ARTICLE

Received 1 Jan 2013 | Accepted 2 Apr 2013 | Published 30 Apr 2013

Acoustic dynamics of network-forming glasses
at mesoscopic wavelengths

C. Ferrante!, E. Pontecorvo!, G. Cerullo?, A. Chiasera3, G. Ruocco*, W. Schirmacher® & T. Scopigno'®

The lack of long-range structural order in amorphous solids induces well known thermo-
dynamic anomalies, which are the manifestation of distinct peculiarities in the vibrational
spectrum. Although the impact of such anomalies vanishes in the long wavelength, elastic
continuum limit, it dominates at length scales comparable to interatomic distances, implying
an intermediate transition regime still poorly understood. Here we report a study of such
mesoscopic domains by means of a broadband version of picosecond photo-acoustics,
developed to coherently generate and detect hypersonic sound waves in the sub-THz region
with unprecedented sampling efficiency. We identify a temperature-dependent fractal v3/2
frequency behaviour of the sound attenuation, pointing to the presence of marginally stable
regions and a transition between the two above mentioned limits. The essential features of
this behaviour are captured by a theoretical approach based on random spatial variation of
the shear modulus, including anharmonic interactions.
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ibrational states of glasses in the low-frequency regime are

often described in terms of quantized plane-wave phonon

modes, resembling those of the crystalline counterpart. On
the other hand, the amorphous state induces a number of peculiar
low-temperature properties regardless of the specific structure of
the material, from covalently bound glasses to polymers and
biological matter. These properties include anomalous acoustic
behaviour, the existence of a plateau in the temperature (T)
dependence of the thermal conductivity, the peak in the T
dependence of CP/T3 (where C, is heat capacity at constant
pressure) and the ‘boson peak’ observed in inelastic scattering of
light or neutrons at meV energies, that is, an excess of vibrational
density of states g(v) over the prediction of the Debye model,
expressed as g(v)/v? (typical energy scale: a few millielectron-
volts)2. There is a consensus that the boson peak is a
manifestation of some sort of disorder, and it is believed to be
key to fundamental understanding of the vibrational states of
glassy and amorphous materials, which are beyond the simple
plane-wave phonon picture for crystals. Nevertheless, its physical
origin has remained a serious puzzle in condensed-matter physics
and materials science.

Among the disorder-sensitive properties, the frequency
dependence of the sound attenuation coefficient (I7), in
particular, appears to be the result of an interplay of several
physical mechanisms from the ultrasonic to the THz frequency
regimes®~14. On a qualitative ground, one would expect that—in
the very long acoustic wavelength limit—the effect of disorder
vanishes out and a crystal-like picture holds (except for the fact
that long-wavelength longitudinal waves of a glass are
attenuated). In fact, such a behaviour is observed up to few
tens of GHz in ultrasonics (US) and Brillouin light scattering
(BLS) experimentss. In the low-frequency regime (MHz to GHz
regime, acoustic wavelength 4,> 100 nm), where the wave picture
holds, the sound attenuation is expected to be governed by
internal friction due to anharmonic interactions like in dielectric
crystals. Therefore, the classical theory of sound attenuation in
crystals, founded by Landau and Akhiezer®1>16 has been used
also for glasses®!%!1, These theories® predict a v law, which
should saturate at some characteristic frequency, and a direct
proportionality with T. In fact, the +* behaviour has been
observed up to few tens of GHz in US and BLS experiments®,
Several models for the influence of relaxation processes on sound
attenuation in glasses have been considered>”>!”. In the opposite
limit, when the dominant acoustic wavelength approaches the
average inter-particle distance, the structural disorder becomes of
crucial importance. The corresponding frequency region (THz) is
accessible by inelastic neutron scattering (INS) and inelastic X-ray
scattering (IXS) experiments'® and by molecular dynamics(MD)
simulations. Experiments indicate also here a v* but temperature-
independent behaviour of the sound attenuation, albeit with a
different (higher) coefficient. Hence, consist with recent
observations at the edge of the IXS accessible window!®?, one
legitimately expects a crossover between these two regimes, which
should occur at frequencies between 50 GHz and 1 THz, ruled by
a v* behaviour, which is expected for elastic scattering in a
statically disordered medium (Rayleigh scattering®).

In this work, we investigate the propagation of hypersonic
waves in the mesoscopic domain in between the two regimes by
means of a newly developed broadband version of picosecond
photo-acoustics (BPA), a technique that we recently introduced?!
building on a 1kHz regeneratively amplified Ti:Sa laser system.
Specifically, we report experimental data for sound attenuation in
the prototypical strong-glass vitreous germania (v-GeO,),
obtained by low-pressure chemical vapour deposition (LPCVD),
accessing the ~ 100 GHz frequency gap existing between BLS and
IXS. We find a temperature-dependent, fractal frequency
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behaviour of the acoustic attenuation, signalling the presence of
marginally stable regions and anticipating the transition to the
disordered dominated regime, occurring in the boson peak
region. A theoretical approach based on random spatial variation
of the shear modulus including anharmonic interactions accounts
for the observed features.

Results

Identification of the Rayleigh crossover. Experimental values
of I'(v), obtained in v-GeO, with different techniques
(US (refs 22,23), BLS (refs 24-26), INS (ref. 24) experiments and
MD (ref. 24) simulations) are compared with the present
experimental results in Fig. 1.

In order to identify the crossover frequency between the low/
high-frequency regimes, we first make use of a fitting model, used
in the previous literature, combining additively an anharmonic
and a disorder scattering contribution??”. As the data below
~'100 GHz cannot be described with a simple Akhiezer-like 2
behaviour (they show a linear dependence upon approaching the
crossover region from below), we wused an anharmonic
contribution (I'ry) allowing for a spatially varying relaxation
time t(V) with a half-gaussian distribution of activation
parameters V (the so called TARP scheme’, thermally activated
relaxation processes, see Supplementary Note 1 for further
details).
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Figure 1 | Acoustic attenuation in GeO, over 10 frequency decades. I"(v)
obtained by different techniques at different temperatures, along with the best
fit with equations 1-3, as indicated in the table. Below v=1THz a strong
temperature dependence is observed, a clear signature of anharmonicity.
The Broadband picosecond photo-acoustics (BPA) data are the result of an
interpolation of 1340 different wavelengths, corresponding to each single
channel of optical multichannel analyser. The inset magnifies the BPA data,
error bars are smaller that the symbol size. A significant departure from the
purely anharmonic contribution (thin lines in the inset) is clearly observed for
both temperatures. The thin black dotted line is the best fit before BPA data at
T=300K condition?®. Best fitting parameters are 7o =145 x 10~ *ps,
oy=2469K, v.=0.443 THz, A=0.1313 and B=0.233 ps.
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the I'py, contribution follows a v! law in the frequency range
corresponding to the relaxation rate distribution, as showed in
Supplementary Fig. S1. The scattering contribution I’y just
interpolates between a Rayleigh v* to a high-frequency v? law
with crossover v, which should be below (but near to) the boson
peak frequency vg'%

Equations 1-3 was previously applied to estimate v,
obtaining a value of ~ 60 GHz, that is, one order of magnitude
below the boson peak located at vy ~ 750 GHz (ref. 29). Our new
BPA measurement for two different temperatures unambiguously
indicates a significant up-shift of v, to ~450 GHz, which is much
closer to vg. Remarkably, the temperature dependence of our BPA
data, as shown in the inset of Fig. 1, still indicates a strong
anharmonic contribution in the 100 GHz region.

24

Theoretical description of the crossover region. In order to
describe the crossover region accounting for the observed anhar-
monic behaviour, we now introduce a theoretical description,
building on an inhomogeneous version of elasticity theory>® in
which the local shear modulus is assumed to fluctuate in space
(heterogeneous elasticity theory!>142831) with a Gaussian distri-
bution. The theory, outlined in Methods section, depends on a
single parameter y—the fluctuation of the elastic constants—
which is a measure of the disorder of the system, upper limited by
a critical value 7., which sets an instability threshold. It allows
determining the dynamic susceptibility by means of self-consistent
equations involving a self-energy X. The acoustic attenuation I
relates to the imaginary part of the self-energy via: I'(v) oc v (v).
Away from the instability, for y <y, the self-energy can be
conveniently evaluated within the harmonic approximation giving
rise to the temperature-independent contribution Xy,.(v), solely
dependent on the system disorder y. The harmonic approximation
captures important experimentally observed features related to the
boson peak: it reconciles the Brillouin (GHz) and the IXS (THz)
regimes viaa I" oc v* toa I" oc 2 crossover. It does not explain,
however, the significant temperature dependence observed in our
BPA data in the 100 GHz regime and below. A way to account for
such experimentally observed temperature dependence is to
introduce the lowest order linear correction in T to the
harmonic self-energy into the self-consistent equations. Right at
the instability the combined presence of anharmonicity and
disorder causes a fractal frequency dependence of the sound
attenuation as well as the density of vibrational states I'(v) oc
TY2,3/2 and gv) o« 2, away from the instability the harmonic
approximation is retrieved. A satisfactory description of our data,
including the presence of the crossover and the sub-THz
temperature dependence is therefore obtained by an incoherent
superposition of sub critical and critical self energies:

E(o)=(1-x)%, <, +x2,-,, (4)

The prediction of the theory is shown in Fig. 2, against the
available sound attenuation data on GeO, above 100 GHz. A good
description is obtained with y. —y=0.01 and x =0.144 (T =77 K)
or x=0.146 (T=300K). As can be observed, the transition to the
upper range is consistent with the crossover frequency
v. ~450GHz obtained in the phenomenological fit of Fig. 1,
and the experimental I"oc v (vI)!/2 temperature dependence of
sound attenuation is correctly reproduced.

Discussion

We presented experimental data for hypersonic attenuation in a
strong glass obtained in a previously unexplored frequency
region, suggestive of the presence of a crossover from continuous
wave to coarse grained elasticity occurring just below the boson
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Figure 2 | Acoustic attenuation in GeO,. Description of the crossover
region based on heterogeneous elasticity theory (T=300K solid
line, T=77K dashed line). Experimental data are the same as in Fig. 1.

peak. The crossover, located around 450 GHz, corresponds to an
acoustic wavelength of A, :CLGeOZ /ve = 8nm, representing the
correlation length associated with the transition. This lengthscale,
in turn, comprises ~25 GeOQ, tetrahedral units®2.

Let us now discuss on the similarities and differences of the
sound attenuation in the two network glasses GeO, and SiO,.
At high frequencies, (THz region)-as evidenced by IXS, neutron
and simulation data-the sound attenuation varies as v* above
the boson peak frequency, which is situated at ~1.2 THz in SiO,
(ref. 20) and ~0.75THz in GeO, (ref. 29). In SiO,, the sound
attenuation below the boson peak frequency drops with a
stronger frequency dependence indicating the onset of a
Rayleigh law*". In GeO,, the corresponding frequency window
lies outside the IXS accessible range. At very low frequencies,
where anharmonic relaxation processes dominate, the attenuation
SiO, shows an Akhiezer-like 2 dependence (that is, driven by a
single relaxation time) holding up to frequencies as high as
600 GHz (refs 33,34), whereas in GeO, a v! law is observed,
indicating a similar mechanism but with a broad distribution of
relaxation times.

A self-consistent theory based on spatial fluctuation of shear
moduli—including anharmonic interactions—is here presented to
account for the temperature-dependent damping in the crossover
region. This is achieved advancing the idea of marginally stable
regions (y=7.), surrounded by a ‘host’ with y <7y. Marginally
stable regions have been detected in computer simulations of a
metallic glass® and in model glasses®®. More recently, simulations of
a soft-sphere glass®! show, in fact, that both the frequency-fractal
behaviour and a boson peak are present in agreement with the
present experimental result. The former are also responsible for the
fractal frequency dependence of vibrational density of states
g(@)ocw®?, while the latter explains the dip in the freqzuenc?l
dependent sound velocities occurring at the crossover!>2831,
Our work unambiguously demonstrates that marginally stable
regions exist in a real glass, and we anticipate that this might be a
general feature of the amorphous state. We note that the slight
increase of the concentration of marginally stable regions with
temperature, linearly extrapolated towards the glass transition
(T;=980K) would lead to a critical concentration of about
X~ 15%. This value, however, should be taken as a lower bound,
because we expect a steeper temperature dependence upon
approaching T, It has been advanced in the recent literature that
marginally stable re§i0ns are directly related to shear transformation
zones in metallic*>? and model®® glasses. Our result demonstrates
the existence of these regions in network-forming glasses, providing
a way to estimate the critical density’® by performing BPA
experiments close to T,
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Figure 3 | Schematics of the pump-probe setup. A small fraction of the Ti:sapphire pulsed source acts as pump, while the broadband probe (optically
delayed with respect to the pump) is obtained through generation of WLC in CaF,. The probe, after the interaction with the sample, is analysed by an

optical multichannel analyser.

Methods

Broadband picosecond acoustics. A schematic layout of the BPA setup is
shown in Fig. 3. It is based on a regeneratively amplified Ti:sapphire laser pro-
ducing 50 fs, 4 m] pulses at 800 nm wavelength and 1 kHz repetition rate. A portion
of the beam (the pump, with energy up to 5 pJ), after passing through a delay
line, is loosely focused on the sample. A thin metallic coating launches by
‘instantaneous’ thermal expansion a longitudinal acoustic wavepacket with a
characteristic spectrum extending in the 40-400 GHz region“’. The acoustic pulse
then travels inside the sample and its motion is probed by a second delayed
optical pulse.

In our realization of the experiment, outlined in Fig. 3, the probe is a broadband
pulse obtained by focusing a fraction of the laser light onto a 2-mm thick CaF,
plate to generate a stable broadband single-filament white light continuum (WLC).
After the interaction with the sample, a visible portion of the WLC, extending from
380 to 650 nm, is dispersed on an optical multichannel analyser?!. Impinging on
the sample, each wavelength (1) in the probe pulse is reflected by the acoustic
strain wave through a (stimulated) Brillouin scattering process, that is, interacts
with a single phonon of frequency

! ! 2n(A 0 5

v=ooad= T 1(Ape)cL cos (5)
where ¢, is the (longitudinal) sound velocity, q the modulus of the phonon
wavevector (equal to the exchanged light momentum), n(4,,) the refractive index
of the medium and 0 the scattering angle. The Brillouin scattered intensity
interferes with the portion of probe beam reflected by the fixed metallic layer,
leading to time-dependent oscillations reported in Fig. 4 as the relative (with and
without the pump pulse) variation of transient reflectivity for different time delays
(AR(t)/R). The periodicity and damping of such oscillations, set by the Bragg
condition and corresponding to the period of the phase-matched acoustic
phonon*!, gives direct access to acoustic parameters such as sound velocity and
attenuation in the same frequency ran§e as BLS experiments.

Critically, as shown in Devos et al.*? the presence of a silicon substrate, in a
metal/sample/Si structure, allows extending upwards the accessible acoustic
frequency range as, when entering the Si substrate, the phase -matched acoustic
frequency is enhanced by the larger value of sound speed (cL =8430ms~ ') and
refractive index (nmax =6.9 at A, =372nm) compared with germania
(r:(LGeo =3770ms !, n(G¢02) ~1.65). Consequently, by probing the acoustic
wave at the sample/substrate interface, the accessible frequency region can be
upscaled to the 100 GHz decade, a range of paramount importance in amorphous
materials science, showing an extremely rich phenomenology.

A set of samples of different thicknesses (302-370-1020-1320 nm) was obtained
by a single LPCVD on the polished surface of a [100] silicon wafer (see
Supplementary Methods). An equal thickness (10 nm) of Ti transducer layer was
deposited on top all samples to ensure identical acoustic wavepacket properties for
the whole series.

Transient reflectivity data, AR(t)/R, are first reduced by subtraction of a thermal
background*?, as performed in Devos et al.*2. The results are shown in Fig. 4:
sinusoidal best fits of AR(t)/R for each wavelength and each GeO, thickness?! (see
an example in the inset in Fig. 4), bears information on the intensity of the acoustic
wave travelling in GeO, first and then in the Si substrate. The evolution of the
oscillation amplitude at the interface GeO,/Si (Ay;) for different sample thicknesses
L, (normalized to the amplitude in the GeO,, Ageo, » to account for possible sample
dependent variations of the induced acoustic wavepacket) is a measure of the
acoustic damping in the sample o, (v), and reads:

ASi /AGe01 X fe —Lotae(v) (6)

Following the procedure proposed in Refs 44, the factor f, depending on the
thickness and optical properties of the different sample layers, was used to keep
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Figure 4 | Broadband picosecond acoustics data. Colour map of pump-
probe signal (after the subtraction of thermal background) at T=77K for
different GeO, thicknesses (from left to right 302-370-1020-1320 nm). A
strong damping effect of fast oscillations at the silicon interface upon
increasing thickness can be observed. The inset shows a single wavelength
temporal trace (black thick line), and its best fit (green dashed line) with
the three components representing the acoustic wave launched in the
sample, transmitted and reflected at the silicon interface. This latter,
relatively small contribution is shown by the red line.

frequencar domain I'(v) (full-width at half maximum of Brillouin line) we have
Ir= 2= /2m Measurements were performed at both room and liquid
mtrogen 'cemperatures.44

Generalized elasticity theory. As outlined in Results section, the theory that we
present is an inhomogeneous version of elasticity theory, where the shear modulus
is assumed to fluctuate in space'>!4283! with a Gaussian distribution with
corresponding average G, and variance (AG?). The disorder-induced fluctuations
cause a frequency dependence in the macroscopic shear and longitudinal

moduli

() = pe(0) = Go—pS(). M(0)=pd () )

where w = 2nv is the angular frequency and ¢; t(w) are the (complex) longitudinal
and transverse sound velocities, p is the mass density, and Z(w) is the complex self-
energy function. The ¢ () fluctuations rule the longitudinal and transverse
susceptibilities:

XL‘T(%‘U):‘IZ[_‘UZ+qzci,T(w)]71 (8)

If the local bulk modulus K is assumed not to fluctuate in space, then its
macroscopic counterpart is frequency independent, and we have

into account for multiple reflection effects. The o, (v) relates to the acoustic energy M(w)=K+ 4 G(w) =K+ 4 [Go — pS()] (9)
mean free path via [~ L =20, (v). In terms of the acoustic damping measured in the 3 3
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The acoustic wave attenuation is related to the imaginary part of the self-energy
by the relation I'(w) oc wXZ(w). The purely disorder-induced frequency
dependence of the attenuation can be described by the harmonic self-energy
function X, ;m(®).

_7Go 1

Snm(@)= S0 S Balg.0)+1r(g.0) (10)

lal <kp

where y o< (AG?)/G? is the dimensionless disorder parameter. By solving the
self-consistent equation 7 to equation 10, we obtain the solution for Zy,m(®)
within the so called self-consistent Born approximation (SCBA).

Let us now introduce anharmonicity. This can be achieved by including the non-
linear terms of standard elasticity theory®® into the Lagrangian of the theory!%. The
result is—to the lowest order in the anharmonicity—a self-energy whose imaginary
part varies linearly with frequency and temperature like in Akhiezer’s theory for the
transverse sound attenuation of crystals®. It had been noted already some time
ago®® that the combined effect of the anharmonicity and disorder in the vicinity of
the instability can lead to a mode-coupling scaling scenario®® with a frequency
dependence I'(w) oc ®>2. Such a frequency dependence, indeed, is obtained right
at the instability y =1, if X}, in the equation 10 for the dynamic susceptibilities is
replaced by

Sharm + AT (11)

where A describes the strength of the anharmonicity. By solving again the self-
consistent equation 7 to equation 10, one obtains the anharmonic solution for the
self-energy which, in the yay. limit, can be written as

V22
S(w)=%.(0)+ }'7[(0) V7e—7+iAoT — Bo? +iCa? ... (12)
c

Here B and C are (positive) coefficients relating to the harmonic theory!>2831

and X.(0) is the critical self-energy at @ = 0. At marginal stability (y=7.) the
anharmonic term is dominant, giving an (T2 law for ''(w). For y <7y. the
other contributions, which describe the increase of the sound attenuation near the
BP become important and the fractal law is less pronounced.

An appropriate form for the self-energy>! is the incoherent superposition of
critical (frequency fractal) and sub critical contributions, according to equation 4.
An important feature of the frequency-fractal contribution is that it varies with
temperature as TV (see equation 12), as experimentally observed.

References
1. Elliott, S. R. The Physics of Amorphous Materials (Longman, New York, 1984).
2. Binder, K. & Kob, W. Glassy Materials and Disordered Solids: An Introduction
(World Scientific, London, 2011).
Rayleigh, J. W. S. Theory of sound (Dover Publications, 1976).
Akhiezer, A. J. Phys. 1, 1939.
5. Buchenau, U. et al. Interaction of soft modes and sound waves in glasses. Phys.
Rev. B 46, 2798-2808 (1992).
6. Maris, H. J. In Physical Acoustics. (ed Mason, W. & Thurston, R.) vol. 8, 279
(Academic Press, New York, 1971).
7. Gilroy, K. S. & Phillips, W. A. An asymmetric double-well potential model for
structural relaxation processes in amorphous materials. Philos. Mag. B 43, 735
(1981).
8. Morath, C. J. & Maris, H. J. Phys. Rev. B 54, 203 (1996).
9. Fabian, J. & Allen, P. B. Theory of sound attenuation in glasses: the role of
thermal vibrations. Phys. Rev. Lett. 82, 1478 (1999).
10. Rat, E. et al. Anharmonic versus relaxational sound damping in glasses. L.
Brillouin scattering from densified silica. Phys. Rev. B 72, 214204 (2005).

. Vacher, R., Courtens, E. & Foret, M. Anharmonic versus relaxational sound
damping in glasses. II Vitreous silica. Phys. Rev. B 72, 214205 (2005).

. Schirmacher, W., Ruocco, G. & Scopigno, T. Acoustic attenuation in glasses
and its relation with the boson peak. Phys. Rev. Lett. 98, 025501 (2007).

13. Schirmacher, W. et al. Vibrational excitations in systems with correlated
disorder. Phys. Status Solidi C 5, 862-866 (2008).

14. Tomaras, C., Schmid, B. & Schirmacher, W. Anharmonic elasticity theory for
sound attenuation in disordered solids with fluctuating elastic constants. Phys.
Rev. B 81, 104206 (2010).

15. Landau, L. & Rumer, G. Phys. Z. Sowj 11, (1936).

16. Perrin, B. Ultrasonic attenuation in molecular crystals. Phys. Rev. B 24,
6104-6113 (1981).

17. JacKkle, J., Piché, L., Arnold, W. & Hunklinger, S. Elastic effects of structural
relaxation in glasses at low temperatures. J. Non Cryst. Solids 20, 365-391
(1976).

18. Sette, F. et al. Dynamics of glasses and glass-forming liquids studied by inelastic
X-ray scattering. Science 280, 1550 (1998).

Ll

1

—

1

o

19. Monaco, G. & Giordano, V. M. Breakdown of the Debye approximation for the
acoustic modes with nanometric wavelengths in glasses. PNAS 106, 3659-3663
(2009).

20. Baldi, G., Giordano, V. M., Monaco, G. & Ruta, B. Sound attenuation at
terahertz frequencies and the boson peak of vitreous silica. Phys. Rev. Lett. 104,
195501 (2010).

. Pontecorvo, E. et al. Visualizing coherent phonon propagation in the
100 GHz range: a broadband picosecond acoustics approach. Appl. Phys. Lett.
98 (2011).

22. Sakai, K., Choi, P. & Takagi, K. High-frequency ultrasonic relaxation in GeO,

glass. J. Non-Cryst. Solids 109, 47-53 (1989).

23. Hunklinger, S. & v. Schickfus, M. Acoustic and dielectric properties of glasses at
low temperature, amorphous solids, low temperature properties. (ed Phillips,
W. A.) 24, 81-105 (TCPh, 1981).

24. Baldi, G. et al. Dynamic-to-static crossover in the acoustic attenuation of

v-GeO,. Europhys. Lett. 78, 36001 (2007).

. Hertling, J., Baefiler, S., Rau, S., Kasper, G. & Hunklinger, S. Internal friction
and hypersonic velocity in vitreous germania under high pressure. J. Non Cryst.
Solids 226, 129-137 (1998).

26. Guimbretiére, G., Rufflé, B. & Vacher, R. Acoustic damping and dispersion in

vitreous germanium oxide. Phys. Rev. B 86, 094304 (2012).

27. Masciovecchio, C. et al. Evidence for a crossover in the frequency dependence
of the acoustic attenuation in vitreous silica. Phys. Rev. Lett. 97, 035501 (2006).

. Schirmacher, W. Thermal conductivity of glassy materials and the "boson
peak". Europhys. Lett. 73, 892-898 (2006).

29. Fabiani, E., Fontana, A. & Buchenau, U. Neutron scattering study of

the vibrations in vitreous silica and germania. J. Chem. Phys. 128, 244507
(2008).

30. Landau, L. D. & Lifshitz, E. M. Theory of Elasticity (Pergamon, Oxford, 1959).

31. Marruzzo, A. et al. Vibrational anomalies and marginal stability of glasses. Eur.
Phys. J. 216, 83-93 (2012).

32. Hoppe, U., Kranold, R., Weber, H.-]., Neuefeind, J. & Hannon, A. The structure
of potassium germanate glasses — a combined X-ray and neutron scattering
study. J. Non Cryst. Solids 278, 99-114 (2000).

33. Wen, Y. -C,, Guol, S. -H., Chen, H. -P., Sheu, J. -K. & Sun, C. -K. Femtosecond
ultrasonic spectroscopy using a piezoelectric nanolayer: hypersound
attenuation in vitreous silica films. Appl. Phys. Lett. 99, 051913 (2011).

34. Klieber, C. et al. Narrow-band acoustic attenuation measurements in vitreous
silica at frequencies between 20 and 400 GHz. Appl. Phys. Lett. 98, 211908
(2011).

35. Mayr, S. G. Relaxation kinetics and mechanical stability of metallic glasses and
supercooled melts. Phys. Rev. B 79, 060201 (2009).

36. Derlet, P., Maa8, R. & Loffler, J. The Boson peak of model glass systems and its
relation to atomic structure. EPJ. B 85, 1-20 (2012).

37. Zink, M., Samwer, K., Johnson, W. L. & Mayr, S. G. Plastic deformation of
metallic glasses: size of shear transformation zones from molecular dynamics
simulations. Phys. Rev. B 73, 172203 (2006).

38. Dasgupta, R, Hentschel, H. G. E. & Procaccia, I. Microscopic mechanism of
shear bands in amorphous solids. Phys. Rev. Lett. 109, 255502 (2012a).

39. Dasgupta, R., Hentschel, H. G. E. & Procaccia, I. Yield strain in shear banding
amorphous solids. Phys. Rev. E 87, 022810 (2012b).

40. Thomsen, C. et al. Coherent phonon generation and detection by picosecond
light pulses. Phys. Rev. Lett 53, 989-992 (1984).

41. Lin, H.-N,, Stoner, R. J., Maris, H. J. & Tauc, ]. Phonon attenuation and velocity
measurements in transparent materials by picosecond acoustic interferometry.
J. Appl. Phys. 69, 3816 (1991).

42. Devos, A., Foret, M., Ayrinhac, S., Emery, P. & Rufflé, B. Hypersound damping
in vitreous silica measured by picosecond acoustics. Phys. Rev. B 77, 100201
(2008).

43. Daly, B. C. et al. Optical pump and probe measurement of the thermal
conductivity of low-k dielectric thin films.. J. Appl. Phys. 92, 6005-6009 (2002).

44. Ayrinhac, S. et al. Subterahertz hypersound attenuation in silica glass studied
via picosecond acoustics. Phys. Rev. B 83, 014204 (2011).

. Schirmacher, W., Maurer, E. & P6hlmann, M. Quantum mode-coupling theory
for vibrational excitations of glasses. Phys. Stat. Sol. C 1, 17 (2004).

46. Gotze, W. Complex Dynamics of Glass-Forming Liquids (Oxford University

Press, Oxford, 2009).

2

—_

2

w

2.

fosd

4

w

Acknowledgements

C.F., E.P. and T S. have received funding from the European Research Council under the
European Community’s Seventh Framework Program (FP7/2007-2013)/ERC grant
Agreement FEMTOSCOPY No. 207916.

Author contributions
T.S. conceived and supervised the research. C.F. and E.P. performed the experiment and
analysed the data. W.S. and C.F. worked at the field theoretical analysis. A.C. provided

| 4:1793| DOI: 10.1038/ncomms2826 | www.nature.com/naturecommunications 5

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2826

and characterized the samples. C.F., W.S. and T.S. wrote the manuscript. G.C. and G.R.

participated to the discussion of the results and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors claim no competing financial interests
associated with this paper.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ferrante, C. et al. Acoustic dynamics of network-forming glasses

at mesoscopic wavelengths. Nat. Commun. 4:1793 doi: 10.1038/ncomms2826 (2013).

@@@@ This work is licensed under a Creative Commons Attribution-
carmrs NonCommercial-NoDerivs 3.0 Unported License. To view a copy of

this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/

6 NATURE COMMUNICATIONS | 4:1793 | DOI: 10.1038/ncomms2826 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.nature.com/naturecommunications

	Acoustic dynamics of network-forming glasses at mesoscopic wavelengths
	Introduction
	Results
	Identification of the Rayleigh crossover
	Theoretical description of the crossover region

	Discussion
	Methods
	Broadband picosecond acoustics
	Generalized elasticity theory

	Additional information
	Acknowledgements
	References




