides
local density, the propagation of sound waves is controlled
also by the local elastic constants, and therefore the ob-
tained result can be explained by inhomogeneities of the
local forces on the scale £. This is consistent with the
existence of such correlations as identified by computer
simulations [19-21]. In particular, in two recent papers,
Tanguy, Leonforte, and collaborators have shown the ex-
istence of a characteristic length in the stress correlation
function of a model Lennard-Jones glass in two [19] and
three [21] dimensions. They found inhomogeneous regions
on a length scale of 30 interparticle distances in a 2D
system (particles in a plane), and inhomogeneous regions
on a length scale of 23 interparticle distances in a 3D
system (particles in the space). Therefore a tentative inter-
pretation for the origin of ¢ is to assign this length scale to
the scale of force constants’ fluctuations.

A second possible interpretation relies on a recently
proposed elastic continuum model [22]. Within this model
the crossover can be related to the onset of an excess of
states with respect to the Debye density of states. Speci-
fically, in this theory, the width of the Brillouin line results
to be proportional to the excess of states and this quantity
behaves as Q2 in the whole Boson Peak energy region and
as Q* below a system dependent onset frequency [23].

In conclusion, we have reported an inelastic ultraviolet
scattering measurement of the dynamic structure factor of
vitreous silica in a momentum transfer region not acces-
sible so far by other spectroscopic techniques. This study
has revealed that a crossover exists in the acoustic attenu-
ation of vitreous silica at Q@ = 0.15 nm™!. This crossover
may be associated with the existence of static fluctuations
in the elastic constants. Two models have been proposed to
account for this behavior. In both models the elastic con-
stant disorder in a homogeneous density medium plays a
central role; the difference lies in the correlation length of
the disorder. In the first case, this length ¢ is large and
determines the Qp value. In the second one, £ = 0 and the
crossover frequency is determined by the variance of the
elastic constants distribution.

As a final remark, we note that the present observation
leads to a revision of old ideas on the thermal conductivity
of glasses [24,25], which were based on the existence of a
Q* dependence of the acoustic attenuation in the region

just below Q = 1 nm™ !,
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