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In this work we present an implementation of the analytical string theory recently applied to the
description of glasses. These are modeled as continuum media with embedded elastic string hetero-
geneities, randomly located and randomly oriented, which oscillate around a straight equilibrium
position with a fundamental frequency depending on their length. The existence of a length dis-
tribution reflects then in a distribution of oscillation frequencies which is responsible for the Boson
Peak in the glass density of states. Previously, it has been shown that such a description can ac-
count for the elastic anomalies reported at frequencies comparable with the Boson Peak: the strong
phonon scattering and the negative dispersion in the sound velocity, as a result of the interference
of the string oscillations with propagating sound plane waves. Here we start from the generalized
hydrodynamics to determine the dynamic correlation function S(k,w) associated with the coherent,
dispersive and attenuated, sound waves resulting from such interference. We show that, once the
vibrational density of states has been measured, we can use it for univocally fixing the string length
distribution inherent to a given glass. The density-density correlation function obtained using such
distribution is strongly constrained, and able to account for the experimental data collected on two
prototypical glasses with very different microscopic structure and fragility: glycerol and silica. The
obtained string length distribution is compatible with the typical size of elastic heterogeneities pre-
viously reported for silica and supercooled liquids, and the atomic motion associated to the string
dynamics is consistent with the soft modes recently identified in large scale numerical simulations as
non-phonon modes responsible for the Boson Peak. The theory is thus in agreement with the most
recent advances in the understanding of the glass specific dynamics and offers an appealing simple
understanding of the microscopic origin of the latter, while raising new questions on the universality

or material-specificity of the string distribution properties.

I. INTRODUCTION

A long standing issue in condensed matter physics is
represented by the understanding of the low frequency
vibrational properties of glasses. It is well known that
at long wavelengths and low frequencies, the continuum
description of elastic properties in a solid generally works
well in a crystal, which means that the Debye approxima-
tion of the density of states is a good description of the
actual situation'. This approximation however dramati-
cally fails when it comes to a disordered material such as
a glass, in spite of intuition that says this should not hap-
pen. Indeed, on the macroscopic scale, the wavelengths of
sound waves are much larger than the typical lengthscale
of the disorder, thus the microscopic structure should be
irrelevant, and a description of the medium as a contin-
uum should work well. We can expect this approximation
to fail when the wavelength becomes comparable with the
microscopic structure. It is however found to fail much
earlier than expected, at wavelengths on the order of tens
of mean interatomic distances, a mesoscopic scale corre-
sponding to the medium range order in glasses and at
which it still works reasonably well in crystals?.

Historically, the above failure has been observed
through the deviation of the vibrational density of states
from the Debye prediction at frequencies of few THz,
about 1/10 of the Debye frequency, pointing to the exis-
tence of an excess of soft modes, called the Boson Peak?®.

Such anomaly in the vibrational density of states can be
connected with the anomalous temperature dependence
of the specific heat at low temperature, as well as to the
existence of a plateau in the thermal conductivity, with
the suppression of the Umklapp peak typical of crystals,
at temperatures of about 10 K*°. Such excess is quali-
tatively similar for many such materials, and the details,
but not the broad features, depend on external param-
eters such as temperature, density, pressure, as well as
chemical and thermal history®1°.

This anomaly in the density of states is accompa-
nied by some so-called elastic anomalies in the longitu-
dinal acoustic phonons, as evidenced by a series of ex-
perimental studies?!6718 : a negative dispersion of the
sound velocity, with a minimum close to the Boson Peak
frequency, and a strong attenuation I' of the acoustic
phonons, whose dependence on the wavevector k has long
been believed to be compatible with a Rayleigh scatter-
ing mechanism (' oc k%*! where d is the dimension-
ality of space), but recently found to go like —k41ink
near the Boson Peak frequency!®2°. As such, the fail-
ure of the Debye approximation seems to be drawn by
a strong scattering of sound waves, whose origin is still
a matter of debate and which leads to a cross-over from
well-defined acoustic modes for long wavelengths to ill-
defined ones for smaller wavelengths, the so-called Toffe-
Regel crossover. Three dynamical regimes have thus been
identified in glasses®>?2: i) a low-frequency plane-wave



dominated regime, where phonons undergo weak scatter-
ing and are equivalent to phonons in crystals ii) a strong
scattering regime, above the loffe-Regel limit, where the
corresponding phonons are called “diffusons” and cannot
be thought of as propagative plane waves anymore?3, and
iii) the Anderson localization regime near the mobility
edge?!:2425  The existence of these three regimes strongly
impacts transport properties, so that their microscopic
understanding has become essential for many technolog-
ical applications aiming at using glasses for thermal in-
sulation or confinement.

Understanding the microscopic origin of the strong
scattering regime, and thus of elastic anomalies and Bo-
son Peak, represents a challenge that is at the focus of
an intense theoretical and experimental research effort
since at least 50 years. Many theories and models have
been developed?%733, which can be divided in three main
groups: 1) the existence of quasi-local vibrational states,
produced by soft anharmonic potentials®* 36, ii) the exis-
tence of nanometric elastic heterogeneities?” 303738 "and
iii) the identification of the Boson Peak with the first
transverse Van Hove singularity, broadened by disorder
and shifted because of the density difference with respect
to the corresponding crystalline phase?®4°.

Recent work has shown that the theory of elastic nano-
heterogeneities is unable to reproduce the observed over-
Rayleigh acoustic attenuation?’. On the other hand,
recent large-scale numerical simulations have unveiled
the presence of soft quasi-localized non-phononic modes,
which would coexist with normal acoustic phonons*!™*°
and characterized by a particle displacement decreasing
like =2 in 3D, where r is the distance away from the
center of the mode. The low-frequency density of states
is thus the result of the sum of a Debye contribution
for the acoustic phonons and a non-phononic contribu-
tion coming from these modes and going as w*. These
soft modes would stem out from microscopic structural
arrangements and/or heterogeneities in the glass and
can be associated to another class of theoretical mod-
els, which has focused on the identification of string-like
behavior in glasses. Cooperative string-like motion was
successively found in super-cooled liquids*®*” and Yu et
al.#8 proposed an interpretation of the S-relaxation in
a variety of supercooled liquids and glasses in terms of
string-like configurations. Concerning glasses, already in
the 90’s Schober et al.*? in a numerical simulation of a
soft-sphere glass identified well below the glass transition
temperature vibrational modes involving only atoms ar-
ranged in a string-like pattern. Novikov and Surotsev®°
showed that Raman scattering data from glasses could
indeed be explained by vibrational eigenmodes localized
along a one-dimensional spatial geometry. More recently,
Concustell et al.®! have induced and characterized elas-
tic anisotropy in a bulk metallic glass, showing that their
findings are consistent with an alignment of string-like
atomic arrangements.

Recently, one of us has developed an analytical de-
scription showing that the presence of strings in a glass

thought as a continuum medium can give rise to the vi-
brational anomalies observed in glasses®?. Here we de-
velop this theory and provide a formula to directly link
the density of states g(w) of an amorphous material in the
THz range with its longitudinal dynamic structure fac-
tor S(k,w). We find that the string distribution obtained
from the experimental Boson Peak is able to nicely fit the
inelastic x ray scattering data on the S(g,w) obtained on
glycerol 2 and silica!® with an agreement as good as the
one historically obtained fitting the same data with a
Damped Harmonic Oscillator (DHO) model.

This paper is organized as follows: Section II shows
how to compute the dynamic structure factor S(k,w) for
coherent acoustic waves propagating in a medium de-
scribed by a complex index of refraction, starting from
the Boson peak. This computation is done following
our previous work®? and relies on the properties of an
acoustic wave propagating in a medium filled with elas-
tic strings randomly placed and oriented®?°3. For the
reader’s convenience, some details of the index of refrac-
tion computation are reproduced in Appendix A. The
relation of the current approach with the Damped Har-
monic Oscillator (DHO) model is discussed in Appendix
B. Section III is devoted to the application of the model
for fitting experimental data on two prototypical glasses,
glycerol and silica. The discussion of the results of such
fitting, and notably the obtained string length distribu-
tion and its relation to the elastic anomalies is reported
in Section IV A, while Section IV B focuses on the com-
parison of our results and recent numerical simulations,
specifically concerning the atomic motion in the strings
implicit to the our model. Finally, Section V presents
our concluding remarks.

II. THE STRING MODEL

Here we recall the basics of the model developed in®%3.

It is based on continuum mechanics. The glass is modeled
as a Debye solid plus an embedded distribution of elastic
strings. These strings are pinned at their ends and have
a distribution of lengths. They can oscillate around an
equilibrium position and their fundamental mode of vi-
bration gives rise to the excess modes over the Debye level
observed in many glasses. Also, they interact with elas-
tic waves, leading to the frequency-dependence of phase
velocity and attenuation of coherent sound waves

A. Preliminaries

We consider then an elastic, homogeneous, isotropic
solid with Lamé coefficients A, u, mass density p and
number density n. The displacement at time ¢ of a point
whose equilibrium position is & is denoted @(Z, t), and its
velocity is (Z, t) = i(Z,t)/dt. The current j = nt has
a longitudinal component j(&,t) that, in the absence of



strings, obeys the equation

1 9%(,t)
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+ V%(Z,t) + V2 o =0 (1)

where ¢2 = p/(A+2p) and £ is a phenomenological damp-
ing coefficient®. Looking for traveling waves along one
dimension

J(f, t) _ joei(wt—km) (2)

leads to the dispersion relation

wj—kzz—'kQ £E=0 (3)
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and, when w¢ < 1, we have
j(fv t) = joe’i(Wt—wx/cL)e_x(w2§)/20L ) (4)

the well-known result that, at low frequencies, elastic
waves have a damping proportional to frequency squared,
or that there is an attenuation length proportional to
w?. For later purposes we introduce the (“bare”) Green’s
function go(7, 7o, t — o), the solution of

1
—6790(7" o, t — to) + V2go(F, 7o, t — to) (5)
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where an overdot denotes differentiation with respect to
time. We shall use the definition of the Fourier transform
F(k,w) of a function F(&,t) as

FRw) = / BodtdFTNPE ) (6)

—0o0

so the bare Green’s function in frequency-wavenumber
space is given by

L -1
go(k,w) = (w?/c2) — k? — ik2¢w @)

whose poles reproduce the dispersion relation (3).

If now we consider the solid to be in thermodynamic
equilibrium at temperature 7', the currents will be fluc-
tuating quantities. Of particular interest is the dynamic
correlation

(k,0)j(k, 1)) (8)

where the brackets denote a thermal average. Also, we
shall drop the tildes from the Fourier transforms to sim-
plify the notation. Note that, because of thermal equi-
librium this is a real function that is defined for positive
times ¢, and it can be extended to negative times impos-
ing that it be even in time. Of particular interest is the
Fourier transform

J(k,w) = 2Re|J]. (9)
7= /0 dte= 1 (F, 1) (10)

J(k,t) = (j*

A standard treatment® of the initial value problem of

Eqgns. (1) and (5) leads to an expression of the bare
correlation Jy in terms of the bare Green’s function gg:
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where the second line is a well known expression®®, that
has been obtained here substituting (7) into (11).

Jo(k,w) =
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B. Addition of strings

We now consider elastic waves as above, propagating in

a medium with a frequency dependent index of refraction
induced by the presence of strings:

1 02 ( t)
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where * means convolution in time and f(¢) must vanish
for negative times due to causality. The road to Eqn. (13)
as well as its relation to strings is recalled in Appendix A.
There is a Green’s function associated with this equation,
the solution to
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which gives, in frequency-wavenumber space,
- -1
g(k,w) = (15)

(w?/c2) — k? —ik?éw + k2 f(w)
whose poles give an effective, complex, wavenumber as
a function of frequency, say K(w), that defines a phase
velocity, v = w/Re[K (w)] and an attenuation length ¢ =
—1/Im[K (w)]. Alternatively, both the phase velocity and
the attenuation length can be expressed as functions of
the wavenumber k.
Consider now Eqn. (13) in wavenumber space:
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Multiplying this equation by j*(k,0), and taking the
thermal average, we get
—102J(k,t)
2 o2

t
+k2/ dt' f(t')J(k,t
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This equation is similar to, but differs from, the equa-
tion obeyed by the dynamic form factor in a memory
function formalism®”. This point is further discussed in
Appendix B. Further multiplying by exp(—iwt) and in-
tegrating over ¢ from 0 to oo leads to

. . ) } .
—QM + k%¢J (k,0) + k*D(k,w) + i‘](kg 0)
c; Ot c,

_g_l(va)j(kaw) =0

w (18)

where
D(F,w) = /0 T e ROTR) (19)
and
I(F ) = /0 " drflr 4+ 0§(F, ) (20)

is a functional of the history of the system previous to its
initial state j(l_e', 0). The initial value problem for disper-
sive waves, i.e., when the speed of propagation depends
on frequency, does in general depend on its previous his-
tory. We shall assume there is no statistical correlation
between the initial value of the current j*(k,0) and its
previous, dispersion-dominated, history:

D(k,w) = 0. (21)
We now show that
1 0J(k,0) . -
-2 +k k,0) =0. 22
7 g R0 =0 (22)

Indeed, note that Eqn. (17) is the time derivative of

1 0j(k,t)
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Since (77-(0)u;(0)) = 0 because density and velocity are
uncorrelated, and assuming again that the initial value of
the current is uncorrelated with the previous, dispersion
dominated, history, we have (22). Consequently, Eqns.
(18) and (9) lead to

J(k,w) = —;LJ(k, 0)Im [wg(i‘é,w)} (24)

where g(E, w) is the Green’s function and which leads to
the density correlation through

S(k,w) = ~—J(k,w). (25)

C. Relation of the BP to the strings

Following®?> we describe the normal mode density of
states of the model solid as:

g(w) = gp(w) + gs(w) (26)

where gp(w) is the Debye distribution and gg(w) is the
excess over this distribution (i.e., the boson peak). This
distribution of excess modes over the Debye distribution
determines a distribution of string lengths L through

gs(wo)dwo = 2p(L)dL (27)

with wy = +/(mc/L)? — (B/2m)2. The factor of two in
Eq. (27) indicates that there are twice as many states
of a given frequency as strings. This is due to the fact
that each string can oscillate along two linearly indepen-
dent directions that are perpendicular to its equilibrium
position.

Here c¢ is the speed of waves along the string, B/2m
represents the internal damping of elastic waves in the
string. So, given a specific Boson peak, as determined by
atomistic modeling or experimental data, gs(wg) can be
read off it and Eqn. (27) determines the string length dis-
tribution p(L), which in turn, through (A14), determines
the index of refraction f(w) that goes into the Green’s
function (15) whose imaginary part provides the correla-

tion function S(k,w) using (24) and (25).

III. RELATING THE BP DATA TO THE IXS
DATA

In this section we relate the derived S(k,w) to the ex-
perimental data that can be obtained in an inelastic x-ray
scattering experiment (IXS), in order to apply our model
to the data collected with this technique on two proto-
type glasses, glycerol and silica.

The experimental inelastic scattering spectrum of a
glass is composed of a Brillouin triplet: an elastic line,
related to the frozen density fluctuations, and the Stokes
and Anti-Stokes inelastic peaks corresponding to the an-
nihilation and excitation of a vibrational excitation. The
measured spectrum can be formally described as®®:

[np(w) +1]

10 w) = Al =2 2o

Stot (k, OJ) (28)

Here, we have replaced the vector k by its modulus,
given the isotropy of the system. Ay is a normalization
factor reflecting the k dependence of the atomic form
factors, np(w) = (e"™/#8T — 1)~1 is the Bose-Einstein
factor, S(k,w) is the longitudinal density-density corre-
lation function, which is modeled as the sum of a delta
function for the elastic line and an inelastic contribution:

Siot(k,w) = frd(w) + (1 — fu)S(k,w) (29)



where fi accounts for the measured proportion between
elastic and inelastic parts of spectra and is related to the
non-ergodicity factor and S(k,w) is given by (25).

Eq. (28) can be fitted to the experimental spectra af-
ter convolution with the instrumental resolution function
R(w), adding a k-dependent background bgy:

Leyp(k,w) = bgy + /I(kz,w)R(w —w')dw'’ (30)

Now that we have a reasonable expression for the in-
tensity to work with, the next task is to assign physical
values to the parameters of the model. For the instru-
mental resolution function, we use the one experimentally
measured and we model it via a linear combination of a
Lorentzian and a Gaussian function. We are then left
with 3 groups of parameters for the description of the
experimental spectra:

e Experimental setup and partly material-related:
bgka Ak)'

e Material-related: fy, &, J(lg7 0), ¢, and cp.
e Strings-related: «, ¢, B/m and gg(w).

The function gs(w) is obtained from the measured den-
sity of states, by modeling the excess over Debye distri-
bution using a 5-degree polynomial (i.e. up to w®). Note
that the theoretical g(w) is a number of states per unit
frequency per unit volume. The experimental density of
states is, however, normalized to the atomic volume, and
thus is a number of states per unit frequency. The extra
volume is obtained from the very low frequency asymp-
totics of the experimental values, where it does coincide
with the Debye theory. The number of free parameters
can be reduced by relating the velocities ¢y, cr and ¢
through the equalities: er = cr//K/u+ 4/3, where K
and p are the material’s bulk and shear modulus respec-
tively, and®® ¢ = cp. The zero frequency value J(k,0),
is fixed to literature data of the longitudinal velocity as
measured with Brillouin light scattering. To simplify our
model, we observe that the effect of damping in the elas-
tic waves due to the internal friction of strings, given by
B/m, can be reasonably assumed to be negligible com-
pared to the other sources of damping. We thus take its
value simply as zero.

The remaining fitting parameters are thus bgy, Ay for
the instrumental part, fx, & and ¢y, for the material-part,
and only « for the strings-related part. £, ¢, and « are
expected, in a first approximation, to be k independent.
For this reason, and for getting the best description over
a large k range, they are found by simultaneously fitting
5 IXS spectra throughout the studied wavenumber range.
The k dependent parameters, such as bgx, A and fj are
then found by independently fitting each spectrum using
Eq.(30) , for fixed values of &, ¢;, and «. The procedure
is iteratively repeated until convergence.

To sum up: given Boson peak data gs(w), one obtains
p(L) through Eq. (27). This relation involves a free pa-
rameter B/2m, the internal damping of string motion,

that in the examples that will be worked out below will
be put equal to zero. It also involves ¢, the speed of waves
along the string, a parameter that is completely deter-
mined by cr, the transverse speed of sound of the ma-
terial under consideration. Next, p(L) determines f(w)
through Eq. (A13). This relation involves m, the mass
per unit length of the string, which is related to the mass
density p of the material through m = apb?, where b is a
length of order one inter-atomic distance that cancels out
in the calculations, and « is a dimensionless parameter
of order one that, in the examples below, will be effec-
tively put equal to one. Finally, as mentioned, J(k,0) is
also fixed from literature data. With f(w) determined,
S(k,w) is found using Eqs. (15), (24) and (25). This
final formula for S (E, w) depends on two parameters: &,
the wave attenuation coefficient in the absence of strings,
and cy,, the speed of sound. They will be varied, within
reasonable bounds, to fit the S(k,w) obtained from the
experimental I(k,w). This, in turn, is done using Egs.
(28) and (29). These expressions depend on experimental
parameters, Ay and bg, and a material-related parame-
ter, fi.

Once the parameters that afford the best fit to the ex-
perimental data are obtained, they can be used to obtain
the phase velocity v and attenuation I' solving for the
poles, say K(w), of the Green’s function in Eq.(15):

" RelK ] o
I' = —c Im[K (w)] (32)

For testing the modeling of the inelastic scattering data
through the string distribution obtained from the exper-
imental density of states, we have chosen two prototype
cases, a fragile glass, glycerol, and a strong one, silica,
for which all the experimental data are available.

A. The case of glycerol

We present here the fit of inelastic x ray scattering
data obtained by Monaco and Giordano? on a glass of
glycerol at 150 K, the glass transition temperature being
T, = 189 K. In that paper, data between k¥ = 1.1 and
k = 5 nm~! have been reported and fitted with a damped
harmonic oscillator (DHO) model for the inelastic con-
tribution. Such work has given the first experimental
evidence of the existence of elastic anomalies in glasses
in the Boson Peak region and the early breakdown of the
Debye approximation: a crossover from a regime where
the phonon attenuation increases with k? to a regime
where it goes as k2, accompanied by a dip in the sound
velocity with respect to the expected behavior. More-
over, the calculation of the density of states using the
experimental S(k,w) has been found to be in reasonable
agreement with the experimental data as measured by
inelastic neutron scattering at 170 K. The role of the
attenuation has been there highlighted, as fundamental
to get the right position of the Boson Peak.



If in that work the authors could reproduce the den-
sity of states from the experimental density-density cor-
relation function, here we follow the opposite direction,
using the density of states for reproducing the S(k,w).
Figure 1, reports the excess density of states on the De-
bye prediction as obtained from Ref.%° and its fit with a
5-degree polynomial, which will be used for the succes-
sive fit of the inelastic data. Figure 2 reports a selection

ds(E) [107° meV~!]

10

FIG. 1. The Boson Peak of glassy glycerol at 170 K, taken
from Ref.%%, and reported in non-reduced units (g(w)—gp (w)),
together with the fit with a 5 degree polynomial

of inelastic spectra of glycerol, in the [1-3] nm™! range,
together with the fit to Eq. 28. For a better visualiza-
tion, we have chosen to report only the inelastic part of
the spectra, after subtraction of the fitted elastic line,
and only for positive exchanged energies.

We remind here that in Ref.? the k* — k2 crossover
was identified at k ~ 2 nm~!. The k values here chosen
span then the interesting k region. We have not reported
larger k as the vibrational modes are largely too damped
and the energy range too short for a constraining fit with
our model. From the figure, it is clear that the fitting
model catches quite well the & dependence of the major
inelastic contribution features (energy position and at-
tenuation), with a fitting quality comparable to the one
reported in Ref.2. The k-independent parameters fitted
with our iterative procedure are reported in table I.

To go further, we can extract from our model the phase
velocity v and the attenuation I' calculated as indicated
in Eqgs (31-32). They are reported in Figure 3, together
with the Boson Peak, and they are compared with the ex-
pected velocity and attenuation in absence of strings (in
red). It is clear that the addition of strings strongly mod-
ifies velocity and attenuation. More precisely, from these
graphs, we understand that the longest strings, corre-
sponding to the low energy modes of the BP, and thus to
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3 501,
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FIG. 2. Inelastic x ray scattering spectra of glassy glycerol
as measured at 150 K and reported in Ref.? for en exchanged
momentum ¢ = 1.3, 1.5, 1.7, 1.9, 2.1 and 2.5 nm ™" from panel
a to f. For the sake of clarity we report only the positive
energy exchange side and only the inelastic contribution after
subtraction of the elastic line. The black solid lines represent
the fit with the string model, where the string distribution
has been deduced from the Boson Peak.

’ ‘ glycerol silica
J(k,0)(Km/s)| 3.625% 6.5%C
K (GPa) [14.19175%3| 44.97%
u (GPa) 4.8502:63 36.075
cr (Km/s) |3.42+ 0.03 |6.08 & 0.05
£(107s) | 31403 |2.84 +0.17

TABLE I. Table of the physical quantities needed for the
string model and the k-independent fitting parameters for
glycerol and silica.

its onset, interfere with elastic waves slowing them down,
while the shortest strings, corresponding to the high en-
ergy part of the BP, speed them up again. This interfer-
ence is accompanied by the onset of a strong attenuation.
Note that in the figure we report the “string-dependent”
attenuation, i.e. the residual attenuation once the one
without strings has been subtracted. As such, at low
energy it is zero and constant, meaning that the total
attenuation goes like k2, and then it increases, meaning
that the total one goes like k%, before decreasing again.
The maximum corresponds to the maximum of the BP,
i.e. the maximum of density of string modes. It is worth
noticing that, while our model well reproduces the exis-
tence of a dip in the sound velocity as well as the k* — k2
crossover, all the phenomenology appears shifted at lower
k with respect to what is found with a DHO model. We



don’t expect the two models to give exactly the same
results, as we explain in Appendix B, still the physical
meaning behind the results obtained with the two models
is very similar: we have the same elastic anomalies, which
occur in both cases in correspondence with the BP, ex-
cess of modes in the regular density of states (string case)
or the reduced one (divided by w?, DHO case).
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FIG. 3. Top panel: excess of modes (Boson Peak) in the
regular density of states of glassy glycerol and its modeling
with a 5-degree polynomial. The red dashed line represents
what we should have in the absence of strings (no excess).
The mismatch at low energy is due to the larger weight that
low-energy states have in this case, compared with the fit in
non-reduced units reported on Figure 1. Central panel: the
velocity as obtained using Eq. (31), compared with the one
in the case of no strings (red). Bottom panel: the excess
attenuation, due to strings, with respect to the attenuation
in the case of no strings. Its maximum, marked by the vertical
green dashed line, corresponds to the change of behavior in
the velocity from a lower to a higher velocity with respect to
the no-string case, and to the maximum of the BP.

B. The case of silica

In this section, we apply the string model to the case
of silica and more specifically we fit the data collected by
x ray inelastic scattering at 7' = 1620 K (Glass transi-
tion temperature T, = 1450 K%) and reported by Baldi
et al.'7. Figure 4 reports the excess density of states in
non-reduced units as obtained from the one measured by
neutron scattering at 7' = 1673 K and reported in the
same paper, together with a 5-order polynomial fit for
extracting the string distribution. Some selected inelas-
tic spectra with the fit performed with our model in the
exchanged wavevector range between 0.95 and 2.8 nm ™!

gs(E) [10 3 meV ]

0 5 10 15 20
E [meV]

FIG. 4. The Boson Peak of glassy silica at 1673 K, taken
from Ref.'”, reported in non reduced units (g(w) — gp(w)),
together with the fit with a 5 degree polynomial

are reported in Figure 5. The agreement is quite good, up
to k ~ 2nm~!, from which value, it gets worse and worse
with increasing wavevector, overestimating the position
and underestimating the width. k-independent fitting
parameters are reported in table I. This can be under-
stood going back to Ref'”, where a critical wavevector
k. = 1.41 nm~! was identified, such that I' o« k* for
k < k. and T' o< k% above. Related to the Ioffe-Regel
crossover, this critical wavevector has been successively
identified as the limit above which the spectra are mostly
determined by the local order and similar to the ones of
the polycrystal with the same local order and density.
Here the peak acquires contributions from the transverse
modes and from the higher energy optic modes, not being
then a single plane wave anymore®®. We can thus expect
our model not to work anymore in this regime.
Similarly to the case of glycerol, we report in Figure 6
the Boson Peak, the velocity as modified by the presence
of strings, and the excess attenuation due to the strings.
The same considerations as above hold true for silica,
both on the effect of strings and on the different crossover
position with respect to the findings of the DHO model.

IV. DISCUSSION
A. The string distribution

We have seen that our string model is able to provide
a fit to experimental data as good as the one historically
obtained with the DHO model. The derived velocity and
attenuation, as calculated from the fitting parameters
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FIG. 5. Inelastic x ray scattering spectra of glassy silica as
measured at 1620 K and reported in Ref.!” for en exchanged
momentum g =1.1, 1.3, 1.7, 2.3, 2.7 and 2.9 nm~" from panel
a to f. For the sake of clarity we report only the positive
energy exchange side and only the inelastic contribution after
subtraction of the elastic line. The black lines represent the
fit with the string model, where the string distribution has
been deduced from the Boson Peak.

and Egs. (31) and (32), can be clearly interpreted in
terms of interference of the elastic waves with soft local-
ized modes from strings with different lengths, giving a
straightforward understanding of the elastic anomalies in
glasses.

It is interesting to underline that in the examples above
we have made a series of simplifications, which allows to
extract the important parameters of the model: i) we
have neglected the intrinsic damping in the strings, by
imposing B/m = 0; ii) we have assumed a = 1, which
corresponds to say that the linear mass density of the
string is the same as in the material and (iii) we have
taken the speed of sound c in the string equal to the
speed of shear waves: ¢ = cp. Moreover, the excess
density of states is fixed by the experimental observation.
The parameter b (cross-sectional size of the string), still
present in the model, cancels out, so that the dynamics
depends only on the strings length, whose distribution
leads to the distribution of string vibrational modes and
then to the Boson Peak. As such, our fitting model is
almost with no free parameters once the Boson Peak has
been measured, which univocally fixes the string length
distribution. The quality of the agreement of the model
with the data is then impressive. In Fig.7 we report the
length distribution obtained for glycerol and silica.

Despite the large structural and dynamical differences
between these two glasses, the Boson Peak is located at
very similar energies, with a maximum, in reduced units,
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FIG. 6. Top panel: excess of modes (Boson Peak) in the reg-
ular density of states of glassy silica and its modeling with a
5-degree polynomial. As in glycerol, the mismatch at low en-
ergy is due to the larger weight that low-energy states have in
this case, compared with the fit in non-reduced units reported
on Figure 4. The red dashed line represents what we should
have in the absence of strings (no excess). Central panel: the
velocity as obtained using Eq.31, compared with the one in
the case of no strings (red). Bottom panel: the excess at-
tenuation, due to strings, with respect to the attenuation in
the case of no strings. Its maximum, marked by the vertical
green dashed line, corresponds to the change of behavior in
the velocity from a lower to a higher velocity with respect to
the no-string case, and to the maximum of the BP.

at 4 meV in glycerol and 6 meV in silica. This may
explain the similarity of the string length distributions
reported in the figure, with a slight difference in the po-
sition of the maximum which well mimics the one in the
BP position, being the maximum 0.51 nm and 0.6 nm for
glycerol and silica respectively. Such value corresponds
well to the size of the elastic heterogeneities as found for
silica in%, and is also the typical size of the dynamical
heterogeneities in glass forming liquids close to the glass
transition, suggesting a direct link between our strings
and these latter®"%%, It is also remarkable that in both
glasses the distribution spans from about 0.4 nm up to
2.6 nm, implying that the same string modes are present
in both glasses. Moreover, the beginning of the distribu-
tion, at 0.4nm, corresponds well to the correlation length
for the spatial fluctuations of the local sound velocity, as
identified in silica in®. Beyond these similarities, the two
glasses distributions differ for their integral area, which
is directly connected to the Boson Peak amplitude, and
corresponds to the total string number density: 4.678
nm 3 for glycerol and 3.129 nm~3 for silica. In light of
these observations, one may wonder if the extent of the
string distribution as well as a maximum around 0.5 nm
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FIG. 7. We compare here the string length distribution as
obtained from the Boson Peak in glassy glycerol (black) and
in silica (red).

are somehow universal parameters independent on the
glass and on the position and intensity of the BP, which
are only dependent on the finer details of the distribu-
tion (such as the precise position of the maximum and
the total integral). Glycerol being an intermediate glass,
it would be interesting to apply this model to a very
fragile glass to shed light on this point. More generally,
applications of the model to more systems would help in
understanding the role played by the length distribution
detailed shape in determining the excess of modes po-

J

L 2

sition and shape (the BP), and its correlation with the
fragility of the glass.

B. Strings and soft localized modes from numerical
simulations

Very recently large numerical simulations have proved
the existence in glasses of soft localized non-phononic
modes at low energy. It is interesting to investigate fur-
ther the link which can exist between the strings in our
theory and such modes. These latter correspond to par-
ticle displacements decaying as r—2 in 3D from the lo-
calization point**°, the same decay law being obeyed
by the plastic events associated with quasi-static defor-
mations. Interestingly, their density of states grows like
frequency to the fourth in two, three, as well as four di-
mensions for energies below the Boson Peak®®. In order
to check wether the string vibrations present the same
characteristics as the soft localized modes reported in
these works, we calculate the particle displacement asso-
ciated with them, solving Eqgs. (A2-A3).

Consider a string segment of length L along the z-
axis, oscillating with a small amplitude ¢ and fundamen-
tal frequency wg along the y-direction. The displacement
Xn(s,t') as a function of a Lagrangian variable s along
the string and time t', is

X, (s,t') = (0,8¢™°" sin {Z(s + s)] ,8) (33)

with —L/2 < s < L/2, equilibrium position X?(s) =
(0,0,5), b; = (0,0,1) where m = pb? and 7; = (0,0,1) is
the tangent to the string (see Appendix A). In this case
the particle velocity obtained from (A2)-(A3) is

L/2 L . .
U (T, wo) = —ibpieod / ds sin V(s + )} (V1687 = Ko(s), wo) + V363, (7 = Kols),w0))  (34)

L2

where G?j is the bare Green’s function introduced in Appendix A. For our present purposes we need it in the

representation’®
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After substitution of this expression into (34) we can
identify three distinct regimes as a function of distance
from the string:

a) r < L; that is, particle motion very close to
the string, at distances small compared to string
length. In this case it is straightforward to verify

(

that, far from the pinning points, v; = v = 0 and
that
x

22 + y? (36)

uz(x, y;wo) o<

where (x,y) are coordinates on a plane centered on
the string and perpendicular to it. This means that
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FIG. 8. Particle motion associated with string motion, ac-
cording to Egs. (33) and (36), for particles very close to the
string (r < L). The string (red straight line) points along
the z-axis and moves perpendicular to itself, along the y-axis.
Particles move along a direction parallel to the string, the
z-axis. Left panel: motion of particles lying along the x-y
plane. Right panel: motion of particles along x-z. Here the
particle motion is invariant with respect to translations along
the z-axis. Note that the string and its (perpendicular) mo-
tion determine a plane, here the y — z plane. Particle motion
on one side of this plane, say positive z, is 180° out of phase
with respect to particle motion on the other side, negative x.

particles sharing the same (x,y) coordinates will
have the same motion, parallel to the string. This
latter however moves perpendicular to itself, as it
moves along the y direction while it is aligned along
the z direction. As such, the particle displacement
generated by the string corresponds to a transverse
excitation, as can be better appreciated from Fig. 8.
This motion seems compatible with what reported
by Schober et al.*71:72 in numerical simulations.

b) r ~ L; distances on the order of the string length.
Remember that wy ~ ¢/L. In this case, omit-
ting terms depending on the string acceleration,
which will be considered in (c), the particle dis-
placement decays like 72 away from the center of
the string, in a very nice agreement with the results
of Lerner et al.#>4% for the eigenvectors of the lo-
calized modes of a disordered solid.

¢) r > L; distances very far from the string. In this
case Uy, (r,wo) ~ 1/r. This is the typical decay of
a radiation field and was to be expected. Indeed,
the vibrating string picture encapsulates the time
variation of an inhomogeneous strain distribution.
An inevitable result of such a time evolution is the
generation of a radiating field that propagates away
to infinity. This part of the particle displacement
however emerges only after considering its time evo-
lution, it depends on the string acceleration and
can not be obtained from a diagonalization of the
dynamical matrix as calculated in Refs.41745

So the string plays the role of a one-dimensional dynam-
ical object that encapsulates the coherent motion of a
localized, three-dimensional, set of particles.

Once we have assessed that the particle displacement
related to a string motion is compatible with the one
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of the non-phonon soft localized modes, we next need
to understand if the density of states of the localized
modes is also the same. The low energy ~ w?* behavior is
actually not incompatible with the experimental density
of states we have used in previous sections. In terms of
strings, it would translate into a density of string lengths
~ L76 at large L.

Finally, the strings we have been considering are a
specific implementation of non-affine displacements. As
such, they can account both for the excess number of vi-
brational states, as well as the dispersive properties of
acoustic waves, in glasses. In this sense, our work is
intimately in agreement with the recent results by Car-
oli and Lemaitre, who have directly solved the Newton’s
equation for a system of particles interacting through a
soft-sphere potential in two dimensions, and highlighted
the major role played by non-affine displacements in the
acoustic behavior of amorphous solids??. It would be in-
teresting to extend the string picture to two dimensional
glasses to further relate this picture to the cited findings.

V. CONCLUSION

We have presented in this paper an implementation
of the analytical string theory as developed by one of
us for the description of the physics of dislocations,
and later applied to the description of glasses, mod-
eled as continuum media with embedded elastic strings
heterogeneities®. In that previous work it was already
shown that such a description can account for the elastic
anomalies reported at frequencies comparable with the
Boson Peak: the strong phonon scattering and the neg-
ative dispersion in the sound velocity. Here we further
develop that theory, in order to get the density density
correlation function and compare with experimental data
obtained by inelastic x ray scattering on two prototypical
glasses, glycerol and silica.

We show that, once the vibrational density of states
has been measured, we can use it for univocally fixing
the string length distribution inherent to that glassy sys-
tem. The density density correlation function obtained
using such distribution is strongly constrained, and able
to account for the experimental data in a fairly extended
wavevector range, with the refinement of just a few fit-
ting parameters. As such, the quality of the fit in the
large wavevector range around the Boson Peak region is
quite impressive for both systems.

From such fits, we can infer that the sound velocity
and the attenuation of the elastic waves traveling in the
continuum medium are perturbed due to the interference
with the string vibrational eigenmodes: longer strings,
characterized by low energy eigenmodes, slow down the
sound wave, while shorter strings, whose eigenmodes cor-
respond to the high frequency tail of the Boson peak,
speed it up again. The maximum of the BP corresponds
to a critical energy at which the change from negative to
positive interference in the speed of sound takes place, as



well as to the maximum of the extra-attenuation, due to
the interference with the strings. While the phenomenol-
ogy closely resembles the one evidenced in?, this critical
energy is slightly smaller. However, as explained in Ap-
pendix B, it is not expected to obtain the same value.

We have shown that the string distribution model is
compatible with the recent theoretical advances in the
understanding of the vibrational properties of glasses in
the subTHz-THz range. More specifically, the atomic
motion associated to the strings presents a similar spa-
cial amplitude behavior as the one obtained for the low
energy non-phononic modes in recent numerical simu-
lations, allowing to directly connect such non-phononic
soft excess modes with the fundamental eigenmodes of
the elastic heterogeneities represented by the strings.

It is thus interesting to critically inspect the string
length distribution and its connection with the vibra-
tional density of states and elastic anomalies. We have
evidenced some common features, such as the range of
string lengths and a peak at about 0.5 nm, which are
compatible with the reported elastic heterogeneities cor-
relation length for silica® and dynamical heterogeneities
in supercooled liquids®”-%®%. Such common properties sug-
gest a possible universality, beyond the fragility of the
glass, which seems to be more closely related to the string
density .

Our work thus not only offers a powerful tool, allow-
ing to directly obtain the longitudinal density density
correlation function from the density of states measure-
ment, but also offers a microscopic understanding of the
vibrational properties of glasses in terms of interference
of the sound plane waves with soft modes of elastic 1D
heterogeneities, compatible with the most recent theoret-
ical findings. Such a picture allows to identify the string
length distribution features as key players in determining
the vibrational anomalies, evidencing the universal char-
acter of some of them against the material specific char-
acter of others. For shedding light onto the relationship
between string length distribution and fragility or con-
nectivity, a systematic investigation of glasses with very
different fragility and connectivity should be performed.
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Appendix A: Coherent waves, strings, and the
Boson peak®?%%73

Consider a set of elastic strings of length L with pinned
end points. There are p(L)dL strings with length be-
tween L and L + dL per unit volume. Each string is
described by a displacement X (s, ) away from a straight
equilibrium position Xo, with s a Lagrangian parameter
along the string, that obeys the equation of an elastic
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string loaded by an external stress which, in the present
context, will be associated with an elastic wave:

mXi(s,t) + BXy(s,t) — TX[(s,t) = pb Nijp Vju, (X, 1)
(A1)
where m ~ pb? is a mass per unit length, b is a length of
order one inter-atomic distance, 7 ~ ub? is a line tension,
B is a phenomenological damping coefficient, Vjuy ()?0, t)
is the gradient of the displacement (%, t) associated with
the incoming wave, evaluated at the string equilibrium
position. Ngjp = €xjmTmTp + €xpmTmTj, Where 7; is the
unit tangent along the string equilibrium position. A
prime means differentiation with respect to s. The right-
hand-side of (A1) is the Peach-Koehler force for screw
dislocations in elastic continua. This coupling ensures
that only the shear modulus, and not the bulk modu-
lus, will, later on, become frequency dependent, a fact
that has been observed in the numerical simulations of
Maruzzo et al..
On the other hand, an elastic wave travelling in the
presence of such a string will obey the equation”7®

p'l}l({f, t) — cijlelevk(f, t) = Si(l_", t), (A2)

with

5i(Z,t) = Cijklfmnkb/ ds Xon(5,t)7,mV;6(x — Xo)
L

(A3)
where Cijkl = /\5ij5k'l + ﬂ(dikajl + 6i15jk)-

So the picture is as follows: an elastic wave hits an elas-
tic string; the string responds according to Eqn. (Al);
this response is plugged into the right hand side of Eqn.
(A2) to obtain the scattered field generated by this re-
sponse. Actually plugging the solution of (Al) into (A2)
leads to, in the frequency domain,

fprUi(f,w) — i Vi Vivg(Z,w) = Vigor(Z,w)  (A4)

where
Vik = ANpi; V;6(2Z — Xo) Npix Vi . (A5)
with
_ 8 (l‘b)Q L 2 _
A= 72 m (w?— (7c¢/L)? —iwB/m)’ ¢ =T/m
(A6)

The next step is to think of the right-hand-side of (A4)
to consist, not of a single string, but of many strings,
randomly located and oriented, and with a distribution
of lengths given by p(L). In this case the problem is of a
wave traveling in a random medium. Or, more precisely,
in a medium filled with random scatterers. In any case,
it is possible to find a coherent wave solution that is de-
scribed by a complex index of refraction. This is achieved
through the computation of an effective, average, Green’s
function.



Consider the full Green’s function for the problem

(A4):
prGim(f, w) + Cijlejlekm(f, w) =
= Y VikGrm(F,w) — Gimd (7).

strings

(A7)

To this end the average Green’s function is written as
(“Dyson’s equation”)

-1

(&) =[6"""-3] (A8)

where G is the Green’s function of the medium with-
out dislocations (i.e., “free”, or “bare”)76"78, for an infi-
nite, homogeneous and isotropic medium, and the double
brackets ((-)) denote an average over the random vari-
ables characterizing the disordered medium, not to be
confused with the thermal average considered in the text.
The mass operator ¥ can be computed from the inter-
action V according to a well-defined, perturbative pro-
cedure. It turns out that, due to the point-like nature
of the interaction in (A7), the perturbation series can be
summed and the result is

S = = [ ou(DEIL 3055~ Rk )i + Lo
(A9
with
24 s 1 1

= d I=—iw——.
o=Trar ™ “ s pci.

(A10)

Clearly, just like G°, the mass operator ¥, and con-
sequently the effective Green’s function ((G)), split into
longitudinal and transverse parts:

((Gi)) = (GL))kikj + ((Gr)) (635 — kikj)

For the purposes of the present work we are only in-
terested in the longitudinal portion and, from (A8), the
result is

(G0} = (- + %) + K [ anfw (L)L

(A11)

(A12)
Comparing (15) and (A12) we obtain
4 1
f@) =5 ool IpyL (A1

which relates a population of strings with a distribution
of lengths and the index of refraction of Section II B.
Putting together (A6), (A10) and (A13) we have

B Lp(L)dL
f@)==fo / w? — (me/L)? =i (wB/m + 2w /(aw?))
(A14)
where
fol88c L brter g
0 alsm?cd’ TETIL

and « is a dimensionless parameter of order one defined
by m = apb?.

12

Appendix B: The Damped Harmonic Oscillator
Model (DHO)

We follow the book of Boon-Yip®®, see also Scopigno
et al.’7. Starting from a linear description of a Navier-
Stokes fluid with constant transport coefficient one finds,
neglecting temperature fluctuations, that the current
j(Z,t) obeys the same Eqn. (1) that has been our start-
ing point for waves in an elastic solid, and, unsurpris-
ingly, the current correlation is given by (11). That is,
Navier-Stokes sound in a fluid and elastic sound in a con-
tinuous, homogeneous, solid obey the same equations at
low frequency and wavenumber.

In generalized hydrodynamics, the next step is to intro-
duce a memory function into the equation for the current
correlation function. The Navier-Stokes expression

t
W%i’“’t) - _/g?c%/ dt' s (k,t) — vk2Jns (k. 1) |
0
(B1)
where v is the viscosity, is replaced by
dJcu(k,t) (kvo)? /t ,
= — dt k,t B2

t
—k:2/ dt'®(k,t —t") Jau(k,t).
0

Here, vy is the thermal particle velocity and S(k) is the
static structure factor. These quantities are determined
by the material at hand, and the replacement of c¢;, by
vo/S(k) is dictated by one of the sum rules that must be
obeyed by the current correlation function J(k,t). The
“memory function” ®(k,t) is, as yet, undetermined, and
is supposed to capture the fact that, at high frequencies
and short wavelengths, viscous effects are no longer de-
scribed by constant coefficients, but depend on time and
length scales. The current correlation obtained from this
expression is

JGH(k7w) = (B3)
203w k2 ®' (k,w)
[w2 — [(kvo)2/S(k)] + wk2®" (k,w)]? + [wk2®'(k,w)]?

where ® and ®” are the real and imaginary parts of the
Laplace-Fourier transform of ®(k,t).

The “Damped Harmonic Oscillator” (DHO) expression
employed in Refs.? and!'” to interpret the glycerol and
silica data is obtained from (B3) with the special choices

(kvo)® _ 2
Sy 0 (k).

(B4)
That is, the damping is instantaneous (i.e., independent
of frequency) but wavenumber-dependent. The functions
I'(k) and Q(k) are obtained through a comparison with
the experimental data, and they do not appear to be
directly related to a specific particle behavior in the glass.
They do reproduce, however, the Navier-Stokes behavior
at long wavelengths.

" (k,w) =0, k*®'(k,w)=2T'(k) and



In the body of this paper we have used an expression
for the current correlation given by Egs. (24), (15) and
(A14). This expression differs from a DHO model. It can
however, be obtained as a special case of the generalized
hydrodynamics expression, Eq. (B3), with

wd' = ¢ (éw + Imf) (B5)
2
qu?f) —wd"” = c%(1 — Ref). (B6)

These two formulae show that the string model devel-
oped in the body of the paper can be considered as be-
ing encompassed by a memory function formalism, albeit
with a somewhat roundabout formulation. The coherent-
wave-picture developed in Section II provides a more di-
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rect formulation, that in addition has a straightforward
physical interpretation, and it links the wave behavior
to the vibrational degrees of freedom contained in the
Boson peak, through the function f(w). These coherent
waves are characterized by a phase velocity and attenu-
ation given by Egs. (31) and (32), which differ from the
position divided by wave vector and full width at half-
maximum of the inelastic peak in the dynamic structure
function, which are the definitions of velocity and atten-
uation commonly associated with the DHO model. Both
the string and the DHO models provide adequate fits of
the experimental data. They differ, however, in terms of
physical interpretation.

L C. Kittel, Introduction to Solid state Physics, 8th ed. (John
Wiley and Sons, 2005).

2 G. Monaco and V. M. Giordano, “Breakdown of the De-
bye approximation for the acoustic modes with nanomet-
ric wavelengths in glasses,” Proceedings of the National
Academy of Sciences 106, 3659 (2009).

3 U. Buchenau, N. Niicker, and A. J. Dianoux, “Neutron
scattering study of the low-frequency vibrations in vitreous
silica,” Phys. Rev. Lett. 53, 2316 (1984).

4 R. C. Zeller and R. O. Pohl, “Thermal conductivity and
specific heat of noncrystalline solids,” Phys. Rev. B 4, 2029
(1971).

5 E. Courtens, M. Foret, B. Hehlen, and R. Vacher, “The
vibrational modes of glasses,” Solid State Communications
117, 187 (2001).

6 A. Wischnewski, U. Buchenau, A. J. Dianoux, W. A.
Kamitakahara, and J. L. Zarestky, “Sound-wave scatter-
ing in silica,” Phys. Rev. B 57, 2663 (1998).

7 8. Caponi, A. Fontana, F. Rossi, G. Baldi, and E. Fabiani,
“Effect of temperature on the vibrational density of states
in vitreous sioz: A Raman study,” Phys. Rev. B 76, 092201
(2007).

8 Y. Inamura, M. Arai, T. Otomo, N. Kitamura, and
U. Buchenau, “Density dependence of the Boson peak of
vitreous silica,” Physica B: Condensed Matter 284-288,
1157 (2000).

9 M. Zanatta, G. Baldi, S. Caponi, A. Fontana, E. Gilioli,
M. Krish, C. Masciovecchio, G. Monaco, L. Orsingher,
F. Rossi, G. Ruocco, and R. Verbeni, “Elastic proper-
ties of permanently densified silica: A Raman, Brillouin
light, and x-ray scattering study,” Phys. Rev. B 81, 212201
(2010).

10°A. Monaco, A. I. Chumakov, G. Monaco, W. A. Crich-
ton, A. Meyer, L. Comez, D. Fioretto, J. Korecki, and
R. Riiffer, “Effect of densification on the density of vi-
brational states of glasses,” Phys. Rev. Lett. 97, 135501
(2006).

1 1., Orsingher, A. Fontana, E. Gilioli, G. C. Jr., G. Carini,
G. Tripodo, T. Unruh, and U. Buchenau, “Vibra-
tional dynamics of permanently densified GeO> glasses:
Densification-induced changes in the Boson peak,” The
Journal of Chemical Physics 132, 124508 (2010).

12 K. Niss, B. Begen, B. Frick, J. Ollivier, A. Beraud,
A. Sokolov, V. N. Novikov, and C. Alba-Simionesco, “In-
fluence of pressure on the Boson peak: Stronger than elas-
tic medium transformation,” Phys. Rev. Lett. 99, 055502
(2007).

13 L. Hong, B. Begen, A. Kisliuk, C. Alba-Simionesco, V. N.

Novikov, and A. P. Sokolov, “Pressure and density depen-

dence of the Boson peak in polymers,” Phys. Rev. B 78,

134201 (2008).

S. Caponi, S. Corezzi, D. Fioretto, A. Fontana, G. Monaco,

and F. Rossi, “Raman-scattering measurements of the vi-

brational density of states of a reactive mixture during

polymerization: Effect on the Boson peak,” Phys. Rev.

Lett. 102, 027402 (2009).

15 A. Monaco, A. I. Chumakov, Y.-Z. Yue, G. Monaco,
L. Comez, D. Fioretto, W. A. Crichton, and R. Riiffer,
“Density of vibrational states of a hyperquenched glass,”
Phys. Rev. Lett. 96, 205502 (2006).

16 G. Baldi, V. M. Giordano, G. Monaco, and B. Ruta,
“Sound attenuation at terahertz frequencies and the Bo-
son peak of vitreous silica,” Phys. Rev. Lett. 104, 195501
(2010).

17 G. Baldi, V. M. Giordano, and G. Monaco, “Elastic
anomalies at terahertz frequencies and excess density of
vibrational states in silica glass,” Phys. Rev. B 83, 174203
(2011).

18 B. Ruta, G. Baldi, F. Scarponi, D. Fioretto, V. M. Gior-
dano, and G. Monaco, “Acoustic excitations in glassy
sorbitol and their relation with the fragility and the Bo-
son peak,” The Journal of Chemical Physics 137, 214502
(2012).

199, Gelin, H. Tanaka, and A. Lemaitre, “Anomalous

phonon scattering and elastic correlations in amorphous

solids,” Nature Materials 15, 1177 (2016).

C. Caroli and A. Lemaitre, “Fluctuating elasticity fails to

capture anomalous sound scattering in amorphous solids,”

Phys. Rev. Lett. 123, 055501 (2019).

21 Y. M. Beltukov, C. Fusco, D. A. Parshin, and A. Tanguy,
“Boson peak and Ioffe-Regel criterion in amorphous sili-
conlike materials: The effect of bond directionality,” Phys.
Rev. E 93, 023006 (2016).

22 A. Tanguy, J. P. Wittmer, F. Leonforte, and J.-L. Barrat,
“Continuum limit of amorphous elastic bodies: A finite-

14

20



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

size study of low-frequency harmonic vibrations,” Phys.
Rev. B 66, 174205 (2002).

P. B. Allen, J. L. Feldman, J. Fabian, and F. Wooten,
“Diffusons, locons and propagons: Character of atomic vi-
brations in amorphous Si,” Philosophical Magazine B 79,
1715 (1999).

P. B. Allen and J. L. Feldman, “Thermal conductivity
of disordered harmonic solids,” Phys. Rev. B 48, 12581
(1993).

J. J. Ludlam, S. N. Taraskin, and S. R. Elliott, “Disorder-
induced vibrational localization,” Phys. Rev. B 67, 132203
(2003).

D. R. Parshin, “Soft-potential model and universal proper-
ties of glasses (review),” Fiz. Tverd. Tela (Leningrad) 36,
1809 (1994) [ Phys. Solid State 36, 991 (1994)] (1994).
W. Gétze and M. R. Mayr, “Evolution of vibrational exci-
tations in glassy systems,” Phys. Rev. E 61, 587 (2000).
W. Schirmacher, G. Diezemann, and C. Ganter, “Har-
monic vibrational excitations in disordered solids and the
“Boson peak”,” Phys. Rev. Lett. 81, 136 (1998).

W. Schirmacher, “Thermal conductivity of glassy materials
and the “Boson peak”,” Europhysics Letters (EPL) 73, 892
(2006).

W. Schirmacher, G. Ruocco, and T. Scopigno, “Acous-
tic attenuation in glasses and its relation with the Boson
peak,” Phys. Rev. Lett. 98, 025501 (2007).

T. S. Grigera, V. Martin-Mayor, G. Parisi, and P. Verroc-
chio, “Phonon interpretation of the ‘Boson peak’in super-
cooled liquids,” Nature 422, 289 (2003).

C. Ganter and W. Schirmacher, “Rayleigh scattering, long-
time tails, and the harmonic spectrum of topologically dis-
ordered systems,” Phys. Rev. B 82, 094205 (2010).

Y. M. Beltukov, V. I. Kozub, and D. A. Parshin, “loffe-
Regel criterion and diffusion of vibrations in random lat-
tices,” Phys. Rev. B 87, 134203 (2013).

U. Buchenau, Y. M. Galperin, V. L. Gurevich, and H. R.
Schober, “Anharmonic potentials and vibrational localiza-
tion in glasses,” Phys. Rev. B 43, 5039 (1991).

V. L. Gurevich and H. R. Schober, “Decay of mesoscopi-
cally localized vibrational eigenstates in porous materials,”
Phys. Rev. B 57, 11295 (1998).

V. L. Gurevich, D. A. Parshin, and H. R. Schober, “An-
harmonicity, vibrational instability, and the Boson peak in
glasses,” Phys. Rev. B 67, 094203 (2003).

E. Duval, A. Mermet, and L. Saviot, “Boson peak and
hybridization of acoustic modes with vibrations of nano-
metric heterogeneities in glasses,” Phys. Rev. B 75, 024201
(2007).

J. W. Kantelhardt, S. Russ, and A. Bunde, “Excess modes
in the vibrational spectrum of disordered systems and the
Boson peak,” Phys. Rev. B 63, 064302 (2001).

S. N. Taraskin, Y. L. Loh, G. Natarajan, and S. R. El-
liott, “Origin of the Boson peak in systems with lattice
disorder,” Phys. Rev. Lett. 86, 1255 (2001).

A. I. Chumakov, G. Monaco, A. Monaco, W. A. Crich-
ton, A. Bosak, R. Riiffer, A. Meyer, F. Kargl, L. Comez,
D. Fioretto, H. Giefers, S. Roitsch, G. Wortmann,
M. H. Manghnani, A. Hushur, Q. Williams, J. Balogh,
K. Parliniski, P. Jochym, and P. Piekarz, “Equivalence
of the Boson peak in glasses to the transverse acoustic van
Hove singularity in crystals,” Phys. Rev. Lett. 106, 225501
(2011).

M. Shimada, H. Mizuno, and A. Ikeda, “Anomalous vibra-
tional properties in the continuum limit of glasses,” Phys.

42

43

44

45

46

47

48

49

50

51

52

53

54

55

57

58

59

60

61

14

Rev. E 97, 022609 (2018).

E. Lerner, G. Diiring, and E. Bouchbinder, “Statistics and
properties of low-frequency vibrational modes in structural
glasses,” Phys. Rev. Lett. 117, 035501 (2016).

L. Gartner and E. Lerner, “Nonlinear plastic modes in dis-
ordered solids,” Phys. Rev. E 93, 011001 (2016).

G. Kapteijns, E. Bouchbinder, and E. Lerner, “Universal
nonphononic density of states in 2d, 3d, and 4d glasses,”
Phys. Rev. Lett. 121, 055501 (2018).

E. Lerner and E. Bouchbinder, “A characteristic energy
scale in glasses,” The Journal of Chemical Physics 148,
214502 (2018).

C. Donati, J. F. Douglas, W. Kob, S. J. Plimpton, P. H.
Poole, and S. C. Glotzer, “Stringlike cooperative motion
in a supercooled liquid,” Phys. Rev. Lett. 80, 2338 (1998).
H. Zhang, C. Zhong, J. F. Douglas, X. Wang, Q. Cao,
D. Zhang, and J.-Z. Jiang, “Role of string-like collec-
tive atomic motion on diffusion and structural relaxation
in glass forming Cu-Zr alloys,” The Journal of Chemical
Physics 142, 164506 (2015).

H. B. Yu, K. Samwer, W. H. Wang, and H. Y. Bai,
“Chemical influence on (-relaxations and the formation of
molecule-like metallic glasses,” Nature Communications 4,
2204 (2013).

H. Schober, C. Oligschleger, and B. Laird, “Low-frequency
vibrations and relaxations in glasses,” Journal of Non-
Crystalline Solids 156-158, 965 (1993).

V. N. Novikov and N. V. Surovtsev, “Spatial structure of
Boson peak vibrations in glasses,” Phys. Rev. B 59, 38
(1999).

A. Concustell, S. Godard-Desmarest, M. Carpenter,
N. Nishiyama, and A. Greer, “Induced elastic anisotropy
in a bulk metallic glass,” Scripta Materialia 64, 1091
(2011).

F. Lund, “Normal modes and acoustic properties of an
elastic solid with line defects,” Phys. Rev. B 91, 094102
(2015).

D. Churochkin, F. Barra, F. Lund, A. Maurel, and V. Pag-
neux, “Multiple scattering of elastic waves by pinned dis-
location segments in a continuum,” Wave Motion 60, 220
(2016).

L. D. Landau and E. M. Lifshitz, Theory of Elasticity, 2nd
Ed. (Pergamon Press, 1989).

P. M. Morse and H. Feshbach, Methods of Theoretical
Physics (McGraw Hill, 1953).

J. P. Boon and S. Yip, Molecular Hydrodynamics (Dover
Publications, 2013).

T. Scopigno, G. Ruocco, and F. Sette, “Microscopic dy-
namics in liquid metals: The experimental point of view,”
Rev. Mod. Phys. 77, 831 (2005).

S. Pailhés, V. M. Giordano, P. F. Lory, M. D. Boissieu,
and H. Euchner, “X-rays and neutrons spectroscopy for
the investigation of individual phonons properties in crys-
talline and amorphous solids,” in Amorphisation and ther-
mal properties of semiconductors: From bulk to nanostruc-
tures, edited by K. Termentzidis (2017).

F. Lund, “Response of a stringlike dislocation loop to
an external stress,” Journal of Materials Research 3, 280
(1988).

J. Wuttke, W. Petry, G. Coddens, and F. Fujara, “Fast
dynamics of glass-forming glycerol,” Phys. Rev. E 52, 4026
(1995).

L. Comez, D. Fioretto, F. Scarponi, and G. Monaco,
“Density fluctuations in the intermediate glass-



62

63

64

65

66

67

68

former glycerol: A brillouin light scattering study,”
The Journal of Chemical Physics 119, 6032 (2003),
https://doi.org/10.1063/1.1601608.

F. Scarponi, L. Comez, D. Fioretto, and L. Palmieri,
“Brillouin light scattering from transverse and longitudi-
nal acoustic waves in glycerol,” Phys. Rev. B 70, 054203
(2004).

A. G. Lyapin, E. Gromnitskaya, I. V. Danilov, and V. V.
Brazhkin, “Elastic properties of the hydrogen-bonded lig-
uid and glassy glycerol under high pressure: comparison
with propylene carbonate,” RSC Adv. 7, 33278 (2017).
W. Pabst and E. Gregorova, “Elastic properties of sil-
ica polymorphs—a review,” Ceramics - Silikaty 57, 167
(2013).

G. Baldi, V. M. Giordano, G. Monaco, F. Sette, E. Fabiani,
A. Fontana, and G. Ruocco, “Thermal conductivity and
terahertz vibrational dynamics of vitreous silica,” Phys.
Rev. B 77, 214309 (2008).

G. Baldi, M. Zanatta, E. Gilioli, V. Milman, K. Refson,
B. Wehinger, B. Winkler, A. Fontana, and G. Monaco,
“Emergence of crystal-like atomic dynamics in glasses at
the nanometer scale,” Phys. Rev. Lett. 110, 185503 (2013).
U. Tracht, M. Wilhelm, A. Heuer, H. Feng, K. Schmidt-
Rohr, and H. W. Spiess, “Length scale of dynamic het-
erogeneities at the glass transition determined by multidi-
mensional nuclear magnetic resonance,” Phys. Rev. Lett.
81, 2727 (1998).

L. Berthier, G. Biroli, J.-P. Bouchaud, L. Cipelletti, D. E.
Masri, D. L’Hote, F. Ladieu, and M. Pierno, “Direct ex-
perimental evidence of a growing length scale accompany-
ing the glass transition,” Science 310, 1797 (2005).

69

70

71

72

73

74

75

76

7

78

15

G. Baldi, V. M. Giordano, B. Ruta, R. Dal Maschio,
A. Fontana, and G. Monaco, “Anharmonic damping of
terahertz acoustic waves in a network glass and its effect
on the density of vibrational states,” Phys. Rev. Lett. 112,
125502 (2014).

A. E. H. Love, A Treatise on the Mathematical Theory of
Elasticity (Wentworth Press, 2019).

H. R. Schober, C. Gaukel, and C. Oligschleger, “Low En-
ergy Excitations in Glasses and Melts,” Progress of Theo-
retical Physics Supplement 126, 67 (1997).

H. Schober, “Collectivity of motion in undercooled liquids
and amorphous solids,” Journal of Non-Crystalline Solids
307-310, 40 (2002).

N. Mujica, M. T. Cerda, R. Espinoza, J. Lisoni, and
F. Lund, “Ultrasound as a probe of dislocation density
in aluminum,” Acta Materialia 60, 5828 (2012).

A. Marruzzo, W. Schirmacher, A. Fratalocchi, and
G. Ruocco, “Heterogeneous shear elasticity of glasses: the
origin of the Boson peak,” Scientific Reports 3, 1407
(2013).

A. Maurel, V. Pagneux, F. Barra, and F. Lund, “Interac-
tion between an elastic wave and a single pinned disloca-
tion,” Phys. Rev. B 72, 174110 (2005).

A. Maurel, V. Pagneux, F. Barra, and F. Lund, “Wave
propagation through a random array of pinned disloca-
tions: Velocity change and attenuation in a generalized
Granato and Liicke theory,” Phys. Rev. B 72, 174111
(2005).

R. Weaver, “Diffusivity of ultrasound in polycrystals,”
Journal of the Mechanics and Physics of Solids 38, 55
(1990).

A. Maurel, J.-F. Mercier, and F. Lund, “Elastic wave
propagation through a random array of dislocations,”
Phys. Rev. B 70, 024303 (2004).



