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Inelastic x-ray scattering is used to observe high frequency acoustic excitations in densified silica
glass. Longitudina acoustic phonons are seen up to an energy fiw = 9 meV, corresponding to a

scattering vector Q =~ 2.2 nm~!.

At higher Q, the nature of the signal changes rapidly, indicating a

crossover to strong scattering. The absence of spectral intensity near = 0 shows that these excitations
remain long-lived compared to what might be inferred from their apparent line widths.

PACS numbers: 63.50.+x, 61.10.Eq, 61.43.Fs, 78.35.+c

The nature of the vibrations in glasses at frequencies
high up on acoustic branches is a question of considerable
current interest. Near the origin of these branches, long
wavelength phonons are insensitive to structural details,
and plane waves of definite wave vector q propagate asin
a continuum. Their attenuation increases with their fre-
quency (), owing either to internal friction or to scattering
by structural inhomogeneities. Friction leads to a finite
lifetime, i.e., to homogeneous broadening, generally with a
temperature-dependent linewidth, I' « Q2 [1]. In con-
trast, scattering does not prevent excitations from remain-
ing long-lived but plane waves become inhomogeneously
broadened according to the Rayleigh law, ' « ¢* [2].
Friction usually dominates at frequencies considered “low”
for the present purpose, but which in hypersonic terms are
high, up to the limit of pulse experiments near 1 meV [1].
On the other hand, thethermal conductivity «(T') of glasses
exhibits a universal plateau for temperatures T ~ 10 K,
corresponding to dominant phonons around 4 meV [3].
The onset of this plateau can be explained if for plane
wavesalaw I « * took over at “intermediate” frequen-
cies above ~1 meV [4]. The plateau itself would signa
a crossover to strong phonon scattering occurring at an
loffe-Regel limit, Q) = Q., ~ 4 meV, where I first be-
comes of the order of ). Inthe“high” frequency regime,
Q > O, plane-wave propagation would cease entirely
[5], and the modes could be labeled only by their eigen-
frequencies (). In systems as homogeneous as glasses, if
., can be reached at al [6], one would expect that exci-
tations remain diffusive beyond that limit [7].

A spectroscopic confirmation of this scenario is still
lacking. It would be of considerable interest, not only in
itself, but also as it could provide indirect structural infor-
mation at length scales where usual structural methods are
inefficient for glasses. So far, a meV frequencies, the
spectroscopy has been dominated by the “boson peak”
(BP) [8], whose profile is nearly independent from the
scatteringvector Q (to be carefully distinguished from a
phonon wave vectorq). In neutron scattering, the inten-
sity of the BP varies mainly as 02, consistent with an in-
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coherent scattering approximation [9]. In that case, it car-
ries no direct information on the structure. This is aso
true for the BP observed in Raman scattering [8]. There
are new experimental possibilities to observe coherentex-
citations in noncrystalline media (Brillouin scattering) at
high-Q values. Thishas been done both with inelastic neu-
tron [10] and inelastic x-ray [11] scattering (IXS). Many
Letters reporting | XS from glasses appeared over the past
years. The spectra S(Q, w), where w is the running fre-
guency, were generaly adjusted to the damped harmonic
oscillator function (DHO) [11]. This model implies life-
time broadeningof plane waves with ¢ = Q. Our pre-
vious spectroscopic work, in particular on vitreous silica,
v-SI0, [12], and glassy selenium [13], established that
the occurrence of an loffe-Regel crossover provides an
aternative interpretation, that agrees with the observed
«(T). However, ., hardly exceeds 4 meV in most ma-
terials. For v-SiO, this leads to a crossover wave vector
Geo = Qeo/co = 1 nm~1, where ¢, is the sound velocity.
This happens to be the lowest accessible limit for Q in cur-
rent IXS. Further, with the posted instrumental resolution
of ~1.7 meV full width at half maximum (FWHM), and
with a Lorentzian-like instrument profile, features below
~4 meV in v-SI0O, are very much masked by the wings
of the intense elastic signal [14]. The present | XS experi-
ments on densified silica glass, d-SiO,, were undertaken
to circumvent these experimental limitations.

Silica can be permanently densified when subjected to
high pressures, as known for along time[15]. The sample
used here had been densified at ~1000 K and 8 GPa
[16]. Itsdensity is p =~ 2.62 g/cm?, much above that of
v-Si0,, p = 2.20 g/cm?, and near that of crystal quartz.
Intuitively, one expects that the range of inhomogeneities
is strongly reduced by densification, and hence that g,
and Q, arelarger in d-SiO, thanin v-SIO,. Anincrease
in Q¢ is suggested by the «(T) data. The plateau is
around 20 K in d-SiO, [17], indicating that ()., should
be roughly twice that of v-SiO, where the plateau is near
10 K [4]. Also, the disturbing signal from the elastic
structure factor, S(Q,0), should be reduced considerably
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compared to that in v-SiO, [16]. For these reasons, we
anticipated that the crucial region below and near .,
might be accessible to spectroscopy in d-SiO, using
current I XS capabilities.

The experiment was performed on the IXS beam line
(BL21-1D16) [11] at the European Synchrotron Radiation
Facility in Grenoble, France. Thefinal filtering of theinci-
dent x-ray beam is achieved using a Si(111111) mono-
chromator near back reflection, corresponding to an energy
of 21748 eV. The sampleis placed in our evacuated oven
with elongated arms minimizing the stray scattering by air.
The scattered photons are collected on five analyzers,
working on the same S reflection. The w sweep is
achieved by scanning the monochromator temperature.
The overall resolution, dlightly different for each detector,
was found to be around 1.9 meV FWHM at best. The
anayzers are placed at fixed relative positions on an
arm that can be rotated to change the scattering angles.
In a configuration where the direct beam aims between
analyzers 1 and 2, typical values of Q are 2, 1, 4, 7,
and 10 nm™!, for detectors 1 to 5, respectively. The
scan durations were typically 3 to 5 h, and several scans
were added to obtain one spectrum. Empty cell spectra
accumulated 400 min revealed no detectable elastic signal.
This gave an accurate determination of the mean detector
backgrounds, which were subtracted from all spectra and
instrumental functions prior to analysis. All spectrashown
here are free of these backgrounds.

Prior to the IXS experiment, d-SiO, samples were char-
acterized at room T by Brillouin light scattering (BLS) and
refractive index measurements. The velocity of longitudi-
nal acoustic (LA) phononsisastrong function of densifica-
tion [18]. For p = 2.62 g/cm® we find ¢y = 6900 m/s,
significantly higher thanin v-SiO, (= 5900 m/s). A sam-
ple of the same density asthat used in IXS was also inves-
tigated in function of T, to determine the relaxation of the
densification with time. BLS offers a convenient method
todothisinsitu. Upto 300 °C, no relaxation of ¢, was ob-
served over periods of severa days. From 400 °C, avery
slow relaxation appeared, with atime constant well over a
week. Hence, T = 575 K was selected for the I XS experi-
ment, as a good compromise between sample stability and
inelastic signal strength. BL S was repeated on that sample
after the IXS experiment to confirm that it did not relax.

Figure 1 shows a typica d-SO, spectrum a Q =
2.5 nm~!, accumulated for ~20 h, on a 2.2 mm thick
sample. Although the signal isweak, one easily recognizes
the inelastic features above the wings of the elastic line.
Useful inelastic spectrawere obtained at 1, 1.3, 1.7, 2, 2.5,
4,43,7,and7.3 nm~!. A calibration was also performed
on al.9 mmthick v-SiO, at thesame T. The Stokes and
anti Stokes sideswere added before analysis. Resultsat 4.1
and 7.1 nm~! in Fig. 2 are the sum of data obtained at 4
and 4.3, or 7 and 7.3 nm™!, respectively. This is fully
justified as the Q dependence is very slow for sufficiently

large Q.
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FIG. 1. Typical x-ray Brillouin spectrum of d-SiO,. The
solid line is the instrumental function smoothed with a spline
and matched to the peak of the spectrum. The detector
background is subtracted as explained in the text.

The inelastic signals were adjusted to several models.
In all cases, the experimental signals were fitted to the
sum of an elastic peak of adjustable intensity, plus the
convolution of the instrumental function with the selected
S(0,w). An exact account was taken of the Stokes—
antiStokes asymmetry, as well as of the asymmetry in
the instrumental function. What is shown in Fig. 2 isthe
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FIG. 2. Examples of afew inelastic spectra. The solid linesin
(a8)—(e) are obtained from fits with the crossover function [(1)—
(3)] as explained in the text. For comparison, (f) is obtained
from the same spectrum as in (d), but fitted to the DHO model.



VOLUME 83, NUMBER 7

PHYSICAL REVIEW LETTERS

16 Aucust 1999

remaining inelastic part, after subtraction of thefitted elas-
tic contribution. It isclear that signals at small Q (from 1
to 2.5 nm~!) can be adjusted either to a Lorentzian or to
a DHO. Fitting to a Lorentzian, and taking into account
the broadening due to the finite aperture of the analyz-
ers, one finds no measurable width from 1 to 2 nm~!. At
2.5 nm™!, one finds I', = 1.2 = 0.4 meV for the half-
width, with a frequency Qp = 9.1 = 0.3 meV. In dll
these fits, no adjustable background is needed, indicating
that the subtraction of the detector backgrounds is fully
adequate. The frequencies 1 (Q) of the Lorentzian fits
are shown in Fig. 3(a). The line is the extrapolation of
the low-frequency LA velocity measured in BLS. One
notes that at these Q values the acoustic phonons al-
ready enter into a nonlinear dispersion regime. Beyond
Q0 = 2.5 nm™!, the broadening increases very fast, and
the spectra at 4.1 and 7.1 nm~! can be fitted neither to a
Lorentzian nor to a DHO.

The failure of the DHO at 4.1 nm™! is illustrated in
Fig. 2(f), where the best DHO fit is shown. A similar
result is obtained with the 7.1 nm~! spectrum. For such
broad lines, the DHO has considerable intensity at w = 0.
Thisisadirect consequence of themodel, astheintensity at
o = 0 results from the assumed exponential decay of the
correlation function at long times. The experimental spec-
trum shows a peak around 10 meV, but it decays to near
zero at low w. To adjust the DHO, the fit tries to subtract
less elastic central peak in order to raise the inelastic con-
tribution at low . However, it is not able to compensate
for the low-w dip, for two combined reasons: (1) 10 meV
iswell above the experimental resolution, and (2) the elas-
tic peak is not strong, so that the absolute statistical error
is smaller than the amount to be compensated. The situa-
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FIG. 3. The prefactor A of Eq. (1) resulting from fits as
presented in Fig. 2. Inset (a) shows the values of 1, for Q up
to 2.5 nm™!, as discussed in the text; the solid line corresponds
to the BLS velocity. Inset (b) compares the elastic scattering
intensities obtained on both v-SiO, and d-SIO, for the same
illuminated masses and corrected for absorption.

tion was different in v-SiO,, the spectral peak being near
5 meV, and the elastic signal being much stronger. This
last point is seen from Fig. 3(b), which shows the relative
elastic intensities we obtained for v-SiO, and d-SiO,.

The fact that the signalsin Figs. 2(d) and 2(e) decay to
near zero for @ = 0 shows that the excitations are much
longer-lived than the widths of the spectra might suggest.
Hence, we use as an aternate model a spectral function,
F(Q, w), that implies a crossover to strong scattering [19].
This produces the excellent fits shown by the solid linesin
Figs. 2(a)—-2(e). The F(Q, w) which is used derives from
an effective-medium-approximation (EMA) treatment of
the vibrations of a scalar disordered system [19]. A
similar expression was recently given for anearly unstable
vibrational model made of randomly coupled harmonic
oscillators [20,21]. It was shown in that case that the
EMA agrees well with simulation results. What F(Q, w)
describes is the projection on the Fourier component Q
of modes that are long-lived but randomly scattered by
disorder, so that q is not a good quantum number for
0 = g.,. Neglecting Debye-Waller effects, the structure
factor is given by

$(Q,w) = Alnp + NQ*F(Q, w), (1)
where A is a constant amplitude coefficient, np isthe Bose
population, and Q2 results from the direct coupling of the
X rays to density fluctuations, which applies to scattering
from LA modes. The spectral function is [19]

c*0? r
FQ,0) = o (w2 + T2 —c202%)2 + 472202
2

In the spirit of the EMA [22], the complex self-energy is
afunction of w alone, while ¢ plays no role. This leads
to w-dependent damping, I'(w), and velocity, c(w).

In the phonon limit, Q0 < geo, ¢ = co, and S(Q, w)
shows narrow peaksat () = *=¢oQ. Thisisthe“interme-
diate” regime of the introduction, where the narrow width
of the peaks is given by I' « Q4 and thus I'(w) = w*
in (2). In the strong scattering limit, @ > w¢,, one ex-
pects the loffe-Regdl criterion I'(w) = Gw, where G is
a constant of the order of 1. That G is not necessarily 1
was aready found in fitting BLS spectra of aerogels [23].
Less random systems tend to give a smaller G. This is
confirmed by the simulation in [20] where systems fur-
ther away from the instability also have a smaller G [24].
For c¢(w), above Q., the EMA gives c(w) * w'/? [19].
To account for other dependences of the density of vibra-
tional states on w, this can be generalized to ¢(w) * w*.
In the crossover region, we use smooth empirical expres-
sions [25],

w4
7+ (0/Q0)"17", (39)

IN'w)=G s,
c(®) = coll + (0/Qeo)" /™, (30)

1357



VOLUME 83, NUMBER 7

PHYSICAL REVIEW LETTERS

16 Aucust 1999

where, m is a crossover exponent taking a large value for
asharp crossover. The spectral function (1)—(3), although
partly empirical and necessarily approximative, gained
respectability in being highly successful at describing
nontrivial BLS spectra from strongly disordered aerogels.

The solid lines in Figs. 2(a)—2(e) were obtained with
m = 6 (sharp crossover), z = 0.5 (EMA value), and
co = 6200 m/sto account for the local slopein Fig. 3(a).
From the fits, we find G = 0.34 and ), = 9 = 1 meV.
This corresponds to g, =~ 2.2 nm~!'. One aso obtains
relative values for the prefactor A in Eq. (1), as shown
in Fig. 3. Up to ~ge, A is constant. The relative
scattered intensities in v-SiO, and d-SiO,, I, and I,
respectively, were compared using the data at 1 nm~! in
both materials. For the same illuminated mass, and after
correction for absorption, we find 1,/I; = 1.4 + 0.2.
This agrees perfectly with the theoretical Brillouin value
of 1.34, giving confidence in the intensities. Beyond (.,
one sees in Fig. 3 a considerable increase in A. We
interpret this as a shortcoming of the scalar EMA, which
accounts only for LA modes [19,21]. At these Q, the
wave vector q having lost al meaning, the originaly
LA and TA (transverse) excitations all contribute to
the scattering. The TA modes having smaller restoring
forces, this effectively givesrise to anincreasein A.

The value ., = 9 meV is to be compared to that in
v-Si0O,, which at asimilar T is =4 meV [12]. Since the
crossover corresponds to the onset of strong scattering
for all acoustic modes, it produces the plateau in «(T).
As anticipated, the values of ()., agree with the relative
positions of the plateaus in both materials [17]. Turning
to the origin of the crossover, one sees from S(Q,0) in
Fig. 3(b) that the structural fluctuations at the nm scale
are considerably smaller in d-SiO, than in v-SiO,. This
presumably relates to the higher (., of d-SiO,. Also, the
BP in d-SIO; is strongly depressed at small frequencies
compared to that in v-SIO, [26]. Remarkably, Q. in
both materials approximately corresponds to the maxima
of the respective BP's. This is also found in the recent
simulations [20]. It suggests that the strong scattering of
acoustic modes is actually connected with the presence of
an excess of other low frequency modes resonating with
them. A similar conclusion results from the soft-potential
model [27]. Clearly, the spectroscopy of d-SiO, ought to
be pursued. For example, the data are not yet sufficient
to decide whether the onset of the spectra at low » and
for Q > g, isin w?, as predicted by the EMA function
used here [19], or in w* as simpler phenomenological
considerations might indicate [28]. However, the present
experimental results now provide the first spectroscopic
demonstration that there exists in glasses a crossover
towards strong scattering of long-lived excitations.
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