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Scattering Investigation of Acoustic Localization in Fused Silica
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Small angle neutron time-of-flight spectroscopy and inelastic x-ray scattering results are reporte
the acoustic vibrations of fused silica. An expression for the dynamical structure factor is given
successfully describes the scattering from these vibrations, including the boson peak. The data an
indicates an acoustic localization edge at> 1 THz, in agreement with the position of the thermal
conductivity plateau. Scattering results on another strong glass support the generality of our descri
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The nature of vibrational excitations in glasses remain
a question of considerable current interest [1]. In thes
materials, acoustic waves propagate up to relatively hig
frequenciesv, in spite of the structural disorder. For
example, in vitreous silica,y-SiO2, the velocitiesc of
acoustic waves, both longitudinal (LA) and transvers
(TA), do not show appreciable deviations from a linea
dispersion up to the highest measuredv ø 400 GHz [2].
The linewidthG of these waves is found to be proportiona
to v2 over the accessiblev range [3,4]. However, owing
to the disorder, one expects that Rayleigh scattering
acoustic waves, leading toG ~ v4 for planewaves, should
eventually take over at sufficiently highv [5,6]. This
should then rapidly lead to the Ioffe-Regel (IR) regim
[7], in which G  v for v . vIR, where vIR is the
IR-crossover frequency. In this strong phonon-scatterin
limit the vibrational eigenmodes must be controlled by
single length scale, which plays simultaneously the role
a wavelength, a scattering length, and a localization leng
[8]. This view agrees with the existence of a therma
conductivity plateau at low temperaturesT ø 10 K [9],
indicating that acoustic excitations must cease to propag
when their wavelengthl reaches the nm range [10–
12]. There exists, however, no direct measurement of t
crossover atvIR. In this Letter, we combine for the first
time the results of neutron and x-ray Brillouin-scatterin
spectroscopies to pin down the value ofvIR in y-SiO2.
Moreover, in this system a relatively large boson pea
is observed [13]. The origin of this universal feature in
glasses is still strongly debated. From our analysis w
obtain compelling evidence that the boson peak is simp
the scattering from localized acoustic excitations.

The linewidthsG of y-SiO2 at room temperature are
illustrated in Fig. 1. The largev region with G ~ v2

suggests very fast relaxation, or anharmonic interactio
[3,4]. The Rayleigh law predicted from thermal con
ductivity [6] is shown by the dashed line, up to the IR
limit. In this Letter we show that the IR crossover is
indeed found atvIRy2p > 1 THz, i.e., strikingly close
to the prediction (Fig. 1). The corresponding waveleng
appears to be rather large,2pc0yvIR > 6 nm, where
0031-9007y96y77(18)y3831(4)$10.00
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the LA velocity c0  5900 mys is used. This, however,
gives a crossover wave vectorqIR > 1.0 nm21, in re-
markable agreement with early estimates [10].

Two new techniques have recently been developed
large facilities which allow Brillouin-scattering experi-
ments with frequency shiftsv in the THz range [14,15].
The first is the neutron Brillouin-scattering option o
the cold-neutron spectrometer IN5 at the Institut Lau
Langevin (ILL) in Grenoble, France. It combines a larg
position-sensitive detector (PSD) at small angles wi
high resolution time-of-flight spectroscopy. Wave vec
torsq in the nm21 range can be reached with energy res
lutions well below 1 meV. However, forpropagating
modes withlinear dispersion, the simultaneous conserv
tion of energy and momentum (kinematic conditions) r
quires incident neutrons of velocity at least equal to,1.2
to 1.4 times the phase velocity under investigation [14

FIG. 1. The linewidth G of acoustic phonons iny-SiO2,
from ultrasonic [LAssd, TA(x)], Brillouin [LA sjd, TA( )],
and picosecond optics (d) measurements as room temperatu
[3,4]. A line G ~ v2 is traced through the points. The dashe
lines are quantitative predictions using the strength of phon
Rayleigh scattering from Ref. [6]. The Ioffe-Regel limit found
in this study is✡. The inset illustrates the spectral function
q2Fsq, vd at a few values ofqyqIR for parameters adequate to
y-SiO2.
© 1996 The American Physical Society 3831
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High v resolution being obtained with slow neutrons, th
kinematic conditions can only be fulfilled for phase ve
locities well below the speed of sound of strong glass
Hence, a second instrument is of particular interest.
is the inelastic x-ray spectrometer ID16 at the Europe
Synchrotron Radiation Facility (ESRF) in Grenoble, th
became operational last year. Most recently, resolutio
of 2 meV and1 nm21 were achieved [15]. Owing to the
high energy of x-rays, the kinematic conditions are alwa
satisfied. The main difficulty here is the low intensity o
the inelastic scattering from strong glasses, which ov
laps the wings of an intense elastic scattering. This
stricts such experiments to samples with sufficiently sm
composition fluctuations, e.g.,y-SiO2.

On IN5 we used an incident neutron waveleng
of 2.5 Å. The resolution obtained from the width o
the elastic peak of a vanadium calibration spectra w
1.0 meV (242 GHz) (FWHM). The two-dimensiona
PSD was grouped into 15 concentric rings of 2 cm wid
each, coveringelastic q values from 0.7 to3.4 nm21.
Besides the PSD, IN5 was covered with 90 detectors up
a scattering angle of 130±. The sample, measured at room
T , was a 0.75 cm thick slab of Suprasil. It was place
between Cd sheets forming a5 3 2.5 cm2 window.
After subtraction of the empty can run and absorptio
corrections, the remaining intensity was converted into t
dynamic structure factorSsq, vd using theV -calibration
run measured under identical experimental conditions.
Fig. 2, four sections throughSsq, vd are shown. Owing
to the kinematic constraints, the accessiblev region
decreases together withq.

The data exhibit aq-dependent broad peak with a max
mum about 4 meV. This value is remarkably close
the anticipatedvIR (Fig. 1). It also corresponds to a

FIG. 2. Constant-q sections throughSsq, vd on the neutron-
energy gain side (anti-stokes) iny-SiO2. The base lines are
shifted vertically as shown. The fits are obtained with a sing
vIR and the prefactorsC [Eq. (4)] as free parameters. The
inset illustrates the near constancy ofC derived from the fits.
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crossover in the density of states,Nsvd, derived from spe-
cific heat data as shown in Fig. 1 of Ref. [16]. It is remi-
niscent of the corresponding situation in silica aerogel
where light scattering revealed a crossover between L
phonons and localized states [17]. The stronglyinhomo-
geneouslybroadened light-scattering spectra of aerogels i
the crossover region were exactly described by a spect
function Fsq, vd derived from a Green function analysis
[18], complemented by empirical considerations [17]. Al-
though originally applied to a percolation model [18], tha
expression remains valid for systems that arenot fractal
at q . qIR. All that is required is a clear onset of strong
phonon scattering. The physical picture is that, asv in-
creases towardsvIR, the definition inq of the vibrations
becomes less and less precise. Thus vibrations of diffe
ent frequencies have an appreciable Fourier component
the scattering vectorq. This leads to a dependence in fre-
quency (rather than inq, which is not well definedfor
the vibrations) of the parameters enteringFsq, vd. These
are the linewidth,Gsvd, and the velocity,csvd, which be-
yond vIR really accounts for the density of states. The
equations of Ref. [17] are rewritten as

Fsq, vd 
c2q2

v

G

sv2 1 G2 2 c2q2d2 1 4G2c2q2 ,

(1)

Gsvd 
v4

v
3
IR

f1 1 svyvIRdmg23ym, (2)

csvd  c0f1 1 svyvIRdmgzym. (3)

A multiplicative constant is left out of (1). The IR
crossover is included in (2) and (3). The exponen
m describes the sharpness of the IR crossover. Th
velocity csvd takes the known valuec0 at low v, and
it is ~vz at high v. The exponentz reflects thev

dependence ofNsvd ~ vd212dz . Here, d  3 is the
space dimensionality, appropriate to the mass distributio
at this scale. The experimentalNsvd of y-SiO2 shows a
region in ,v0.9, from vIR to 10 meV [16]. This gives
z  0.37.

The large amount of data [17] fitted with thisFsq, vd
validates itsq and v dependence, up to a prefactor inq
not accessible to light-scattering spectroscopy, but whic
could now be determined in neutron scattering. For dire
coupling to one-phonon scattering, one has [14]

Ssq, vd  CnBe22W q2Fsq, vd , (4)

where C includes all multiplicative constants,nB is the
Bose-Einstein factor, ande22W is the Debye-Waller fac-
tor. The one-phononSsq, vd is the dominant contribution
at the lowq values of this experiment, whilee22W can
approximated by 1 for theseq values iny-SiO2 at room
T . The inset of Fig. 1 illustratesq2Fsq, vd for typical
values ofqyqIR. After further multiplication bynB, it is
easy to see that the integral of the Brillouin peak in th
phonon regimesc0q , vIRd is constant. One notes that
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for q ¿ qIR, the profile becomes practicallyq indepen-
dent, with a peak slightly abovevIR.

Constant-q sections of the data were fitted with
Eqs. (1)–(4) convoluted with the instrumental functio
as shown in Fig. 2. The range actually used for the fi
is from 2 to 10 meV. Below 2 meV, therelaxational
contribution, not included in (1), becomes important [19
One knows [8,18] that Eqs. (1)–(3), although an excelle
crossover expression, are not designed to describe sca
ing at v ¿ vIR, or at q ¿ qIR. However, we remark
that the agreement between the data and the calcula
lines persists well above 10 meV [20]. It also extends
fairly large q. Leavingm as a free parameter, it takes
value very close to 2. It was then fixed at 2 for the fi
shown here. Allowing for different intensity prefactor
C for eachq, one finds thatC increases slightly at the
largestq values. It is, however, remarkably constant u
to qyqIR as large as 10, as shown in the inset of Fig.
This gives great confidence in the expression forSsq, vd.
From vIR  3.9 6 0.1 meV, and the velocityc0 of the
LA phonon, one findsqIR  1.0 nm21. The experimen-
tal point shown on the IR limit in Fig. 1 corresponds t
this vIR.

To achieve smallerq values, an inelastic x-ray scat-
tering experiment at 17.8 KeV was performed on ID1
at the ESRF. The experimental setup is described e
tensively elsewhere [15]. The sample consisted of
optically polished Suprasil slab of 3 mm thickness. Th
scattering is observed at small angles in transmission. T
instrumental function was obtained from the scattering
the sample cooled to 20 K. At that lowT , practically all
the scattering is elastic. We find an energy resolution
3.2 meV FWHM. The entire data in Fig. 3 were accu
mulated at roomT for a total counting time of,40 h.
The q resolution limited by the finite acceptance angle,
,0.3 nm21 at q  1.5 and2 nm21, and,0.5 nm21 at 3
and4 nm21. An empty cell measurement at the smalle
scattering angle revealed a flat electronic background p
elastic scattering from the cell windows. A backgroun
of 1.9 countsymn, in agreement with the experimental de
termination, is subtracted from the data shown in Fig.
A typical spectrum is shown enlarged in Fig. 3(a). Th
data in the wings are clearly above the elastic instrume
tal function. In Fig. 3(b), the fitted elastic peaks hav
been subtracted, the errors bars being increased acc
ingly. Fits to the entire data were performed withSsq, vd
from Eq. (4). At this resolution, the relaxational part i
essentially contained within the elastic peak. The so
lines in Fig. 3(b) result from fixing all parameters to th
values found in neutron scattering, taking theq resolution
into account, and convoluting with the instrumental fun
tion. The only free parameters are the intensities. T
x2 is better than 0.5. To within the uncertainty mar
gins related to the weakness of the signals and the s
of the collection angles, we find thatC in Eq. (4) is in-
dependent ofq. If, additionally, vIR is left free in a
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FIG. 3. (a) Inelastic x-ray scattering spectrum atq  3 nm21

after background subtraction (points) compared to the instru
ment profile measured on the sample at 20 K (line). The inten
sity of the line is adjusted to match the elastic peak of the da
as shown on a reduced scale in the center. (b) The inelas
part of the spectra after subtraction of the elastic peaks. Com
pared to (a), the points here are grouped 3 by 3 in view of th
weak signals. The lines are fits to Eq. (4) with the intensitie
as only free parameters.

joint fit of all four x-ray spectra, one recovers thevIR

of the neutron data within a confidence interval of abou
61.5 meV. In spite of the weak signals, two important
conclusions can be drawn: There is only one fairly broa
peak, that broadens with increasingq, and there are no
propagating phonons following a linear dispersion which
at q  4 nm21, would correspond tov  15 meV.

In conclusion, spectroscopic evidence indicates that L
excitations, which propagate forq  0.7 nm21 [2], are
already localized atq  1.5 nm21. For q . qIR, there
is no kinematic conditionto fulfill on q. Hence, the
boson peak seen in neutron scattering is simply scatteri
from these localized vibrations. This appears differen
from recent results on fragile glasses in which an acoust
mode was claimed to propagate atv above the boson
peak [15]. Our analysis provides a successful expressi
to fit scattering from localized vibrations in asq, vd
region aroundvIR andqIR. It is particularly useful when
Nsvd is known [20]. In that case, only three parameters
namely,vIR, C, andm, need to be adjusted to fitSsq, vd
up to large vyvIR and qyqIR. When localized, the
vibrations are expected to lose their pure longitudinal o
transverse character, but, for direct coupling to densit
fluctuations [21] , neutrons, or x-rays, continue to prob
3833
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the longitudinal projection of the vibrations. Conversely
Raman scattering takes place in the very long wave lim
q ø qIR. The direct coupling is then very weak in
comparison to other mechanisms, such as the acou
optic (Pockels) or the dipole-induced dipole ones [21
This introduces otherv dependences in the spectrum
(leading to the Raman coupling coefficient), as we
as contributions from transverse vibrational componen
The above views on the boson peak are vindicat
by recent computer simulations on a strong glass [2
The latter clearly show that, asq is increased, the
acoustic mode localizes at fairly lowq while the spectrum
strongly changes shape aroundqIR. It is intuitive that the
numerical results presented in Fig. 8 of Ref. [22] cou
be described very well by line shapes such as those
the inset of our Fig. 1. It should be remarked that n
particular “hump” in the density of states is needed
explain the boson peak.

Results similar to those of Fig. 2 were obtained on
heavy flint containing SiO2, PbO, and BaO withø30,
49, and 17 wt. %, respectively. In this case, the smal
value ofc0 s3800 mysd brings one closer to the kinematic
conditions, producing a slightly strongerq dependence at
small q values. One obtains excellent fits with Eqs. (1)
(4), with vIR  3.2 6 0.1 meV, which gives qIR 
1.3 nm21. This confirms that a mixed glass is somewh
more homogeneous thany-SiO2 at the medium-range
scale [5]. More importantly, it indicates that our approac
extends beyond the single example ofy-SiO2.
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