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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 jdii@ions 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 frequédgybeyond which plane waves cease to exist. The spectra evolve
with the scattering vector to merge into a broad boson pe&lgat=(),. 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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[. INTRODUCTION dependence of the thermal conductiviffhis plateau cannot
occur ifacoustic plane wavesould continue to propagate at
The existence in glasses of an anomalous density of vihigh frequenciegsee, e.g., Ref. 29In our opinion, these
brational stategDOS) at low frequencies was recognized waves must become strongly scattered from some crossover
long ago® Near 10 K, where modes in the terahertz rangefrequency(), beyond which the excitations ceasepiopa-
dominate thermal properties, the experimental specific heagateto become at bedtiffusive®®* In this case, the corre-
can exceed by a large amount the one calculated from agponding crossover wave vectpy, should mark the “end of
extrapolation of the acoustic branches. The correspondinthe branch” since there is no physical significance to wave
excess of modes produces a broad component in the DOS, ¥gctorsq>q.,. We have shown previously, using inelastic
measured by inelastic neutron scatteritigS) at largescat- ~ x-ray scattering(IXS) spectroscopy, that such a crossover
tering vectorsQ.? This feature is called the “boson peak” can be observed on the longitudinal acougti&) branch of
(BP). It is also seen at optical wavelengths, e.g., in the Rad-Si0,.* This material is more homogeneous than normal
man spectruni,indicating that the excitations are quite dis- vitreous silica,v-SiO,, and this pushes the crossover to
persionless and suggesting that they might be “molecularhigher values, ;=9 meV (or 2.2 TH2 and Qg
like.” The magnitude of this excess depends on the nature 0=2.2 nnmi' !, as opposed to the estimates4 meV and
the glasé It is often large for glasses that are “strong”in the ~1 nm * for v-Si0,.22 Hence, the experimental investiga-
sense of Angell and Sichifasuch as covalent oxides. In tion of d-SiO, is possible below the crossover using the
contrast, only small excesses are observed in many fragilpresent capabilities of IXS, whereas @1SiO, only the re-
glasses, such as molecular or ionic ones. The general natugions near and above the crossover are accessible. We be-
of these excess vibrations—acoustic vs optic—is still quitdieve that it is the latter fact which led the authors of Ref. 23
debated'° For vitreous silica, one of the strongest glasseso conclude to the absence of &k, in silica, a claim that
that are known, it was recently confirmed by optical specseems incompatible with thE position of the platealiThe
troscopy that the BP must relate to rigid Si@brational  same authors criticized the analysis in Ref. 14 on the basis of
motions? as proposed long ado,and as found in the poor S/N ratio of the spectra.
simulations''** In the permanently densified variety, New IXS data ord-SiO,, with much improvedS/N ratio,
d-SiO,, the frequency of the BP maximurf)gp, nearly co-  are presented here. Not only do they confirm in many points
incides with what can reasonably be called “the end ofour previous conclusion$, including the probable occur-
acoustic branchest*® There remains the important issue of rence of an), at ~9 meV, but now the data quality allows
the interactions of BP excitations with acoustic modes of thaus to obtain the linewidtih™ of some Brillouin peaks foQ
same frequency, as discussed, e.g., in Refs. 15 and 16. Aaq,,, where our results are consistent with @aq® relation,
experimental study of this relation is the main topic of thewith o up to at least 4. This seems at variance with a phe-
present paper. nomenology predictind”«Q?, as recently proposed. We
For acoustic modeglane wavesf definitewave vectog  also examine the limit of the acoustic signal at highWe
should be excellent approximate solutions to the equations dfnd a clear emergence of the BP signal@# 4q.,, and
motion as long as the glass behaves as a continuum at t@ow its growth at much larged values.
scale of the acoustic wavelength. Experiments over a broad

range of acoustic frequencie§)l, from ~1 MHz to Il. DATA ACQUISITION AND HANDLING
~400 GHz for silica, indicate the existence of such weakly '
damped wavessee, e.g., the discussion in Ref.) 1PPropa- The experiment was performed on the high-resolution

gation experiments directly demonstate that these waveXS spectrometer at the European Synchrotron Radiation Fa-
transport energ}? However, upon further increase 6f, the  cility (ESRP in Grenoble, France. The energy of the mono-

acoustic excitations must eventually lose this property ashromatic incident x rays is 21.7 keV. Scattering angles
shown by the existence of glateauin the temperaturéT)  down to 1.5° are used, fixing the lower limit a at
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FIG. 2. The parameters of DHO fits to x-ray Brillouin spectra at
small Q: (a) Zw,, Where the line extrapolates the Brillouin light
! ! ‘ ! ! scattering resulttb) I, the solid line is inQ*, and the dashed line
-30 -20 -10 0 10 20 30 with error bar isiI'},,, €xtrapolated from Brillouin light scattering

Energy transfer (meV) results. The data points are shown with circles in the region of

validity of this approximative line shape and with triangles above it.

- . _ _q.
l':thG fl'” X-ray B””OE;S sr?elclztcrium O?]'S'O.Z at Q_z'i nm '.h One should note that the error bars on the energy are smaller than
(a) The full spectrumx 1/25 (full dots), the wings(open dots witl the size of the circles.

error barg, and the instrumental function matched to the peak at

=0 (continuous ling (b) the spectrum after subtraction of 90%

of the central peakic) the same after full subtraction of the central Of line shapes resulting from the strong scattering of plane
peak. waves, whether the mechanism for it is Rayleigh scattéfing

or resonant scattering as in Refs. 19 and 28. Hence, one
1 nm % The measured energy resolution 4s1.5 meV should check that this important result does not depend on
Five detectors are available allowing for simultaneous datd"€ Précise amount of elastic subtraction. To this effect, we

also show curvéb) for which only 90% of the elastic peak

collection at severdD values. The sample was the same as i . . C
€@ P nhas been subtracted. This reduced subtraction also indicates a

Ref. 14, with a densitp=2.62 g/cni and a thickness of . C o
~2 mm. To optimize the inelastic signal, the data wereStrong decrease of the inelastic line towaigts 0, similar to

taken at an elevated temperature, as in Ref. 14, namely, 56 )- Owing to the suffi_ciently narrow instrumental width,
K which is a value where the densified structure does not ye? 0\|/Ie atfrc;zw n:EV the dlffberencz betwegn and(c) is n:rl:Ch ¢
relax over the duration of the experiment. Improvements jprnaller than ne error bars. AS a consequence, the exac

the instrument luminosity and to some extent in its resolutiorfMmount which IS subtra}cted does not significantly affect t_he
result in an appreciable increase of the S/N ratio. The spe esults of numerical adjustments when only data points with

trum in Fig. 1 should be compared to that in Fig. 1 of Ref. w|>2.7 meV are considered, as done below. For this rea-

14. Clearly resolved Brillouin-like peaks are now well seen>oN the “full" sub;ractlor.], just as irc), was used to obta_m .
on the tails of the elastic line. the experimental inelastic spectra such as these shown in Fig.

For reasons explained below, it is significant to be able o 1t ShO_UId be noted that _the question of t_he central peak,
extract the pure inelastic contribution from the measure nd the issue of the evolution of the inelastic spectral shape

spectra without relying on models for the form of the inelas- or @ tendlng towards 0, is a recurring problem in inelastic
tic structure factorS(Q,w). The wings of the instrumental x-ray scattering. The problem is obviously more severe for

function do modify the spectral shape, as illustrated in I:igstronger central peaks and also the search for a possible

125 Figure 1a) shows a full spectrum and its enlarged in- CFOSSOVer is enormously more difficult whé€h,, is too low.

elastic region. The solid line shows the tails of an instrumenO POth counts, the situation is considerably more favorable

tal profile matched to the height of the strong central peakin d-SiO. (Ref. 14 than inv-Si0,.
With 1, the integrated total intensity, angl, the integrated

. . - ) ~1

inelastic part, we find at allQ’s up to 3.5 nm= that ;; e ACOUSTIC SIGNAL BELOW ITS CROSSOVER
line/l10r=0.1. It is known that in glasses the static structure

factor S(Q) at smallQ, and thusl,y, is much larger than Starting with spectra at the lowe® it does make sense

would be predicted from the compressibiffiThere is how-  below g, to adjust them with a damped harmonic oscillator
ever no reliable theoretical prediction fog;, and to remove (DHO) response function of frequeney, and half-widthI".

the central peak one must adopt an empirical approach itndeed, belowqg., the data can be interpreted in terms of
such cases. It is safe to assume that this peak is essentiafihonons of wave vectog=Q, acoustic frequency) = wy,
elastic as it should result from the frozen-in disorder. Sub-and damping’. In this way one can extract values farand
tracting the solid ling(instrumental profile from the spec- I', quite independently from specific models. As usual in
trum in (a), one obtains the result). The latter indicates that doing this, the DHO spectral function is convoluted with the
the inelastic intensity tends to zero far tending to zero. instrumental response and account is taken of the finite ac-
This is an important observation, as it is a general propertgeptance angle of the instrument which gives a spredg in
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FIG. 3. Examples of inelastic spectra over a broad rang®:afa) spectra in the Brillouin region. The solid lines represent an EMA
prediction as explained in the texh) spectra in the boson peak regidnj the boson peak from INS, averaged over a broad rang oh
an arbitrary ordinate scale. Vertical lines are drawn-dgp.

The results are shown in Fig. 2. The fits to the DHO werenamely, an instability in the DHO fit parameters, might be at
performed up toQ=3.5 nm' ! which we know is above work here. If so, 2.5 nm! is beyondq,,, and the values of
Oeo-* As seen on Fig. @), o, merges intac Q at the small-  the DHO parameters fd@=q,, are not physically meaning-
estQ, wherec is the velocity found in Brillouin light scat- ful. For this reason they are shown with different symbols in
tering. There is a bend img(Q) nearQ=2.25 nm !, and Fig. 2. This artifact gives thus some sort of signature of the
then a~20% jump inwy near 2.5 nmt. The bend might crossover on botlw, andI", and it exhibits the approxima-
evoke what is expected for acoustic branches, also in crydive end of the LA branch. Interestingly, the artifact occurs at
tals, as one moves up i®. The jump is very unusual. A the value ofQ where the acoustic peak crosses the boson
remarkably similar jump was already found in Ref. 14. Thesepeak frequency, as will be seen in Fig. 3.

being independent measurements, we believe that this appar- Another feature shown in Fig(B) is thatI" rapidly grows

ent jump is reproducible. A similar anomaly bend fol- with Q at smallQ values. If the main contribution to the
lowed by a jump is in fact found in the value of [Fig.  width in the region from~1 and ~2 nm ! came from
2(b)]. In that case, the jump ne@=2.5 nm ! might be as  Rayleigh scattering of plane waves, one would hBway* in
much as a factor 2. These anomalies are presumably “artithat regior?® Such a dependence is illustrated by the solid
facts” that result from using the DHO spectral function be-line in Fig. 2b). A similar Q* dependence would result from
yond(q,, i.e., beyond its domain of validity. An example for the resonant scattering of plane waves in the low-frequency
such effects was already demonstrated in Ref. 27. In thawving of a local modé® It is also obtained in the soft-
case, Brillouin light-scattering spectra of very higiN ratio  potential modet>28 In addition, there should be a homoge-
were obtained on silica aerogels at differénwalues span- neous contribution to the widtH; o, 2.3 The latter has
ning a crossover to strong scattering. These spectra wel@en measured on the same sample and at the same tempera-
adjusted both to a DHO and to a crossover spectral functiorture using Brillouin light scattering witlQ=23.66x 102
Above q,, the peak of the best DHO moves to frequenciesnm *.3! Its extrapolation inQ? is shown by the dashed line
above the peak of the spectrum. Simultaneously, the linein Fig. 2(b). The error bar on this line represents the accuracy
width of the DHO increases to better match the high-of the Brillouin measurement. We note that nggg the ob-
frequency wing of the spectrum. We feel that a similar effectservedI is significantly larger than the extrapolat&gm.
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Hence, there must be a region@fvherel increases faster panied with translations so that the correct average of
than inqg?, for example, with a poweg® and our observa- fo(Q) andfg(Q) that should be used might even depend on
tions are consistent witk=4. It should be remarked that Q. Fortunately, this delicate point is of no consequence for
a=4 was clearly observed below a crossover to strong scawhat follows.

tering in a lithium borate gIas"§.To close the discussion of The curves in Fig. @ correspond to the “crossover to
Fig. 2, we note that the precise value@f, will depend on  strong scattering(XSS) model described in Ref. 14. This is
its specific definition. Thus, it can only be discussed on thex model for the LA-modes that essentially results from an
basis of a model as done further below. On the other handffective medium approximatio(rlEl\/IA).ngII the curves are

the value ofq., seems to be quite close to 2.25 ninFi-  drawn with the sameparameters® in particular, with .,
nally, one might note thaf)., is already reached wheh =9 meV, and with econstant amplitudeoefficientA. Ac-
=(1/6 in the DHO fits. count has been taken of the form factQ) in that the
curves are drawn with an amplitu@éf_(Q)/?:O]z. This leads
IV. THE MERGING WITH THE BOSON PEAK to a 14% reduction @=9 nm !, Although the XSS model

is to some extent phenomenological, it remarkably describes
e six spectra fron@=1.75 toQ=6 nm 1, just changing

the value ofQ.3* One of the points of the model is that it

predicts zero spectral weight at=0. Owing to the convo-

Figure 3 illustrates the evolution of the strength and shap
of the inelastic contributions over a large range@ffrom
1.75to 30 nm. Care was taken to achieve a single relative
scale for the intensities at af)’s. Indeed, the collected in- - . ) . .
tensity could change witl®Q owing to a number of experi- IUt'O_n'_ a shght spectral weight ab=0 is seen in Fig. @,
mental artifacts, the main ones being either a vignetting ojm Itis con_5|d13rably _smaller than the one that WOUlq result
the scattered field by the oven window, or a slight change i rom DHO fits: i '.‘OOk'ng now at the spectrum at 9 nrhy :
the focusing of the analyzers onto the small collection holeN€ S€€S a definitlexcessabove the XSS curve. Its shape is
placel 6 m away in front of the detectors. To correct for suchduité similar to the spectrum observed at 21 rimwe feel
artifacts, the measured scattering signal was scaled with at the most probable origin for this excess IS just the BP.
normalization factor obtained by comparing the integrated IS agrees W'th obzservatlons at srrr_albf_a BP-I|I_<e signal
signal l,,(Q) to an independent measurement of the statidn INS from U'S'.OZ' There appears in F|g. 3 quite a strong
structure factor of the same sample at the saniehis mea- Q dependence in th_e BP spectral Intensity. It WO.UId be pre-
surement was obtained under conditions where the abo\gature. tq venture mto_a more detailed analysis based on
effects are inoperative. The correction is smaller than 10% o ese limited data. We just point O.Ut th"’}t an extenswe_mea—
the measured signal for all spectra shown in Fig. 3. surement on the BP spectrum @fSi0;, with lXS’. and this

Figure 3a) shows at smalQ some of the spectra that OVEr & broad range dp, would be very worthwhile.
disperse like sound, as just discussed. Aboe
=2.25 nm ! the behavior changes. The position of the
maximum in the spectra hardly moves for large increasg in
up to 6 nn*, while the spectra broaden. The signal be- To summarize, our experimental results are consistent
comes extremely broad at 6 Ambut it seems to narrow with the following: (i) the existence of a crossover to strong
again at 9 nm?. In this region the integrated inelastic con- scattering of plane acoustic waveshi,~9 meV ind-SiO,;
tribution increases with the increase @f but theS/N ratio (i) the presence of a region belay, where the linewidth of
degrades owing to the approach of the first sharp diffractionhese waves increases rapidly withpossibly with a lawl’
peak, located at 17 nnt. In Fig. 3b), the stronger inelastic  «q?; (jii) the remarkable success of the EMA model in de-
signal becomes obvious and persists up to our highest megcribing the acoustic spectrum from below to well above
suredQ. This signal is, of course, associated with the excesg_ - (iv) the merging of the acoustic signal with the BP at the
modes. Roughly, its profile resembles tBQ,») obtained  same frequency, the latter giving an additional signalQor
on d-Si0, with INS and averaged from 10 to 70 nh*  apove a few timesj,,; and (v) a nonuniform evolution of
The latter, adjusted to the temperature of our measurementghe BP intensity up to large values &
is shown in Fig. &). The maximum of the boson peakis at  The issue of the crossover is important as it inmediately
Qgp=8.5 meV. As a guide to the eye, vertical lines atrelates to the structure of glasses at extended length scales,
= Qgp are traced through all the spectra in Fig. 3. It is im-which are the scalelevant to the glass transition itselt
portant to realize that the modes observed are of two kindss, in principle, difficult to picture how strong scattering of
There are the LA modes that scatter coherently, and the BRlane acoustic waves can occur in a medium as homoge-
modes whose structure factor tends to zero at s@aince  neous as a dense glass. The value found hergfpcorre-
they are local excitations relating to rigid Si@brations®®  sponds to a wavelength equal to about 20 Si-O distances,
As discussed in Ref. 2, the main trend for the latter is towhich seems quite large. Therefore some authors invoked
grow in Q?, strongly modulated, however, by an inelastic fluctuations in internal pressuf@Large fluctuations in local
structure factorl )(Q). In IXS, there is, in addition, the elasticity were indeed found in simulatioffsThe most prob-
effect of the atomic form factors. For the LA modes, it is able scenario fod-SiO, is that these fluctuations produce
reasonable to use the average form factor of,Sif0Q). For ~ considerable local variations in the frequencies of the rigid
the BP modes, the issue of the appropriate form factor i$SiO, librations associated with the boson peak. Resonant
more complicated. The rigid tetrahedra librations are accomelastic waves are then likely to hybridize with these nonuni-

V. SUMMARY AND DISCUSSION
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formly distributed oscillating entities, and it becomes easiethat of normal vitreous silica;-SiO,. The authors of Ref. 23

to picture how this can lead to their strong scattering. Thislaim that there is nd), in the region of the BP. Their
would directly explain why( =Qgp. At intermediateQ  evidence is based on constant energy scans obtained at ener-
values the waves observed in IXS are probably hybrids thagies near and abov@gp, which they compare to DHO fits
scatter the x rays coherently, giving the acoustic signal, an@n the one hand and to EMA curves on the other hemesd

guasi-incoherently, giving the BP signal.
Finally, one might ask whether the observatiéh.,
=) gpis just a fortuitous coincidence fai-SiO,. There exist

Fig. 3 of Ref. 23. Their EMA curves were calculated with
fixed parameters taken from a 300 K determination that
lacked much precisioff, and, furthermore, the measure-

now sufficient evidence on other network glasses, whichments in Ref. 23 are at 1200 K. One knows that the proper-
rather suggests that this could well be a universal property ofes of v-SiO, change considerably witd (see, e.g., Ref.

these materials. In f; there is a strong Boson peak at 40). Taking EMA parameters that are more consistent with
Qgp=3 meV3 Very broad acousticlike spectra were ob- the experimental conditions, one can find excellent agree-

served with IXS and adjusted to the DHO motfeThe au-
thors find that)=2I" at and beyond 5 meV. We use hdre
for the DHOhalf-width as in the discussion of Fig. 2 above.
We found above that th@ ., approximately equals the DHO
Q) at the frequency wherE=(}/6. Using the same criterium
for the data presented in Ref. 38, one indeed finds &hat
= gp. However, BO; is not a favorable case for IXS mea-

ment with the same data, as shown in Fig. 7 of Ref. 17. In
that case().,=Qpgp. It seems that IXS with its current ca-
pabilities is still not able, in the special case ©6Si0,, to
establish the existence d.,. Hence, the IXS data on
v-Si0, are not in contradiction witlf) .;,=Qgp, While other
measurements an-SiO, agree with(Q)., around 4 meV?° In
fact, we do not know of a single example of oxide glasses for

surements given the current resolution of the spectrometerghich one would have solidly established that there is no

A much better case is that of the,B;(Li,0), glasses for
which Qgp moves to much higher valuéreaching 10 meV
for x=0.5. Using the same criterium as above, nam@ly,

= =6T", one finds from the published results of DHOits
that Q. is indeed very close té)gp both for x=0.25 and

crossover near the BP energy. For the above reasons, it
seems, so far, th& .,~ Q) gp Might be a common property of
these materials.
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