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Inelastic x-ray scattering from nonpropagating vibrational modes in glasses
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The inelastic x-ray scattering from glasses is interpreted by the vibrational modes of correlated rigid nan-
odomains separated by softer interfacial zones. The observed dispersion is interpreted by the proportionality of
the inverse domain size to both transfer frequency and momentum.@S0163-1829~98!09337-0#
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The recent experiments with inelastic x-ray scatter
~IXS! arouse great interest in the propagating or the n
propagating nature of the low-frequency vibrational mod
in glasses. These modes present an excess of vibrational
sity of states, which manifests itself in the low-temperatu
specific heat and appears as the so-called ‘‘boson peak
Raman and inelastic neutron scattering. These modes ar
rectly related to the existence of a plateau in the ther
conductivity of glasses, revealing the inefficiency of the
phonons in the conduction of heat. IXS measurements
several glasses showed that acoustic modes with freque
v close to or spanning the boson peak verify a linear disp
sion versus transfer momentumQ, v}Q.1–3 Among
them, the important case of amorphous silica leads to dif
ing interpretations: one supports the existence of a lin
dispersion up to frequencies much higher than that of
boson peak2,6 while the other stresses that the dispers
stops beyond a frequency that is lower than the boson p
position.4,5

The propagating character of the boson peak vibratio
modes deduced in Refs. 2 and 6 is most likely to be effec
over distances of only a few vibrational wavelengths. This
not in contradiction with the observation of the same mo
by Raman scattering, as the propagation distances rem
much smaller than the light wavelengths. However, it co
tradicts measurements of acoustic phonon attenuation
amorphous silica7 @and in poly~methyl methacrylate!
~PMMA! ~Ref. 8!#, from which it was deduced that the mea
free path of longitudinal acoustic modes with frequenc
lower than the boson peak is restricted to about one vib
tional wavelength~Ioffe-Regel criterion!. Such disagreemen
makes it obvious that the observation of a linear dispersio
not a sufficient criterion with which to conclude propagatio
In an attempt to address this issue, we hereby present
possible interpretation of this apparent paradox, wit
which the concept of nonpropagation is not inconsistent w
the existence of a linear dispersion. Our interpretation
based on the model of a glass nanometric inhomogene
elasticity or inhomogeneous nanostructure, where nanom
ric, more cohesive domains~or islands!, are separated by
narrower and softer interfacial zones. The correlated vib
tions of these domains, which are very similar to the vib
tions of nanometer-sized objects and which we believe
reponsible for the existence of the boson peak,9,10 are pre-
dicted to give rise to inelastic scattering in the (v,Q) region
PRB 580163-1829/98/58~13!/8159~4!/$15.00
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matching the (meV, nm21) range. After exposing the in’s
and out’s of our model, we relate it to already published IX
results on amorphous silica2 and PMMA ~Ref. 3! in order to
assert its applicability.

The general expression for the dynamical structure fac
S(Q,v) is the following:

S(Q,v)5(1/N)E dt exp(2 ivt)

3K (
i j

exp$ iQ@Ri~ t !2Rj~0!#%L , ~1!

whereN is the number of particles andRj the position vector
of particle j . Assuming that the displacement of a partic
induced by a vibrational mode is small in comparison w
any difference (Ri2Rj ), one easily obtains Stokes scatte
ing, disregarding the Debye-Waller factor:

S~Q,v!5~kT/2MN!~Q2/v2!

3(
m

F(
i

exp~ iQ•Ri !ei~m!G2

3 f ~v2vm ,dv!, ~2!

whereM is the mass of a particle,T is the temperature, and
ei(m) and vm are, respectively, the eigenvector and t
eigenfrequency corresponding to themth vibrational mode.
f (v2vm ,dv) is the homogeneous spectral shape of themth

mode, with a widthdv related to the phonon lifetime.
We now consider that the structure of the glass consist

built-in cohesive nanometric domains whose ill contours
materialized by significant cohesion drops that characte
what we term the ‘‘soft interfacial zones.’’9,10 Both soft
zones and cohesive domains are amorphous in nature;
only differ in the strength of the elastic constants distribu
within each of them. Obviously, the cohesive domains c
not be considered as independent from each other as the
bound together by the soft interfacial zones. This is all
more true in polymeric systems as one macromolecular ch
is expected to be involved in more than one domain. The
fore, one can reasonably assume that there exist in the g
‘‘coherent regions’’ that contain several domains of appro
mately the same size, inside which the vibrational motions
the domains are correlated; the size of the coherent reg
8159 © 1998 The American Physical Society
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defines the correlation length along which a phase relat
ship between the domain vibrations is conserved. We bel
that the collective modes probed in the (v,Q) region cov-
ered by IXS are precisely the correlated fundamental mo
of the cohesive nanodomains. These fundamental mode
very similar to dilatational~or breathing-type! modes of na-
nometer size objects; the frequency of such a modev l is
related to the domain sizedl through the relation:11,12

v l5S2p~C11/r!1/2/dl ~3!

whereC115B14G/3, in the case of isotropic medium insid
the domains, withB and G, respectively, being the bulk
modulus and the shear modulus.S is a shape factor andr the
density of the domain.

Even if the elasticity or cohesion fluctuations giving ri
to such noncontinuous structure are not associated to c
cut contrasts in static density fluctuations, the fundame
mode of a rigid domain induces an oscillating electron d
sity fluctuation, whose size is that of the vibrating domai
Therefore, within one coherent region, one has an oscilla
repeat distanceal , which is the distance between nex
nearest-neighbor correlatedl domains.al is close to and re-
lated to the sizedl : al5adl (a>1; a.1 when the
sizes of the soft zones are small compared to those of
domains!. As a result, at the fixed frequencyv l correspond-
ing to the vibrations of domains with sizedl , a correlation
peak in the structure factor will appear atQ5Ql , such that

Ql52p/al . ~4!

It follows from Eq. ~3!

v l5aS~C11/r!1/2Ql . ~5!

Because of this latter relation, theQ line shape of the
correlation peak observed at fixed frequencyv
5v l , F(Q2Ql , DQ), has a counterpart spectral lin
shapeF(v2v l ,Dv), where the frequency widthDv corre-
sponds to the widthDQ through Eq.~5!. The widthDQ is
governed by the extent of correlation between domains
sizedl .

It follows from this picture that the dynamic structu
factor at a givenQ describes the correlated vibrations
domains of a particular size, so that them mode in expres-
sion~2! becomes the fundamental mode of a domainl of size
dl . It therefore involves two spectral shapes, one aris
from the correlation length associated to the size of the
herent regions and the other coming from the lifetime of
domain vibration, so that the dynamical structure factor
the spectral range of the boson peak can be written as

S~Q,v!}~kT/2M !~Q2/v2!d~Q2Ql !

3F~v2v l ,Dv! ^ f ~v2v l ,dv!, ~6!

where ^ denotes a convolution product. The domainsl ,
which are correlated over a length equal to a few int
domain distancesal , have same sizedl .

In the case of isotropic spherical clusters and dilatatio
modes,S takes the value of 0.8.12 In the case of our domains
one cannot assign a precise value toS because~i! their
shapes are most likely to be poorly defined,~ii ! the modes
involved may have mixed characters~and IXS allows us to
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probe only their dilatational component!, and ~iii ! the do-
mains are, by hypothesis, not free from each other. At a
rate,S cannot exceed unity and in a rough approximation o
can takeS50.8. On the other hand,a must be slightly larger
than 1. (C11/r)1/2 corresponds to a ‘‘sound’’ velocity, al
though it does not strictly refer to the propagation of a cl
sical sound wave. Our suggestion is that the apparent lin
dispersion observed by IXS, at least for silica and PMMA,
given by expression~5!: measuringS(Q,v) at Q5Ql im-
plies probing the vibrational mode of a particular doma
with size dl52p/aQl and scanning theQ space implies
scanning the size distribution of domains. The ‘‘apparen
sound velocity deduced from the proportionality betweenv l

and Ql is then given byVapp5aS(C11/r)1/2. As a conse-
quence, it appears that the ‘‘apparent’’ sound velocityVapp

is not far from the bulk longitudinal sound velocityAC11/r.
Acoustic vibrations with wavelengths longer thandl can

propagate, so that forQ,2p/dl the dynamical structure fac
tor would be that of propagating modes.1,2,4 In consequence
according to our picture, we expect the dispersion to disp
a changeover that should be all the more pronounced asaS
differs from 1: at lowQ’s the dispersion reflects a ‘‘true’
propagation~with a ‘‘true’’ sound velocityAC11/r), while
at Q’s corresponding to energies above the boson peak m
mum, the dispersion reflects vibrations of correlated doma
with different sizes~with an ‘‘apparent’’ sound velocity
aSAC11/r).

The objection that is often formulated against such a ty
of nanostructure stems from the nonobservation of any c
relation peak in small-angle x-ray or neutron scatterin
However, as described above, we wish to emphasize tha
main assumption of our model does not lie on the existe
of pronounced heterogeneousdensityfluctuations in a single-
component glass; it only involves an inhomogeneous dis
bution of elastic constants within the bonding network, a
most likely within the intermolecular bonding network. Th
makes the glass ‘‘medium’’ range order rather subtle wh
looking at the time-averaged atomic positions, while we e
pect it to be more acute at the level of cohesion parame
like restoring force constants. Therefore, only snapshots
this type of structure at frequencies matching the dom
vibrational frequencies would allow its visualization. Th
nonpropagating vibrational modes we think are probed
IXS resemble those belonging to an acoustic branch at
edge of a Brillouin zone: while atoms within domains b
longing to one coherent region move in-phase according
the fundamental mode, they move in counterphase with
spect to atoms in the soft interfacial zones. In the framew
of such an analogy, one could assimilate our picture of
hesive domains within coherent regions to a ‘‘quasiperiod
network of domains that extends over a correlation len
that includes several of them. Still along these lines, the
persiondv/dQ of the correlated fundamental modes is ze
the same as for modes at the edge of a Brillouin zone. A
consequence, these modes are unable to transport ener
agreement with the thermal conductivity plateau. If the gla
were made of domains of the same size, one would ind
observe a flat dispersion. Our point is that because of
existence of a size distribution of domains, one observe
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dispersion with an ‘‘apparent’’ sound velocity close to th
corresponding to the propagation of acoustic sound wav

The first two papers on the IXS of silica were simult
neously published.2,4 In Ref. 4 the data analysis indicates a
acoustic localization edge at.1 THz, and in Ref. 2 the
experimental results show a linearv(Q) dispersion up to 4
THz, which is interpreted by a propagation of acous
modes. As recalled in the introduction, the propagation
acoustic modes with frequencies higher than 1 THz is
disagreement with other results showing that in silica th
modes should be localized on distances equal to or less
their corresponding wavelengths.7 It also disagrees with a
recent Raman study in which it was shown that the dep
dence of the boson peak intensity on the scattering a
cannot be inferred from propagating modes.13 To overcome
this contradiction one could argue that the assumed pro
gating modes only have a weak contribution to the to
number of modes involved in the boson peak. However, s
an argument goes against very new IXS measurements m
on silica as a function of temperature.6 Indeed, in this latter
work, it was demonstrated that the modes probed with I
show identical thermal behaviors to those of the boson p
observed in Raman and inelastic neutron scattering. Bes
this common thermal behavior differs from that of long
wavelength phonons (l'200 nm) detected by Brillouin
light scattering. This clearly identifies the IXS observ
modes with those of the boson peak. Such a result prom
us to apply the concept of an inhomogeneous glass n
structure and its inherent concept of nonpropagating co
lated domain modes to interpret the IXS data, as it was
ready successfully used to explain the boson peak origin9,14

and other related glassy nanostructure specificities.15,16 The
comparison of expression~5! with the IXS experiment2,6

leads to an ‘‘apparent’’ sound velocityVapp5aS(C11/r)1/2

.4800 m/s at 295 K and 5800 m/s at 1050 K. The longi
dinal sound velocity deduced from Brillouin light scatterin6

is 5800 m/s at 295 k and 6050 m/s at 1050 K. The appa
sound velocityVapp is thus smaller than the longitudina
sound velocity. Assuming thatAC11/r in the rigid domains
is equal to the macroscopic longitudinal sound velocity
would be found thataS is equal to 0.83 at 295 K and 0.96
1050 K. While a thermal variation ofS is not physical, an
increase ofa, i.e., an increase of the distanceal between
domains with increasing temperature appears very plaus
It is also possible that the steeper thermal variation ofVapp
compared to that of the macroscopic sound velocity indica
that the ratioC11/r inside the rigid domains is not exactl
equal to the corresponding macroscopic ratio. Concurren
their respective evolutions as a function of temperat
would not be identical. Such different nanoscopic and m
roscopic behaviors would not be surprising from a therm
dynamical point of view.
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The dispersionv(Q) was also observed by IXS in amo
phous PMMA, up to more thanQ52 nm21.3 There again,
the measured apparent sound velocity is slightly sma
(24006300 m/s, deduced from Lorentzian data fits! than
the longitudinal sound velocity determined by Brillouin ligh
scattering~2750 m/s!. From measurements on the attenuati
of longitudinal acoustic modes in this material,8 it was seen
that the corresponding mean free path is shorter than
vibrational wavelength for v.300 GHz or for Q
.0.75 nm21. Therefore, the interpretation of IXS by propa
gating modes in PMMA leads to the same inconsistency
for silica, so that again the interpretation of IXS by rig
domain modes appears to be adequate. This is supporte
the successful description of the vibrational density of sta
excess in PMMA with the concept of a noncontinuo
nanostructure.10 Further support in this direction was pro
vided by the investigation of the pressure dependence of
inelastic-elastic x-ray scattering spectra of this sa
material.3 A pronounced break at 1.6 kbar in the pressu
dependence of the elastic scattering, specific toQ values
lower than 5 nm21, revealed the sensitivity of the stati
density fluctuations to the existence of a disruption in
nanometer scale structure. This experimental result prov
strong indication that the nanostructure of such glass is n
compact, as is assumed in our model.

We do not claim that the interpretation of IXS we giv
here is universal for all glasses. Obviously, it is aimed
being valid for glasses whose structure is characterized b
nanometric inhomogeneous elasticity. As developed in p
vious papers,9,14,17 such a nanostructure is believed to be
the origin of the boson peak, and thus only applies to aco
tic modes involved in the boson peak.

In conclusion, we have proposed a model within whi
the linear dispersionv(Q) observed in glasses like amo
phous silica2 or in poly~methyl methacrylate! ~Ref. 3! can be
interpreted by fundamental modes of more cohesive dom
whose existence is derived from an inhomogeneous na
cale elasticity. Thanks to their soft interfaces, these mo
are correlated over a length equal to a few interdomain
tances. We give credit to this model beyond its consiste
with phonon attenutation results and the exsitence of a
teau in the thermal conductivity; it agrees with the notion
‘‘cooperative rearranging regions,’’18 with the existence of
rigid aggregates used to interpret the dynamics or visco
of supercooled liquids,19–21 and with light-scattering
observations.22,23

The proposed model will be developed to account for
observedQ dependences of the IXS intensity and peak lin
width.

We wish to thank G. Ruocco, G. Viliani, and F. Sette f
their relevant suggestions and critical reading.
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