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Observation of Large Momentum Phononlike Modes in Glasses
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The dynamic structure factor of glycerol and LiCl:6H2O glasses, measured by inelastic x-ray
scattering, shows modes dispersing linearly with momentum in the2 8 nm21 region. This finding
demonstrates that acousticlike propagating modes can exist in glasses up to wavelengths comparab
to interparticle separations. It also shows that thebosonpeak, a feature systematically observed in
the same energy region spanned by these excitations, must have a contribution from this propagatin
collective dynamics, and not only from possible localized modes. [S0031-9007(96)00115-9]

PACS numbers: 63.10.+a, 63.50.+x, 78.70.Ck
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The dynamical properties of disordered systems are
well established in the intermediate, mesoscopic, tim
space domain. Here, they are not properly described
ther by a macroscopic thermodynamical picture or b
microscopic single particle dynamics. The concept
propagating collective modes implies the existence o
simple relation between the energy and the momen
of specific excitations. This occurs as a consequenc
translational invariance, and is typical in crystals and f
particles. In liquids and glasses, this concept may l
its physical significance when local interparticle intera
tions start to dominate and the topological disorder d
not allow one to derive some kind of quasiparticle a
its excitation spectrum [1]. In opposition to this pic
ture, however, one may argue that the translational
variance becomes an increasingly less important aspe
large energies and momentum transfers, because one
ples particle-particle correlations on a very short time a
space scale. Therefore, if local properties become do
nant over long range correlations among particles, the
ferences in the dynamics of liquid, glass, and crystall
states may disappear. An example is provided by rec
inelastic x-ray scattering measurements in water: aprop-
agatingcollective dynamics is shown to exist in the liqu
up to a momentum transferQ ­ 14 nm21 [2], and, in the
mesoscopic wavelength region from 0.5 to3 nm, the ve-
locity of sound of these acoustic excitations is found to
equivalentin the liquid and in the crystalline solid (ice Ih
[3]. In glasses, the collective dynamics at these high
quencies, and its propagating or localized nature, has
yet been established experimentally [1].

The dynamics of density fluctuations in the hig
momentum-frequency (Q-v) region can be assessed b
the experimental determination of the dynamic struct
factor SsQ, vd. This is, traditionally, the domain o
neutron spectroscopies, although these techniques, d
kinematic limitations, are not easily applied to disorder
systems with a large velocity of sound. This explai
the lack of experimental determinations of theSsQ, vd in
glasses atQ transfer in the nm21 range, corresponding to
0031-9007y96y76(18)y3356(4)$10.00
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Q values below the first maximum in the static structu
factor SsQd, where the medium-range order should play
relevant role [4].

Useful information on the high frequency dynamics
disordered systems is obtained by studying the density
states (DOS), with either incoherent neutron scattering
depolarized Raman scattering. With these methods, h
ever, one cannot determine the energy-momentum dis
sion relation and, therefore, the extent of the propagat
nature of the dynamics. Moreover, it is not straightfo
ward to extract the DOS. In neutron scattering, to elim
nate the residual coherent scattering and the mulitpho
contributions, it is necessary to extrapolate the data to
limit of zero Q. In Raman scattering the situation is eve
more complex, due to the fact that the measured spect
results from the dynamics of the systemand the coupling
mechanism of the photon field to the specific excitatio
Incoherent neutron scattering [5–7] and light scatteri
[8–12] from glasses show a broad feature with maximu
intensity typically around 2 to10 meV, and with an al-
most universal shape, asymmetric towards the high
ergy side [13]. The intensity of this feature scales wi
temperature approximately according to the Bose-Einst
statistics, and for this reason is referred to as theboson
peak. A lively debate exists on the excitations giving ri
to the bosonpeak and, so far, conclusions on their v
brational (localized or propagating) or relaxational natu
have not yet been reached [1].

The kinematical limitations of neutrons do not apply
inelastic x-ray scattering with meV energy resolution, a
therefore this technique can be utilized to directly meas
theSsQ, v) of disordered systems [2].

In this Letter we report theSsQ, vd measurement of
two glasses, glycerol and a solution of LiCl in H2O, in
the momentum transfer region2 8 nm21. Following An-
gell’s definition [14], these materials are intermediate b
tween strong and fragile glasses [15,16]. In both syste
we detect inelastically scattered intensity, dispersing l
early with momentum transferQ. The velocities of sound
are 3330 6 50 mys in glycerol, and3800 6 300 mys in
© 1996 The American Physical Society
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LiCl:H 2O. These measurements demonstrate that, in sp
of the absence of translational invariance, apropagating
longitudinal collective dynamics can exist in glasses dow
to wavelengths similar to interatomic distances. Dire
implications of these findings are as follows: (i) Th
localization of the eigenmodes of the density fluctuatio
spectrum does not take place in the frequency region c
sidered here, and (ii) the origin of thebosonpeak is most
likely due to these high frequency collective dynamics.

The experiment was carried out at the new very high e
ergy resolution inelastic x-ray scattering beamline (BL2
ID16) at the European Synchrotron Radiation Facilit
The undulator x-ray beam was monochromatized by
cryogenically cooled Si(111) double crystal and by a ve
high energy resolution Si(999) backscattering monochr
mator [2,17]. This beam, with an energy of17 794 eV,
had an energy resolution of2 meV and an intensity of
109 photonsys. The scattered photons were collected b
a spherical silicon crystal analyzer, operating as well
the Si(999) in backreflection, and in Rowland geometr
This analyzer, obtained by gluingø12 000 perfect crys-
tals of0.6 3 0.6 3 2 mm3 size on a spherical blank with
6150 mm radius [2,18], yielded an energy resolution o
2.9 6 0.5 meV. The total instrumental resolution func
tion, measured using a Plexiglas scatterer at the maxim
of its static structure factor where the scattering is dom
nated by the elastic component, was well approximated
a Lorentzian of2GR ­ 3.7 meV. The momentum trans-
fer Q ­ 2 k0 sinsusy2d, wherek0 andus are, respectively,
the wave vector of the incident photon and the scatteri
angle, was selected between 1 and22 nm21 by rotating the
7 m long analyzer arm in the horizontal scattering plan
The Q resolution was set to0.4 nm21 by an aperture in
front of the analyzer. Energy scans were done by varyi
the relative temperature between the monochromator a
analyzer crystals: The analyzer was kept at 294 K, and
monochromator temperature was scanned from 294.75
292.8 K with a step of20.015 K, corresponding to an en-
ergy step of0.7 meV. Each scan took about70 min, and
eachQ point was obtained by averaging 7 scans in gly
erol, and 18 scans in LiCl:H2O. The data were normalized
to the intensity of the incident beam.

High purity anhydrous glycerol was contained inside
10 mm long sealed copper cell, loaded in an argon glo
box. The glass was obtained holding the cell at145 K
[19] in vacuum. The cell and vacuum chamber window
were made of25 mm thick kapton foil. Similarly, the
LiCl:H 2O glass was obtained by cooling to80 K a 7 mm
long cell containing a liquid solution of one LiCl atoms
pair per 6 H2O molecules [20]. The glass nature of th
two samples was established by the similarity of th
static structure factor in the glass and liquid states
temperatures just above and below the glass transit
[19,20]. Empty cell measurements gave the flat electron
background of the Si diode detector of 0.6 count/mi
The cell lengths were chosen to be comparable to t
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x-ray photoabsorption length, and to give negligib
multiple scattering.

Representative inelastic x-ray scattering spectra of t
two glasses, directly showing the spectral shape of t
dynamic structure factor convoluted with the instrument
resolution function, are reported in Fig. 1. The glycer
spectrum atQ ­ 5 nm21 is shown in Fig. 1(a), while
in Fig. 1(b) we report the one of LiCl:H2O at Q ­
6 nm21. The experimental data are shown together wi
the corresponding fits and error analysis as discussed
the following. The insets show an enlargement of th
spectral region where the inelastic signal is best visib
This inelastic intensity is due to collective excitations i
the two glasses, and can be observed up to 7 and8 nm21

FIG. 1. Inelastic x-ray scattering spectra of glycerol (a) an
LiCl:H 2O (b) glasses, measured at the indicated temperatu
and Q transfers. The data (±), shown with their error bars,
are superimposed to the fit (solid line) as explained in th
text. The bottom panels report the difference between the d
and the fit in standard deviation (sd) units for each data poi
In spite of the longer counting time, the noise level in th
LiCl:H 2O sample is larger than in glycerol due to the smalle
scattering volume and the larger photoelectric absorption fro
the Cl atoms. The line under the central peaks is the resolut
function, shown to emphasize the inelastic intensity on the sid
of the central peak. An enlargement of the frequency regi
where the excitations are best visible is reported in the insets
3357
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in glycerol and LiCl:H2O. At larger Q, the inelastic
signal is no longer visible for its increased broadeni
and for the intensity of the central peak which gro
approaching the maximum of theSsQd. This maximum
is observed atQ ø 14.5 and 19 nm21 in glycerol and
LiCl:H 2O, respectively. To determine the energy posit
and the width of these excitations at eachQ, the spectra
have been modeled by the functionFsQ, vd, consisting
of a d function for the elastic scattering, and a damp
harmonic oscillator (DHO) model [21] for the two sid
peaks:

FsQ, vd ­ I0sQddsvd 1 fnsvd 1 1g

3 IsQd
vGsQdVsQd

fVsQd2 2 v2g2 1 GsQd2v2
. (1)

HereI0sQd andIsQd are the intensities of the central pe
and of the inelastic contributions, respectively,VsQd is
the central frequency of the side peaks, andGsQd is their
energy width;nsvd is the Bose factor.

The experimental data, after subtraction of the de
tor dark counts, have been fitted by the convolution
FsQ, vd with the Lorentzian representing the resoluti
function. We used standardx2 minimization, obtaining
x2 values always within its standard deviation. In t
bottom panels of Figs. 1(a) and 1(b) we show the diff
ence between the data and the fitting function in units
1 standard deviation (sd) for each data point.

The choice of the DHO model in theSsQ, vd of these
glasses is arbitrary. It was used because it cont
the basic features of the inelastic part of theSsQ, vd
of a disordered system, and allows one to determ
the spectroscopic parameters and theirQ dependence
independently of specific theories [22]. Moreover, t
model function has been successfully applied to desc
the shape ofSsQ, vd in a simulated model glass [23].

The individual contributions to a typical fit are show
by the dashed lines in Fig. 1 for the two glasses. T
contribution of the DHO model to the fit, representi
the inelastic intensity in the measured spectra, is repo
for selectedQ transfers in Fig. 2(a) for glycerol, and i
Fig. 2(b) for LiCl:H2O. The dispersion withQ is evi-
dent, and the broadening increases with momentum tr
fer. The values ofVsQd derived from the fits are show
in Fig. 3. They follow a linear behavior with a slop
corresponding to a speed of sound of3330 6 50 mys in
glycerol [Fig. 3(a)], and of3800 6 300 mys in LiCl:H2O
[Fig. 3(b)]. Similarly, the values ofGsQd for the two
glasses are shown in Fig. 4. In glycerol, the width, sho
in Fig. 4(a), increases withQ transfer following approxi-
mately a Q2 dependence. In the LiCl:H2O glass, the
width, shown in Fig. 4(b), has a behavior qualitative
similar to glycerol. The larger scattering of the para
eters in the fits of LiCl:H2O compared to glycerol, an
the correlation of the deviations ofVsQd andGsQd from
the general trend, is a consequence of the worse sign
noise ratio in LiCl:H2O.
3358
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FIG. 2. The inelastic contributions to the fits are shown fo
glycerol (a) and LiCL:H2O (b) at the indicatedQ values. The
curves have been normalized to unit area. TheQ dependence
of their integrated intensities are reported in the insets.

The results shown in Figs. 2 and 3 demonstrate t
propagating nature of the collective excitations observ
in these systems. Moreover, the similarity of the veloc
ties of sound reported here with those of the correspon
ing longitudinal sound waves measured at very smallQ
[24,25], indicates that in these glasses, as in crystall
solids, there are no relevant relaxation processes.

FIG. 3. Dispersion relationVsQd in glycerol (a) and
LiCl:H 2O (b) as obtained from the fit. In each figure, the soli
line indicates the best linear fit, and the slope corresponds
the indicated speed of sound.
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FIG. 4. Energy widthsGsQd as obtained from the fits for (a)
glycerol and (b) LiCl:H2O as a function ofQ2.

Finally, the observation of propagating longitudina
modes with energies between 4 and20 meV gives an
indication on the origin of theboson peak. In fact,
in glycerol and LiCl:H2O glasses theboson peaks are
centered at 5 [11] and6 meV [16], respectively, and span
an energy region up to values comparable to the high
energies of the excitations found here. We can theref
conclude that an important contribution to this peak mu
come from these longitudinal propagating modes. Th
observation, however, does not exclude the existence
other excitations (propagating or localized) contributin
to the bosonpeak, which are not probed by the prese
experiment. Assuming their existence, however, th
must have a pure transverse character and/or ener
difficult to resolve with the presently available energ
resolution, i.e., belowø4 meV.

The results reported here apply to two intermedia
glasses. It is attractive, however, to speculate on th
generality, and, therefore, it is of great interest to dete
mine whether a propagating collective dynamics at hi
frequencies exists also in fragile and strong glasses. W
in this specific direction is in progress.
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tance. We also thank J. F. Legrand, V. Mazzacurati, a
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