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The low-frequency dynamics in glasses is compared with that in icosahedral quasicrystals. For both arrange-
ments of matter, the existence of nanometric heterogeneities, implying the existence of a nanometric inhomo-
geneous elastic network, is expected to play a crucial role. Thanks to this comparison, mostly based on
inelastic x-ray (neutron) scattering data, it is proposed that the excess of vibrational density of states observed
in both materials is due to the hybridization of longitudinal and transverse acoustic modes with modes local-

ized around the heterogeneities.
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I. INTRODUCTION

The vibrational density of states excess (VDOS-EX) in
comparison with the Debye regime is universally observed in
glasses. It corresponds to the excess of low-temperature heat
capacity or of low-frequency light Raman scattering, and is
at the origin of the famous boson peak (conventionally de-
fined as the VDOS divided by the frequency squared). The
boson peak has been the object of many debates over more
than twenty years. Depending on the composition of the
glass, the harmonic vibrational modes in the VDOS-EX have
frequencies distributed in a more or less broad range, i.e., in
the 0.3—-2 THz spectral range. The corresponding wave-
lengths are nanometric so that the characteristics of the vi-
brational modes in excess are determined by the elasticity of
the glass at the nanometric scale. It has been suggested that
the elasticity or the cohesion of glasses at the nanometer
scale is inhomogeneous in such a way that more cohesive
domains are separated by softer interdomain zones.!"> Within
this scheme of interpretation, neither the exact shapes of the
domains nor their exact nature (although most likely disor-
dered) are expected to be known and by no means should the
assumed nanostructure be mistaken for an assembly of inde-
pendent clusters. The mere existence of a nanometric elastic
relief suffices to generate a VDOS-EX. According to this
picture, the contrast of cohesion between cohesive domains
and soft zones decreases with the fragility as defined by
Angell.3 The frequency of the boson peak is approximately
equal to the ratio of the sound velocity to the domain size.

In most cases it is illusory to track the heterogeneous
nanostructure by techniques like small angle x-ray (neutron)
scattering or microscopy because a fluctuation of elasticity
can correspond to a negligible density fluctuation. A very
weak variation of atomic distance can induce a relatively
strong variation of cohesion. A strong support to the hypoth-
esis of a heterogeneous nanoscaled elasticity can be found in
the so-called dynamical particle mobility heterogenities ob-
served in supercooled liquids (for a review, see Ref. 4). It is
likely that the glass transition preserves a memory of these
dynamical heterogenities, so that cohesion heterogeneities in
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glasses originate from the mobility heterogeneities in the su-
percooled state.

Very recently, numerical simulation works in Lennard-
Jones glasses pointed out the existence of vibrational
heterogeneities:> “hard” zones within which strongly corre-
lated atoms have a small displacement due to harmonic vi-
brations, are distinguished from “soft” zones where corre-
lated atoms have a large displacement. In other very recent
simulation works,%” the size of elastic heterogeneities was
determined by the crossover from affine to nonaffine elastic-
ity, and it was found that the frequency of the VDOS-EX
maximum is approximately equal to the ratio of the sound
velocity to the size of the elastic heterogeneity, as it was
suggested earlier from experiment.'-?

Over the past decade, inelastic x-ray scattering (IXS) has
emerged as a unique technique to probe the dispersion curves
(frequency v versus momentum Q) of phonons in glasses,
throughout the THz spectral range, i.e., in the domain of
nanometric wavelengths. It is generally observed that for
longitudinal acoustic modes the dispersion is almost linear at
least up to the frequency of the VDOS-EX maximum (v,,,,)
and sometimes beyond.®® Note that v,,,, (or E,,,,=hv,,,,) is
the maximum of the difference between the glass VDOS and
its Debye counterpart. If the linearly dispersing behavior for
frequencies lower than v,,,, definitely assesses the propaga-
tion of the considered vibrational modes, the dispersing be-
havior above v,,,, should be interpreted with much care, in
particular when trying to relate it to the VDOS excess: on the
one hand, the modes around the VDOS-EX maximum have a
strong transverse character'®!! and therefore lie at lower fre-
quencies than those of the longitudinal modes for a same
momentum Q. On the other hand, the apparent dispersion
above v,,,, of the longitudinal modes can be explained by the
size distribution of nanoheterogeneities.'? In any case, it is
clear that in the spectral range of the VDOS-EX a partial
localization of the vibrational modes occurs. The recent re-
examination of the IXS data of silica,!? taking into account a
possible scattering from transverse type modes, led to a more
complete and open description of this archetype glass. As
will be shown in the following, this description is close to
support the hereby proposed scenario.
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The scenario proposed in the present article is based on
the idea that the boson peak is a signature of the hybridiza-
tion of acoustic modes with modes of a localized nature,
inherent to the elastic heterogeneities. The relevance of the
concept of hybridization in disordered structures was clearly
demonstrated in systems where the atoms occupy ideal crys-
talline positions and are connected by springs having ran-
domly distributed constants.'* In these systems, it is found
that a VDOS-EX appears, originating from the lowest-energy
van Hove singularity of the perfect crystal. The crystal
lowest-energy acoustic branch is repelled to lower energies
because of the disorder-induced hybridization of the acoustic
modes with the upper optical branches of the crystal. How-
ever, this interpretation is not convincing to justify the
VDOS-EX of glasses on a general basis because over dis-
tances larger than the interatomic separations, the arrange-
ment of atoms in regular glasses is far from being crystalline.

To support the concept of hybridization with localized
modes of elastic nanoheterogeneities in glasses, we believe it
is more judicious to compare the vibrational dynamics of
glasses with those of nanocluster-based structures, rather
than with those of homogeneous crystal-like structures. With
this respect, icosahedral quasicrystals like i-AlPdMn and
i-ZnMgY are ideal reference systems as their dynamics fea-
ture acoustic-optical hybridizations'>~!* which, in the light of
the recently proposed origin of the low frequency hybridiz-
ing optical modes,?® happen to be closely related to the ex-
istence of nanometric icosahedral nanoclusters. The rel-
evance of the quasicrystal dynamics to better understand
those of glasses is very justified. Indeed, for those metallic
alloys that can exist in the three different phases (crystal,
icosahedral quasicrystal, and glass), the glassy dynamics
were found to be very close to those of the quasicrystalline
phase?! (existence of a VDOS-EX), in addition to structural®?
and thermodynamical?>?* similarities.

It is the aim of this study to clarify the low-frequency
vibrational dynamics in glasses through the comparison with
those of quasicrystals. In the following section, we recall the
main points of the optical-like low-frequency dynamics of
nanometer sized objects and how they relate to nanohetero-
geneities in glasses and icosahedral clusters in quasicrystals.
Then, on the basis of published experimental data, we
present in more details the hybridization schemes of longitu-
dinal and transverse acoustic modes with cluster-type eigen-
modes, (i) in i-AlPdMn and i-ZnMgY quasicrystals (Sec.
IIT A) and (ii) in several glasses (Sec. III B). This interpreta-
tion comes out as a refinement of our previously proposed
explanations of the VDOS-EX in glasses.!"1%2

II. MODEL OF NANOELASTICITY IN GLASSES
COMPARED TO THE ATOMIC ARRANGEMENT
IN ICOSAHEDRAL QUASICRYSTALS

Over about twenty years, it has been suggested that the
vibrations in the spectral range of the VDOS-EX can be
identified with the lowest or surface modes of nanoheteroge-
neities which are intrinsic to the structure of glasses.! In the
proposed model, the nanoheterogeneities are nanometric
more cohesive domains which are separated by softer inter-
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facial zones. It is important to keep in mind that the consid-
ered nanoheterogeneities need not be associated with density
fluctuations but only with elastic (or cohesion) fluctuations,
as recently confirmed by simulation works.>® It is not easy to
have a precise idea of the domain shapes which probably
change from one type of glass to another, while it is very
likely that there exists a more or less broad domain size
distribution.

The lowest vibration frequencies of a spherical domain
with diameter D is given by the following expression:2®-23

C
V{’np:S(’npl_),’ (l)

where ¢ is the usual quantum number of spherical harmonics
and n the harmonic index, p an index specifying the type of
modes, spheroidal or torsional, ¢, the transverse sound speed.
S¢np 1s a coefficient depending on the €np mode and on the
ratio ¢;/c,, ¢; being the longitudinal sound speed. The lowest
frequency of vibration corresponds to the spheroidal quadru-
polar €=2, n=0 fundamental mode, for which the coefficient
S is close to 0.84, a value that hardly depends on the ratio
¢,/ ¢;. This fundamental quadrupolar mode has a predominant
transverse character, even if the longitudinal character is not
negligible.”” Obviously, the S coefficient for the lowest-
frequency modes depends on the domain shape. Taking into
account the shape variation (from cylindrical to spherical),
one obtains 0.5<<S§<0.85. The mode with a predominant
longitudinal character, namely the spherical one (£=0,n
=0), has a larger frequency. In fact, the frequencies of the
predominantly longitudinal spherical modes are close to
those obtained from Eq. (1) replacing ¢, with ¢;, keeping the
same value of Sg,,.

The initially proposed model of the nanoscale glass elastic
heterogeneity! pointed out that one could associate the
VDOS-EX peak frequency, v,,,,, with the lowest-frequency
mode of a mean domain size, D,,,, corresponding to the
maximum of a size distribution, so that v,,,,=S(c,/D,q)-
The identification with the predominantly transverse modes
agrees with the transverse character of the vibrational modes
in the boson peak.'®! The observed frequencies of
VDOS-EX maxima from various glasses lead to domain
sizes ranging approximately between 1 nm and 3 nm, de-
pending on the type of glass. The shape of the boson peak
was found to be in agreement with a log-normal size
distribution.?>3%3! Note that although Eq. (1) strictly holds for
free elastic bodies, it was recently shown that it also satisfac-
torily describes, at least in a first approximation, the cases of
embedded clusters, taking into account a weak mechanical
coupling between their inside and their surrounding
medium.?° In other words, Eq. (1) is used here as a good
evaluation tool of the lowest-frequency modes of elastically
(if not structurally) defined nano-objects, expressing the cor-
respondence between the boson peak and the mean size of an
elastic heterogeneity.

As mentioned in the introduction, the interpretation of the
boson peak through nanometric elastic heterogeneities gets
more convincing if one compares the dynamics of glasses to
those of quasicrystals. Structural analyses have shown that
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the atomic arrangement in icosahedral quasicrystals can be
described as a quasiperiodic packing of groups of atoms or
“clusters” with a local icosahedral symmetry.3> Furthermore,
it was found that more electrons are localized on clusters
than between clusters, supporting this idea of cluster building
blocks.?? Taking into account the existence of such clusters
allows to assign a precise origin to the optical nondispersive
modes observed through both inelastic neutron scattering
(INS) and IXS, in i-AIPdMn and i-ZnMgY.">"!® Using Eq.
(1), it was found that the lowest-energy optical modes in
i-AlPdMn and i-ZnMgY, except the mode at 7 meV in
i-AlPdMn and probably also that at 8 meV in i-ZnMgY,
correspond well to the €=0,1,2 spheroidal and torsional
modes of free continuous nanospheres having the same di-
ameters as the corresponding icosahedral clusters.”’ The
good agreement between the experimentally observed fre-
quencies of the optical modes and those calculated from the
free sphere model means that the matrix-cluster (or cluster-
cluster) interface is relatively soft and weakens the mechani-
cal coupling between a cluster and its surrounding. More
interestingly, computing the cluster mode frequencies start-
ing from a infinite matrix disrupted by a thin spherical shell
having weaker elastic parameters (thereby defining a spheri-
cal cluster) provided a more complete description. This latter
picture confirms that a disrupted elastic network, as we claim
it is for glasses, generates low lying optical modes that, as
will be seen in the following, are likely to hybridize with
plane wave acoustic modes. The rather well defined clusters
in icosahedral quasicrystals are equivalent to the more cohe-
sive domains in glasses. While in quasicrystals the quasip-
eriodic packing of coupled clusters is expected to generate
coherence among the cluster modes (yet too weak to produce
a sizable dispersion of the optical modes), in glasses coher-
ence between domain modes is rather unlikely.

III. HYBRIDIZATION OF ACOUSTIC MODES WITH
OPTICAL MODES IN QUASICRYSTALS AND GLASSES

A. Quasicrystals

The hybridization scheme proposed for glasses in the next
section is inspired from that observed in icosahedral quasi-
crystals. The dynamics of the two well known icosahedral
quasicrystals, i-AIPdMn and i-ZnMgY, were extensively
studied, using both INS'>16 and 1XS.!7-18

In both quasicrystals, INS and IXS measurements have
identified longitudinal acoustic (LA) and transverse acoustic
(TA) modes respectively propagating at ¢; and ¢, sound
speeds (Table I), together with nondispersive optical
branches that are consistent with the eigenmodes of the
icosahedral clusters, as exposed in the previous section. For
both systems, most of these optical branches are seen to
merge into early bending portions of the acoustic branches,
disclosing hybrizing behaviors. A close examination of the
different sets of dispersion curve data (see details in Table I)
allow to draw a typical hybridization scheme, schematically
drawn in Fig. 1.

The hybridization scenario between acoustic modes and
optical cluster modes in quasicrystals is the following. The
optical cluster modes display quasihorizontal dispersion
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TABLE I. Top table: Sound speeds, energy values at bending Q
points and energy values of the experimentally observed optical
modes together with their dominant transverse (T) or longitudinal
(L) character according to the comparison with computed cluster
modes (Refs. 20 and 29) in i-AIPdMn (Refs. 15, 17, 19, 34, and 35)
and i-ZnMgY (Refs. 16 and 18). Bottom table: Cluster sizes D and
selected wave vector Q values, relevant to the hybridization scheme
of i-AlPdMn and i-ZnMgY.

€l ¢ E(Qg):nd E(Q}lﬁnd) Ez)[c)[t)iml
(m/s) (m/s) (meV) (meV) (meV)
7b,c
AIPdMn  6500*  3500? 120 12¢4d 12>4(T)
>16%4 16°° (T)
24%< (L)
80
ZnMgY  4800°  3100° 11t =11f 12¢ (T)
15¢ 17¢ (L)
2m G2m
D }Z?nd Qiﬁnd D Cy D
(nm) (nm™") (nm™") (nm™") (nm™")
AIPdMn b 64 6.3
3ed 3.2
ZnMgY 1th 6° 6 6.3
4f 4

“From Ref. 34.

"From Ref. 15.

‘From Ref. 35.

dFrom Ref. 17.

“From Ref. 16.

fFrom Ref. 18.

€From Ref. 19.

PNote that in the present table, the energies of the optical modes for
i-ZnMgY were computed taking D=1 nm, at variance with Ref. 20
where a value of D=1.2 nm was taken. To the authors’ knowledge,
there is no clear justification for this latter value of D in
i-ZnMgY (Ref. 16). Taking D=1 nm leads to the same interpreta-
tion of the optical modes as in i-AIPdMn, i.e., the lowest energy
mode at =8 meV (7 meV in i-AlPdMn) is ascribed to a cluster/
matrix “rattling” mode (Ref. 28).

curves (considering weak intercluster interaction), lying at
frequencies =~c,/D and =c¢,;/D, according to the previous
section. While the lowest energy mode has a strong trans-
verse character, the higher energy one has a dominant longi-
tudinal character. Hybridizing will occur if the energy of one
of these optical modes lies close to that of an acoustic mode.
Such situation will naturally occur when the wavelength of
the acoustic mode becomes comparable with the cluster size,
or as the wave vector of the acoustic mode Q approaches 2377 ,
as vacous,,-C:c-zQ;:f) = Vopricar- AACcordingly, a bending of the

TA branch is expected at [QZ%T;VZ%] and at [Q=%T;

v= %] for the LA branch. In addition, the LA branch crosses

. _ _low .
the lowest energy optical branch when v =v,;.,» i-e.
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FIG. 1. Typical hybridization scheme in (top panel) quasicrys-
tals (bottom panel) glasses. In the glass case, circles indicate the
hybridizing points relevant to the VDOS-EX. The energy width of
the pseudo-optical branch qualitatively accounts for the domain size
distribution and for the lifetimes of the phonons localized around
the domains. The darkness increases with the amplitude of the Fou-
rier components.

t277

when Cl'z% , that is at 0= . While the former type of
hybridization is most efﬁ01ent smce it couples modes with
identical transverse or longitudinal characters, the latter one,
relevant to the LA mode only, is expected to be less efficient
since it mixes a longitudinal acoustic mode with a predomi-
nantly transverse optical mode. However, because of the
nonnegligible longitudinal component of the predominantly
transverse optical mode, this second type of hybridization
may well be observed.

The validity of this hybridizing scheme can be verified
from the experimental data of i-AlPdMn and i-ZnMgY
(Table I). In the case of i-AlPdMn, a strong bending of the
TA dispersion curve was observed'” at 0} ;=6 nm™'. Ener-
gywise, this bending occurs close to the nondispersive opti-
cal branch at 12 meV, a value which corresponds to the
lowest energy dominantly transverse cluster mode in
i-AlPdMn.?® In agreement with the hybridization scenario,
the Q value at which the bending of the TA branch occurs,
Q4 =6 nm~!, matches the cluster wave vector value 23”
=6.3 nm~!; this bending is consistent with the fact that the
TA mode hybr1d1zes with a predominantly transverse optical
mode. Hybridization of this same optical mode with the LA
branch is also observed, as testified by the bending of the LA
dispersion curve at ~12 meV from Q) ~3 nm~'. There
again, this latter Q value matches that deduced from Q

C:”—3 4 nm~!. However, in this case, the observed strong
bending of the LA dispersion may also result from strong
repelling by the higher optical cluster mode, lying at
16 meV,? i.e., not far above 12 meV. Finally, it is noted that

no hybridization of any acoustic branch with the lowest en-
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ergy optical branch at 7 meV was observed. The nature of
this very low energy mode, identified as a cluster/matrix
mode (“rattling” motion of the cluster in the matrix*°), may
be at the origin of its very weak coupling with the acoustic
dynamics.

The observed behavior of the acoustic branches is not
very different in i- ZnMgY A strong bending is observed!®!3
for the TA branch at Qben =0 nm™! = 3 This bending cor-
responds to the crossing of the TA branch with the optical
branch lying at =11 meV; this branch can be identified with

the cluster mode with frequency ~%. Like in i-AlPdMn, a
hybridization of the LA modes with the same optical modes
at =11 meV can be deduced from the IXS experimental

results'® at Q%4 ~4 nm~!. As expected, this value of Q is

close to ;’2—” Furthermore, the phonon dispersion obtained

by IXS!® is compatible with a hybridization of the LA modes
with the nondispersive optical modes at =17 meV corre-
sponding to the frequency ’A‘«%. Similarly to i-AlPdMn, no
hybridization is apparent with the lowest optical modes at
8 meV.!618

The hybridization scheme in i-AIPdMn and i-ZnMgY ap-
pears all the more obvious as experiments allow to identify it
quite unambiguously. Accordingly, both optical modes and
flattening portions of the dispersion curves give rise to pile-
ups in the VDOS, showing up as strong peaks or at least
deviations from the Debye VDOS.?*¢3"” The observability of
the optical modes in the dispersion curves is most probably
due to the relatively long range coherence between the clus-
ter modes. As the coherence length is reduced, this observ-
ability is expected to be reduced but the hybridizing scenario
remains valid. This is precisely what we expect to occur in
the case of glasses.

B. Hybridization of acoustic modes with optical-like (domain)
modes in glasses

1. General description

The correspondence between quasicrytals and glasses is
straighforward for the metallic compounds that can exist in
either of the glassy or quasicrystal phases. As recalled in the
Introduction, a very similar VDOS-EX was found in the case
of the glass-forming Pd-Si-U alloy:?! subtracting the VDOS
of the Pd-Si-U crystalline phase from that of its glassy phase
or that of its quasicrystal phase evidences an excess of modes
at low energy. This VDOS-EX can reasonably be associated
with the existence of a nanometric heterogeneity, the main
difference between the two phases lying in the arrangement
of local clusters over supercluster distances: while it is more
ordered in the quasicrystalline phase, it is expected to be
disordered in the metallic glassy phase. This VDOS-EX was
found to be larger in the glass/crystal difference than in the
quasicrystal/crystal difference. More interestingly, it was ob-
served that the VDOS-EX of the glass decreased as the glass
was annealed (or “relaxed”?!), yet remaining above that of
the quasicrystal. This behavior is very similar to the behavior
observed for regular glasses.*® With this respect, the lowest
VDOS-EX observed in the quasicrystal case identifies it as
“super-aged” metallic glass: the lower the VDOS-EX, the
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smoother the elastic nanometric heterogeneity.>

On the grounds that the existence of nanometric clusters
is a determining factor for the low energy dynamics of either
an icosahedral quasicrystal or that of its glass counterpart, we
suggest that more cohesive nanodomains in glasses play the
same role as the icosahedral clusters in quasicrystals or
glassy metals. Obviously, in most glasses, the atomic orga-
nization in the cohesive nanodomains is not icosahedral, es-
pecially in organic or polymeric glasses. However, once
again, the atomic arrangement within the domains is less
important than the elastic fluctuations associated with the
domains’ cohesion. Similarly to the case of quasicrystals,
optical-like modes of the cohesive nanodomains coexist with
longitudinal and transverse acoustic modes, so that hybrid-
izations of acoustic modes with nanodomain modes are ex-
pected. Figure 1 illustrates the typical hybridization scheme
in glasses. The main difference with that of quasicrystals is
that the optical-like modes in glasses are expected to have
energies distributed over a larger spectral range than do those
of clusters in quasicrystals because of relatively large size
and shape distributions. Instead of true optical modes like in
quasicrystals, the optical-like modes in glasses should rather
be considered as the localized lowest-frequency modes of the
cohesive domains. The Fourier decomposition of a vibration
mode localized at the surface of a domain of size D is ex-
pected to present a maximum at the wave vector Q=— and
a width =(Q. As mentioned earlier, long range quasiperiodic
arrangements of domains in glasses are unlikely, at variance
with icosahedral clusters in quasicrystals.

As the shape of the cohesive domains is in general not
known, no precise prediction can be done about the exact
value of the S coefficient in Eq. (1), except that 0.5<S=<1.
For this reason, and along the notations used for quasicrys-
tals, the frequency of the predominantly longitudinal lowest-

frequency domain mode is simply wrltten as =1, > and that

of the predominantly fransverse one, v,= - D, D being consid-
ered as an effective domain size. Similarly to quasicrystals,
the LA branch will hybridize with the predominantly longi-

tudinal domain mode at [Ql —2377, f ——] while the TA
branch will hybridize with the predommantly transverse do-

main mode at [QTA i VLA C—]. Moreover, the LA branch
will hybridize, though less efﬁciently, with the predomi-

nantly transverse domain mode at [QZLA— ’2;, v, ——] The
hybridization between these different branches associated
with local bendings of the dispersion curves around Q,LA and

ITA, inevitably generates mode accumulations at the corre-
sponding hybridizing energies, i.e., an excess of VDOS with
respect to that of a homogeneous medium As the main Q
component of the domain mode lies at ==, the VDOS-EX is
due mainly to the hybridization of the TA modes with the
lowest-frequency modes of the cohesive domains and only
partially to the hybridization of the LA modes with these
same lowest-frequency modes.

The energy position of the hybridization induced
VDOS-EX is expected to compare with the maximum of the
difference between the glass VDOS and its Debye counter-
part (E,,,,). This maximum shall not be mistaken for the one
observed in the case of a crystal VDOS, which lies at defi-
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nitely larger energies than that of the boson peak, as men-
tioned in the Introduction. Obviously, the maximum of the
difference between a crystal VDOS and its Debye counter-
part corresponds to the van Hove singularities inherent to the
crystalline phonon dispersion curves. The use of E,,, ., in-
stead of Eppg, was already discussed*” and is still under de-
bate. The maximum of the difference (E,,,,) is preferred to
the ratio (Epos) because in the case of the ratio the 1/w?
factor shifts artificially considerably the energy position of
the “excess” modes to low energies. As for Raman scatter-
ing, quite logically [considering the almost linear variation of
the light coupling coefficient C(E)], one observes that the
Raman boson peak energy, Epp, defined as the maximum of
the Stokes intensity divided by [E(n(E)+1)] [where n(E) is
the Bose factor], lies, for many glasses, about half way be-
tween Eppg and E,,,.. Finally, note that in any case no perfect
correspondence is to be expected between the hybridizing
energies and the values of E,,,,, all the more so as the dis-
persion curves of glasses determined by IXS feature nonneg-
ligible error bars.

Another way of expressing the hybridization between the
optical-like domain modes and the acoustic branches is to
write that the wavelength of the TA modes involved in the
VDOS-EX is Ay=D, and that of the LA modes \;
=D(c,/c,). Finally, it is obtained for the frequency of the
VDOS-EX maximum:

¢ €
Viax = 7 =7 -
Aro N

()

This same result was derived from numerical simulation
analyses.®

Finally, note that because of the size distribution of do-
mains, the observed frequency and Q values will reflect hy-
bridizations with the mean domain size D,,,, (for clarity, the
subsequent notations referring to the glass parameters will
omit the “max” subscript).

2. (Li20)0'5B203 glass

To illustrate the applicability of this hybridizing scheme,
we first consider the case of (Li,0),sB,05 glass, for which
rather precise IXS analyses have been reported. At this stage,
it should be stressed that the IXS expriments performed on
glasses essentially probe the LA dynamics, and only very
rarely may the TA components be observed.'3*! Therefore,
the hybridizing behavior of the transverse dynamics, which,
according to the presented model, is at the origin of the
VDOS-EX in glasses, can only be inferred from that of the
longitudinal dynamics.

Two series of IXS measurements were carried out on
(Li,0)( 5B,05. The first one was performed by Matic et al.,’
and the second very recent one was reported by Rufflé er
al.*? While the data of the former study cover a wide Q range
(0—12 nm™"), those of the second study essentially focus on
the Q region below 3 nm~!, with enhanced data accuracy. As
shown below, these two data sets provide a very complete
and consistent picture of the hybridizing dynamics in
(Liy0)o5B,03.

In the Matic et al. experiment,9 the longitudinal acoustic
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TABLE II. Hybridizing Q and E values as read from published IXS and Brillouin light scattering data on
(Li,0)0.5B,03, B,03, and d-SiO,. The last column indicates the energies of the boson peaks in the respective
glasses. The agreement between the different ratios (sound speeds, wave vectors, and energies) supports the

hybridization scenario.

gl ot o ot o % EfES ﬁ Enee  Epp Epos
(m/s) (m/s) ¢ (nm™) (nm™) QlLA (meV) (meV) EtLA (meV) (meV) (meV)

(Li,0)gsB,05 6700° 3700° 0.55 4  ~2.1¢ ~053 16° 9 056 9
B,0; 3300* 1900* 0.58 2.59 5.54 3.75¢ 34 2.2¢
d-SiO, 0.63" (3.5 22P 0.63 oh 11 9 7.7%

4From Ref. 43.

"From Ref. 9.

‘From Ref. 42.

9From Ref. 44.

°From Ref. 45 and see Fig. 2.

This value is assumed to be identical to that in v-SiO, (see text).
€This value was inferred from the IXS data of v-SiO, (Ref. 8), on the grounds that the domain sizes in d-

Si0, and v-SiO, are identical (see text).
"Erom Refs. 46—48.

iFrom Ref. 48.

JFrom Ref. 49.

kErom Ref. 50.

dispersion is found to display a major bending from Q
=4 nm~! with an energy flattening value of E=16 meV. In
the Rufflé et al. experiment,*> the more salient result is an
inflection of the LA dispersion curve from Q=2 nm™' (E
=9 meV), mostly obvious in the Q dependence of the width
of the inelastic excitations and interpretated as a loffe-Regel
like crossover from propagating to nonpropagating LA
modes in the interval 2<Q (nm~')<2.5 and at E=9 meV.

Within the proposed hybridization scheme, the strong
bending of the LA dispersion curve® corresponds to the hy-
bridization of the LA branch with the predominantly longi-
tudinal domain mode, ie., Q=4nm™' and E(Q™)
=16 meV. Having Q,LA:%", one obtains D==1.6 nm. Using
the measured sound velocities*? (Table II) the energy of the
predominantly longitudinal domain mode is E1=hvl=h%
=17 meV. This latter value is very close to the IXS experi-
mental value E(Qf*). The loffe-Regel-like crossover*? de-
tected around 2.1 nm™! should be associated with the hybrid-
ization of the LA branch with the predominantly transverse
domain mode, so that QtLA=2.1 nm~! (note that the weakness
of the inflection of the LA dispersion curve observed at this
Q point* is consistent with the poor hybridizing efficiency
between modes with different polarizations). This value
agrees with that decuded from %T %;:2.2 nm~'. It is very re-
markable to find that, from the experiment,** v,/1,=0.56
=c,/c; and QtLA/QlLA =0.55=c,/c;. These results strongly
sustain the proposed model.

As already noted, the IXS experiments allow to probe
essentially the longitudinal acoustic dynamics, while the
VDOS-EX or the Raman boson peak have proved to feature
a dominant transverse character.'®!" Accordingly, the origin
of the VDOS-EX shall be searched in the transverse dynam-
ics. The strongest hybridization involving the transverse dy-
namics is that mixing the TA branch with the dominantly

. . 2
transverse domain mode, occurring at Q,TAleLAzﬁ and

EtTA=Er=h%:9.6 meV. This value lies very close to that
obtained from the hybridization of the LA branch with the
dominantly transverse domain mode, I:;,LA.

It is expected that the energies, E,A and Ef‘A, approxi-
mately correspond to the energy of the VDOS-EX maximum,
E,...- The measurement of the VDOS in (Li,0),sB,05 has
not been reported so far. However, the Raman boson peak
was measured; it was found to be Ezp=9 meV.*® As dis-
cussed above, Ezp may be used as an underestimated value
of E,,,,, so that one can conclude to a fair agreement between
the hybridizing energies (EtTA,EtLA) and the maximum of the
VDOS-EX, E, 4

The fact that A; = 1.8D indicates that v,,,,~ v,,, V., being
the frequency at the Ioffe-Regel-like crossover, as found
from experiment.*? Overall, one notices that depending on
the analysis performed of the IXS data, complementary in-
formation on the hybridization scheme are obtained. An
analysis performed in terms of plain propagating dynamics
(using a damped harmonic oscillator for instance) will tend
to locate the strong bending of the LA dispersion curve, due
to its hybridization with the predominantly longitudinal do-
main modes. Meanwhile, a Ioffe-Regel-like analysis will dis-
close the crossover point (Fig. 1) in the LA dispersion curve,
that corresponds to the hybridization of the LA branch with
the predominantly transverse domain modes.

3. B,0; glass

The interpretation of the VDOS-EX for the (Li,O)5B,0;
glass is likely to be transposable to most of glasses. For
example, in the case of the B,O5 glass** (Table II) the LA
dispersion curve bends to become almost horizontal at O
=25nm~" and E,LA:S.S meV. As, for this glass, ¢
=3300 m/s and ¢,=1900 m/s,* one deduces that the mixing
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FIG. 2. Top panel: VDOS excess (Epps) of B,O5 as displayed
by g(E)/E?, together with the Debye level [data of Engberg ef al.
(Ref. 45)]. Bottom panel: VDOS excess (E,,,) defined by the dif-
ference between g(E) and the Debye density of states gp(E).

point of the TA modes with the lowest-frequency domain
modes lies at Q*=Q=25nm™' and E™=fic,0™
=3 meV. Unlike (Li,0),5B,03, the value of E,,,, for this
glass can be deduced from INS measurements® (see Fig. 2).
One finds E,,~3.75 meV, a value slightly larger than
Epp=3 meV.*? It is noted that the value of 3.75 meV found
for E,,,, is exactly that deduced by Yannopoulos et al.*’ from
the same experimental data.*’

There again, the fair agreement between E,TA and E,,,
supports the hybridizing scenario for this glass. From Q at
the bending of the LA branch, one deduces that the mean
domain size in the B,O5 glass is D=2.5 nm. A same value
of D was deduced from the first sharp diffraction peak.”!

4. Si0, glass

The experimental results obtained by IXS on glassy
silica,®>? which have been much debated, are interesting
from the viewpoint presented in this paper. The case of nor-
mal vitreous silica (v-Si0,) is better understood by examin-
ing in the first place that of densified silica (d-SiO,), for
which the elastic constants are stronger and thus less am-
biguously extracted from the IXS data.

In the case of d-SiO, (density p=2.62 g/cm?), a loffe-
Regel-like analysis led to the determination of a crossover
wave vector Q.,=2.2 nm~!, associated with the crossover
energy E.,=9 meV.*’ According to the hybdridization
scheme, these two values respectively correspond to Q,LA and
E,LA, referring to the hybridization of the LA branch with the
predominantly transverse domain modes. Although this latter
hybridization is not expected to bring the main contribution
to the VDOS-EX, as previously explained, nevertheless it
allows to verify that the value E“*=9 meV is correlated to
that of E,,,.. From the VDOS determined by INS (Ref. 50)
and the Debye one, it was obtained*® E,, =11 meV. Fur-
thermore, like for the two already considered glasses, E,LA
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=Egp: from Raman scattering®® Ezp=9 meV. The mean

size of domain in d-SiO, is given by D= éﬁj—: It is reason-
able to assume that the ratio %20.63 remains unchanged
from nondensified silica to densified silica, so that D
=1.8 nm.

Dealing now with the case of normal v-SiO,, the extrac-
tion of the 0™ and EX* values from the IXS data through a
Ioffe-Regel-like analysis becomes very uncertain because of
too low crossover wave vector and energy values.*’ The re-
sults obtained from the propagating dynamics analysis per-
formed by Benassi et al.® still allows to draw a consistent
picture of the hybridization scheme in v-SiO,. In this study,
the dispersing behavior of the LA branch is found to end at
about 3.5 nm~'. This Q point should be identified with the
hybridization point between the LA branch and the predomi-
nantly longitudinal domain mode, occurring at Q,LA. The
mean domain size obtained from this value is D:z—ZTA

=1.8 nm, i.e., a value identical to that found for d—SiOlz.
Following the suggestion of Sokolov et al.,’® that the width
of the first sharp diffraction peak (FSDP) is inversely propor-
tional to D, the no-change of D is confirmed by the observed
no-change of the FSDP width with the SiO, density.* Fur-
thermore, this result meets the conclusions drawn from simu-
lation works,® according to which the size D of elastic nano-
heterogeneities remains unmodified upon densification.
Following the hybridization scenario, one obtains
for the energy of the predominantly transverse domain

LA [ LA .
mode in v-Si0, EM=he,5==he 25 =8.4 meV (taking ¢
=5800 M/s). This value is in agreement with the early found

value of E,,, in v-Si0,,>° E,,,,=8.2 meV.

5. Boson peak, phonon dispersion, and glass-network elasticity

As observed by IXS, the phonon dispersion curves of
some glasses are almost linear, without visible bending in the
first Brillouin pseudozone (yet still with a rapid broadening
of the excitations upon Q increase) up to about Q,/2, Q,
being the momentum of the FSDP peak. This was clearly
observed for an ionic glass, Cay4Kg¢(NO3), 4 (CKN),* and
molecular glasses like propylene carbonate’® and o-ter-
phenyl®’ and less clearly for polybutadiene.”® Considering
the fragility index of these glasses (according to the classifi-
cation of Angell®), one is tempted to relate this behavior to
the “fragile” aspect of these glasses.

According to the nanoheterogeneity picture such observa-
tion can be explained by the fact that in these glasses the
elastic constant contrast between cohesive domains and
softer interfacial zones is much weaker than in “strong
glasses.” As a consequence, the hybridization between
acoustic modes and the poorly defined localized vibrational
modes of nanodomains is less relevant, giving rise to a weak
VDOS-EX. In other words, a quasilinear phonon dispersion
through the entire first Brillouin pseudozone is related to a
weak boson peak.

The relation between a weak boson peak, a weak ampli-
tude of elastic constant fluctuations and fragility, was under-
lined in very recent papers.’>% According to Ref. 60, the
physical property which is decisive for the amplitude of
VDOS-EX or of the boson peak, i.e., for the efficiency of the
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hybridization between acoustic modes and localized domain
modes, is the nanometric-scale fluctuating glass-network co-
hesion. As a matter of fact, the as-defined fragility® does not
depend only on the glass-network elasticity. More precisely,
Novikov et al.®% showed that there is a linear dependence, on
the one hand, between the fragility index and the ratio
(c;/c,)? on the other hand, between the amplitude of the
boson peak and the same ratio (c;/c,)>. An exception was
underlined for some glasses like lithium borates, in which
Li* ions have a very weak effect on the ¢;/¢, ratio but not on
the fragility index.% These glasses have a rather strong net-
work [low (¢;/c,)], but they are relatively fragile. The fragil-
ity of these glass-forming liquids is mainly due to the Li*
motion. The fluctuating glass cohesion is precisely character-
ized by the ratio ¢;/c,, the smaller c;/c, ratio the stronger
fluctuating cohesion.®® The respective ratios c¢,/c, of
(Li,0),sB,05 glass (c;/c,=1.8) and CKN glass (c;/c,
=2.2) allow to justify why in the former case the boson
peak, and therefore the hybridization, is stronger. From these
remarks, one concludes that it is the glass network elasticity
characterized by the c¢;/c, ratio, which is generally decisive
for the efficiency of the hybridization between acoustic and
localized modes and for the amplitude of the boson peak,
rather than the fragility index. This conclusion meets that of
Matic et al.** in the sense that the observation of a bending
in the dispersion curves is related to the glassy network.

Along the previous considerations, the case of ethanol
must be raised. A relatively strong boson peak was observed
for the structural glassy phase®! while the phonon dispersion
curve of this glassy phase, as observed by 1XS,% is close to
that of the monoclinic crystal. This similarity is not in con-
tradiction with the proposed model (Fig. 1). However, from
the amplitude of the boson peak one should expect a bending
in the IXS dispersion of the glassy phase, associated to the
hybridization. Such was not confirmed by the experiment.
Unfortunately, the value of ¢,, and therefore the ¢,/ c, ratio of
this glass has not yet been determined. The case of ethanol
should deserve a more detailed experimental study before
going further in the interpretation.

IV. SUMMARY

Unlike continuous elastic media, the phonon dispersion
curves (and the related elastic quantities like the vibrational
density of states) in nanometrically heterogeneous solids are
expected to feature peculiarities due to hybridizing dynam-
ics.
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Nanometric heterogeneities, or clusters, exist in icosahe-
dral quasicrystals. In the quasicrystalline phase, that is closer
to the glassy phase than to the crystalline one, the clusters are
likely to form a quasiperiodic organization. In consequence,
optical vibration modes appear as combinations of cluster
internal modes. Because the coupling between clusters is
weak, these optical modes are apparently nondispersive. The
crossings of the longitudinal and transverse acoustic
branches with the lowest nondispersive optical modes, also
observed by IXS and INS at different exchanged energies
and momenta, induce a hybridization between acoustic and
optical modes.

In glasses, optical-like modes are identified with the
modes localized at the surface of elastic nanoheterogeneities
whose long postulated existence! was recently unveiled by
numerical simulation.’~’ Although no quasiperiodic arrange-
ment of nanodomains has been demonstrated up to now, the
comparison of the inelastic scattering data from glasses with
those from quasicrystals is helpful because of the more con-
trasted nanometric structure of quasicrystals. Even in the ab-
sence of domain quasiperiodicity in glasses, the domain
modes can hybridize with the LA and TA modes at different
wave vectors Q because the localized waves Fourier trans-
form into different propagating waves corresponding to dif-
ferent wave vectors. According to this hybridization scheme,
the domain lowest-frequency modes hybridize with the LA
modes and the TA modes at about the same frequency, that
corresponds to the VDOS-EX maximum frequency. As ob-
served by simulation and experiment, the low-frequency
acoustic modes in the boson peak have a marked transverse
character. It is why one concludes that the VDOS-EX is
mainly due to the hybridization of the TA modes with the
predominantly fransverse domain surface modes.

The comparison of the low-frequency vibrational dynam-
ics in glasses and in icosahedral quasicrystals turns out to be
helpful in finding a consistent interpretation of the
VDOS-EX or of the boson peak in glasses. The different IXS
results, which had long seemed contradictory become now
complementary. The principal interest of this work is to have
shown that the VDOS-EX can well be connected to the hy-
bridization of longitudinal and transverse acoustic modes
with the surface lowest-frequency modes of cohesive nan-
odomains which exist in glasses. This idea of hybridization
of propagating modes with localized modes was recently
suggested for densified silica.*® In this paper, it is shown that
the localized modes are vibration modes of nanometric het-
erogeneities.
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