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Merging of the acoustic branch with the boson peak in densified silica glass
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Both high-frequency acoustic modes and the boson peak related to SiO4 librations are observed in a single
inelastic x-ray scattering experiment. The experimental data are consistent with a picture where the acoustic
modes experience a crossover at a frequencyVco beyond which plane waves cease to exist. The spectra evolve
with the scattering vector to merge into a broad boson peak atVBP'Vco. The latter, although essentially optic
in nature, might hybridize with the resonant acousticlike modes, which can be crucial to their strong scattering.
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I. INTRODUCTION

The existence in glasses of an anomalous density of
brational states~DOS! at low frequencies was recognize
long ago.1 Near 10 K, where modes in the terahertz ran
dominate thermal properties, the experimental specific h
can exceed by a large amount the one calculated from
extrapolation of the acoustic branches. The correspond
excess of modes produces a broad component in the DO
measured by inelastic neutron scattering~INS! at largescat-
tering vectorsQ.2 This feature is called the ‘‘boson peak
~BP!. It is also seen at optical wavelengths, e.g., in the R
man spectrum,3 indicating that the excitations are quite di
persionless and suggesting that they might be ‘‘molecu
like.’’ The magnitude of this excess depends on the natur
the glass.4 It is often large for glasses that are ‘‘strong’’ in th
sense of Angell and Sichina,5 such as covalent oxides. I
contrast, only small excesses are observed in many fra
glasses, such as molecular or ionic ones. The general n
of these excess vibrations—acoustic vs optic—is still qu
debated.6–10 For vitreous silica, one of the strongest glass
that are known, it was recently confirmed by optical sp
troscopy that the BP must relate to rigid SiO4 librational
motions,9 as proposed long ago,2 and as found in
simulations.11–13 In the permanently densified variet
d-SiO2, the frequency of the BP maximum,VBP, nearly co-
incides with what can reasonably be called ‘‘the end
acoustic branches.’’14,9 There remains the important issue
the interactions of BP excitations with acoustic modes of
same frequency, as discussed, e.g., in Refs. 15 and 16
experimental study of this relation is the main topic of t
present paper.

For acoustic modes,plane wavesof definitewave vectorq
should be excellent approximate solutions to the equation
motion as long as the glass behaves as a continuum a
scale of the acoustic wavelength. Experiments over a br
range of acoustic frequenciesV, from ;1 MHz to
;400 GHz for silica, indicate the existence of such wea
damped waves~see, e.g., the discussion in Ref. 17!. Propa-
gation experiments directly demonstate that these wa
transport energy.18 However, upon further increase ofV, the
acoustic excitations must eventually lose this property
shown by the existence of aplateau in the temperature~T!
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dependence of the thermal conductivity.1 This plateau canno
occur if acoustic plane waveswould continue to propagate a
high frequencies~see, e.g., Ref. 19!. In our opinion, these
waves must become strongly scattered from some cross
frequencyVco beyond which the excitations cease topropa-
gate to become at bestdiffusive.20,21 In this case, the corre
sponding crossover wave vectorqco should mark the ‘‘end of
the branch’’ since there is no physical significance to wa
vectorsq.qco. We have shown previously, using inelast
x-ray scattering~IXS! spectroscopy, that such a crossov
can be observed on the longitudinal acoustic~LA ! branch of
d-SiO2.14 This material is more homogeneous than norm
vitreous silica,v-SiO2, and this pushes the crossover
higher values, Vco.9 meV ~or 2.2 THz! and qco
.2.2 nm21, as opposed to the estimates;4 meV and
;1 nm21 for v-SiO2.22 Hence, the experimental investiga
tion of d-SiO2 is possible below the crossover using t
present capabilities of IXS, whereas forv-SiO2 only the re-
gions near and above the crossover are accessible. We
lieve that it is the latter fact which led the authors of Ref.
to conclude to the absence of anVco in silica, a claim that
seems incompatible with theT position of the plateau.1 The
same authors criticized the analysis in Ref. 14 on the bas
the poor S/N ratio of the spectra.

New IXS data ond-SiO2, with much improvedS/N ratio,
are presented here. Not only do they confirm in many po
our previous conclusions,14 including the probable occur
rence of anVco at ;9 meV, but now the data quality allow
us to obtain the linewidthG of some Brillouin peaks forQ
<qco, where our results are consistent with aG}qa relation,
with a up to at least 4. This seems at variance with a p
nomenology predictingG}Q2, as recently proposed.24 We
also examine the limit of the acoustic signal at highQ. We
find a clear emergence of the BP signal atQ;4qco, and
show its growth at much largerQ values.

II. DATA ACQUISITION AND HANDLING

The experiment was performed on the high-resolut
IXS spectrometer at the European Synchrotron Radiation
cility ~ESRF! in Grenoble, France. The energy of the mon
chromatic incident x rays is 21.7 keV. Scattering ang
down to 1.5° are used, fixing the lower limit ofQ at
©2002 The American Physical Society04-1
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1 nm21. The measured energy resolution is;1.5 meV.
Five detectors are available allowing for simultaneous d
collection at severalQ values. The sample was the same as
Ref. 14, with a densityr52.62 g/cm3 and a thickness o
;2 mm. To optimize the inelastic signal, the data we
taken at an elevated temperature, as in Ref. 14, namely,
K which is a value where the densified structure does not
relax over the duration of the experiment. Improvements
the instrument luminosity and to some extent in its resolut
result in an appreciable increase of the S/N ratio. The sp
trum in Fig. 1 should be compared to that in Fig. 1 of R
14. Clearly resolved Brillouin-like peaks are now well se
on the tails of the elastic line.

For reasons explained below, it is significant to be able
extract the pure inelastic contribution from the measu
spectra without relying on models for the form of the inela
tic structure factorS(Q,v). The wings of the instrumenta
function do modify the spectral shape, as illustrated in F
1.25 Figure 1~a! shows a full spectrum and its enlarged i
elastic region. The solid line shows the tails of an instrum
tal profile matched to the height of the strong central pe
With I tot the integrated total intensity, andI ine the integrated
inelastic part, we find at allQ’s up to 3.5 nm21 that
I ine/I tot.0.1. It is known that in glasses the static structu
factor S(Q) at smallQ, and thusI tot , is much larger than
would be predicted from the compressibility.26 There is how-
ever no reliable theoretical prediction forI tot , and to remove
the central peak one must adopt an empirical approac
such cases. It is safe to assume that this peak is essen
elastic as it should result from the frozen-in disorder. S
tracting the solid line~instrumental profile! from the spec-
trum in ~a!, one obtains the result~c!. The latter indicates tha
the inelastic intensity tends to zero forv tending to zero.
This is an important observation, as it is a general prope

FIG. 1. X-ray Brillouin spectrum ofd-SiO2 at Q52.5 nm21:
~a! The full spectrum31/25 ~full dots!, the wings~open dots with
error bars!, and the instrumental function matched to the peak
v50 ~continuous line!; ~b! the spectrum after subtraction of 90%
of the central peak;~c! the same after full subtraction of the centr
peak.
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of line shapes resulting from the strong scattering of pla
waves, whether the mechanism for it is Rayleigh scatterin27

or resonant scattering as in Refs. 19 and 28. Hence,
should check that this important result does not depend
the precise amount of elastic subtraction. To this effect,
also show curve~b! for which only 90% of the elastic pea
has been subtracted. This reduced subtraction also indica
strong decrease of the inelastic line towardsv50, similar to
~c!. Owing to the sufficiently narrow instrumental width
above a few meV the difference between~b! and~c! is much
smaller than the error bars. As a consequence, the e
amount which is subtracted does not significantly affect
results of numerical adjustments when only data points w
uvu.2.7 meV are considered, as done below. For this r
son the ‘‘full’’ subtraction, just as in~c!, was used to obtain
the experimental inelastic spectra such as these shown in
3. It should be noted that the question of the central pe
and the issue of the evolution of the inelastic spectral sh
for v tending towards 0, is a recurring problem in inelas
x-ray scattering. The problem is obviously more severe
stronger central peaks and also the search for a pos
crossover is enormously more difficult whenVco is too low.
On both counts, the situation is considerably more favora
in d-SiO2 ~Ref. 14! than inv-SiO2.7,22,23

III. THE ACOUSTIC SIGNAL BELOW ITS CROSSOVER

Starting with spectra at the lowestQ, it does make sense
below qco to adjust them with a damped harmonic oscillat
~DHO! response function of frequencyv0 and half-widthG.
Indeed, belowqco the data can be interpreted in terms
phonons of wave vectorq5Q, acoustic frequencyV5v0,
and dampingG. In this way one can extract values forV and
G, quite independently from specific models. As usual
doing this, the DHO spectral function is convoluted with t
instrumental response and account is taken of the finite
ceptance angle of the instrument which gives a spread inQ.

FIG. 2. The parameters of DHO fits to x-ray Brillouin spectra
small Q: ~a! \v0, where the line extrapolates the Brillouin ligh
scattering result;~b! \G, the solid line is inQ4, and the dashed line
with error bar is\Ghom extrapolated from Brillouin light scattering
results. The data points are shown with circles in the region
validity of this approximative line shape and with triangles above
One should note that the error bars on the energy are smaller
the size of the circles.
t

4-2



A

MERGING OF THE ACOUSTIC BRANCH WITH THE . . . PHYSICAL REVIEW B 66, 024204 ~2002!
FIG. 3. Examples of inelastic spectra over a broad range ofQ: ~a! spectra in the Brillouin region. The solid lines represent an EM
prediction as explained in the text;~b! spectra in the boson peak region;~c! the boson peak from INS, averaged over a broad range ofQ, on
an arbitrary ordinate scale. Vertical lines are drawn at6VBP.
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The results are shown in Fig. 2. The fits to the DHO we
performed up toQ53.5 nm21 which we know is above
qco.14 As seen on Fig. 2~a!, v0 merges intoc Q at the small-
est Q, wherec is the velocity found in Brillouin light scat-
tering. There is a bend inv0(Q) nearQ.2.25 nm21, and
then a;20% jump inv0 near 2.5 nm21. The bend might
evoke what is expected for acoustic branches, also in c
tals, as one moves up inQ. The jump is very unusual. A
remarkably similar jump was already found in Ref. 14. The
being independent measurements, we believe that this ap
ent jump is reproducible. A similar anomaly~a bend fol-
lowed by a jump! is in fact found in the value ofG @Fig.
2~b!#. In that case, the jump nearQ.2.5 nm21 might be as
much as a factor 2. These anomalies are presumably ‘‘
facts’’ that result from using the DHO spectral function b
yondqco, i.e., beyond its domain of validity. An example fo
such effects was already demonstrated in Ref. 27. In
case, Brillouin light-scattering spectra of very highS/N ratio
were obtained on silica aerogels at differentQ values span-
ning a crossover to strong scattering. These spectra w
adjusted both to a DHO and to a crossover spectral funct
Above qco, the peak of the best DHO moves to frequenc
above the peak of the spectrum. Simultaneously, the l
width of the DHO increases to better match the hig
frequency wing of the spectrum. We feel that a similar effe
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namely, an instability in the DHO fit parameters, might be
work here. If so, 2.5 nm21 is beyondqco, and the values of
the DHO parameters forQ>qco are not physically meaning
ful. For this reason they are shown with different symbols
Fig. 2. This artifact gives thus some sort of signature of
crossover on bothv0 andG, and it exhibits the approxima
tive end of the LA branch. Interestingly, the artifact occurs
the value ofQ where the acoustic peak crosses the bo
peak frequency, as will be seen in Fig. 3.

Another feature shown in Fig. 2~b! is thatG rapidly grows
with Q at small Q values. If the main contribution to the
width in the region from;1 and ;2 nm21 came from
Rayleigh scattering of plane waves, one would haveG}q4 in
that region.29 Such a dependence is illustrated by the so
line in Fig. 2~b!. A similar V4 dependence would result from
the resonant scattering of plane waves in the low-freque
wing of a local mode.19 It is also obtained in the soft
potential model.15,28 In addition, there should be a homog
neous contribution to the width,Ghom}q2.30 The latter has
been measured on the same sample and at the same tem
ture using Brillouin light scattering withQ53.6631022

nm21.31 Its extrapolation inQ2 is shown by the dashed lin
in Fig. 2~b!. The error bar on this line represents the accura
of the Brillouin measurement. We note that nearqco the ob-
servedG is significantly larger than the extrapolatedGhom.
4-3
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Hence, there must be a region ofq whereG increases faste
than in q2, for example, with a powerqa and our observa-
tions are consistent witha54. It should be remarked tha
a54 was clearly observed below a crossover to strong s
tering in a lithium borate glass.10 To close the discussion o
Fig. 2, we note that the precise value ofVco will depend on
its specific definition. Thus, it can only be discussed on
basis of a model as done further below. On the other ha
the value ofqco seems to be quite close to 2.25 nm21. Fi-
nally, one might note thatVco is already reached whenG
.V/6 in the DHO fits.

IV. THE MERGING WITH THE BOSON PEAK

Figure 3 illustrates the evolution of the strength and sh
of the inelastic contributions over a large range ofQ, from
1.75 to 30 nm21. Care was taken to achieve a single relat
scale for the intensities at allQ’s. Indeed, the collected in
tensity could change withQ owing to a number of experi
mental artifacts, the main ones being either a vignetting
the scattered field by the oven window, or a slight change
the focusing of the analyzers onto the small collection ho
placed 6 m away in front of the detectors. To correct for su
artifacts, the measured scattering signal was scaled wi
normalization factor obtained by comparing the integra
signal I tot(Q) to an independent measurement of the sta
structure factor of the same sample at the sameT. This mea-
surement was obtained under conditions where the ab
effects are inoperative. The correction is smaller than 10%
the measured signal for all spectra shown in Fig. 3.

Figure 3~a! shows at smallQ some of the spectra tha
disperse like sound, as just discussed. AboveQ
52.25 nm21 the behavior changes. The position of t
maximum in the spectra hardly moves for large increase iQ
up to 6 nm21, while the spectra broaden. The signal b
comes extremely broad at 6 nm21 but it seems to narrow
again at 9 nm21. In this region the integrated inelastic co
tribution increases with the increase ofQ, but theS/N ratio
degrades owing to the approach of the first sharp diffrac
peak, located at 17 nm21. In Fig. 3~b!, the stronger inelastic
signal becomes obvious and persists up to our highest m
suredQ. This signal is, of course, associated with the exc
modes. Roughly, its profile resembles theS(Q,v) obtained
on d-SiO2 with INS and averaged from 10 to 70 nm21.32

The latter, adjusted to the temperature of our measurem
is shown in Fig. 3~c!. The maximum of the boson peak is
VBP.8.5 meV. As a guide to the eye, vertical lines
6VBP are traced through all the spectra in Fig. 3. It is im
portant to realize that the modes observed are of two kin
There are the LA modes that scatter coherently, and the
modes whose structure factor tends to zero at smallQ since
they are local excitations relating to rigid SiO4 librations.2,9

As discussed in Ref. 2, the main trend for the latter is
grow in Q2, strongly modulated, however, by an inelas
structure factorI (1)(Q). In IXS, there is, in addition, the
effect of the atomic form factors. For the LA modes, it
reasonable to use the average form factor of SiO2 , f̄ (Q). For
the BP modes, the issue of the appropriate form facto
more complicated. The rigid tetrahedra librations are acco
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panied with translations,13 so that the correct average o
f O(Q) and f Si(Q) that should be used might even depend
Q. Fortunately, this delicate point is of no consequence
what follows.

The curves in Fig. 3~a! correspond to the ‘‘crossover t
strong scattering’’~XSS! model described in Ref. 14. This i
a model for the LA-modes that essentially results from
effective medium approximation~EMA!.29 All the curves are
drawn with the sameparameters,33 in particular, with Vco
59 meV, and with aconstant amplitudecoefficientA. Ac-
count has been taken of the form factorf̄ (Q) in that the
curves are drawn with an amplitudeA@ f̄ (Q)/30#2. This leads
to a 14% reduction atQ59 nm21. Although the XSS model
is to some extent phenomenological, it remarkably descri
the six spectra fromQ51.75 toQ56 nm21, just changing
the value ofQ.34 One of the points of the model is that
predicts zero spectral weight atv50. Owing to the convo-
lution, a slight spectral weight atv50 is seen in Fig. 3~a!,
but it is considerably smaller than the one that would res
from DHO fits.14 Looking now at the spectrum at 9 nm21,
one sees a definiteexcessabove the XSS curve. Its shape
quite similar to the spectrum observed at 21 nm21. We feel
that the most probable origin for this excess is just the
This agrees with observations at smallQ of a BP-like signal
in INS from v-SiO2.2 There appears in Fig. 3 quite a stron
Q dependence in the BP spectral intensity. It would be p
mature to venture into a more detailed analysis based
these limited data. We just point out that an extensive m
surement on the BP spectrum ofd-SiO2 with IXS, and this
over a broad range ofQ, would be very worthwhile.

V. SUMMARY AND DISCUSSION

To summarize, our experimental results are consis
with the following: ~i! the existence of a crossover to stron
scattering of plane acoustic waves atVco.9 meV ind-SiO2;
~ii ! the presence of a region belowqco where the linewidth of
these waves increases rapidly withq, possibly with a lawG
}q4; ~iii ! the remarkable success of the EMA model in d
scribing the acoustic spectrum from below to well abo
qco; ~iv! the merging of the acoustic signal with the BP at t
same frequency, the latter giving an additional signal forQ
above a few timesqco; and ~v! a nonuniform evolution of
the BP intensity up to large values ofQ.

The issue of the crossover is important as it immediat
relates to the structure of glasses at extended length sc
which are the scalesrelevant to the glass transition itself. It
is, in principle, difficult to picture how strong scattering o
plane acoustic waves can occur in a medium as homo
neous as a dense glass. The value found here forqco corre-
sponds to a wavelength equal to about 20 Si-O distan
which seems quite large. Therefore some authors invo
fluctuations in internal pressure.35 Large fluctuations in local
elasticity were indeed found in simulations.36 The most prob-
able scenario ford-SiO2 is that these fluctuations produc
considerable local variations in the frequencies of the ri
SiO4 librations associated with the boson peak. Reson
elastic waves are then likely to hybridize with these nonu
4-4
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formly distributed oscillating entities, and it becomes eas
to picture how this can lead to their strong scattering. T
would directly explain whyVco.VBP. At intermediateQ
values the waves observed in IXS are probably hybrids
scatter the x rays coherently, giving the acoustic signal,
quasi-incoherently, giving the BP signal.

Finally, one might ask whether the observationVco
.VBP is just a fortuitous coincidence ford-SiO2. There exist
now sufficient evidence on other network glasses, wh
rather suggests that this could well be a universal propert
these materials. In B2O3 there is a strong Boson peak
VBP.3 meV.37 Very broad acousticlike spectra were o
served with IXS and adjusted to the DHO model.38 The au-
thors find thatV.2G at and beyond 5 meV. We use hereG
for the DHOhalf-width as in the discussion of Fig. 2 abov
We found above that theVco approximately equals the DHO
V at the frequency whereG.V/6. Using the same criterium
for the data presented in Ref. 38, one indeed finds thatVco
.VBP. However, B2O3 is not a favorable case for IXS mea
surements given the current resolution of the spectrome
A much better case is that of the B2O3(Li2O)x glasses for
which VBP moves to much higher values,39 reaching 10 meV
for x50.5. Using the same criterium as above, namely,Vco
.V.6G, one finds from the published results of DHO fits10

that Vco is indeed very close toVBP both for x50.25 and
0.5. Thus, there exist four cases where IXS has establis
that Vco.VBP.

Interestingly, the only case that remains in discussion
,
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T
M
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.
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that of normal vitreous silica,v-SiO2. The authors of Ref. 23
claim that there is noVco in the region of the BP. Their
evidence is based on constant energy scans obtained at
gies near and aboveVBP, which they compare to DHO fits
on the one hand and to EMA curves on the other hand~see
Fig. 3 of Ref. 23!. Their EMA curves were calculated with
fixed parameters taken from a 300 K determination t
lacked much precision,22 and, furthermore, the measure
ments in Ref. 23 are at 1200 K. One knows that the prop
ties of v-SiO2 change considerably withT ~see, e.g., Ref.
40!. Taking EMA parameters that are more consistent w
the experimental conditions, one can find excellent agr
ment with the same data, as shown in Fig. 7 of Ref. 17.
that case,Vco.VBP. It seems that IXS with its current ca
pabilities is still not able, in the special case ofv-SiO2, to
establish the existence ofVco. Hence, the IXS data on
v-SiO2 are not in contradiction withVco.VBP, while other
measurements onv-SiO2 agree withVco around 4 meV.30 In
fact, we do not know of a single example of oxide glasses
which one would have solidly established that there is
crossover near the BP energy. For the above reason
seems, so far, thatVco.VBP might be a common property o
these materials.
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