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Direct spectroscopic information on the frequency and temperature dependences of acoustic-phonon damp-
ing in vitreous silica is reconsidered. It points to the essential role played by Rayleigh scattering of the
phonons, in quantitative agreement with thermal properties at low temperatures. A picture is proposed that
consistently unifies thermal properties with all the available spectroscopic results.@S0163-1829~97!51326-9#

Glasses exhibit well documented anomalies of their ther-
mal properties that are fairly specific and apparently
universal.1,2 At temperaturesT of the order of 10 K, they
show a sizable hump inCp /T

3, whereCp is the specific
heat. This corresponds to anexcessover the Debye density
of vibrational states, which is confirmed by neutron scatter-
ing when the data are analyzed with some variant of the
incoherent approximation.3,4 At roughly the same low tem-
peratures, the thermal conductivityk(T) shows a plateau. Its
likely explanation is a crossover in the damping of thedomi-
nant acoustic modes which are propagating plane waves at
low T and would become strongly scattered at highT.1,5 The
excitations that must be involved in both anomalies have
frequenciesv/2p well above 100 GHz, reaching into the
THz range. This is a difficult region for direct spectroscopic
observation ofacousticmodes, which probably explains why
the question is still unsettled. Also unsettled is the origin of
the ‘‘boson peak,’’ another universal feature of glasses that
appears both in Raman and neutron spectroscopy in the same
frequency range, and this in experiments where themomen-
tum qof acoustic phonons~if the concept made sense! could
not be conserved.6,7 Of course, if this momentum had lost its
significance owing to strong elastic scattering of the excita-
tions both the boson peak and thek(T) plateau might be
explainable in one sweep. In glasses, strong scattering can be
expected to occur at sufficiently high frequency owing to the
intrinsic structural disorder.1,8,9 This implies that before
strong scattering sets in at a crossover frequencyvco , the
linewidth of plane waves,G(v), might eventually become
dominated by elastic scattering, in which case it should obey
the Rayleigh law,G}v4. Such a damping contribution in a
glass would of course beT independent forT!Tg , where
Tg is the glass-transition temperature. However, what is
mostly reported over rather broadT and v ranges, is that
G}v2. For example, in vitreous silica,v-SiO2, an v2 de-
pendence is found from'100 K to'1000 K. At roomT, it
applies from'1 MHz to well over 100 GHz.10–12The inter-
est in this question is constantly being revived by new ex-
perimental capabilities. In particular, forv-SiO2 , there exist
now Brillouin data obtained with small-angle inelastic neu-
tron scattering~INS! as well as inelastic x-ray scattering

~IXS!.13,14 These in principle considerably extend the previ-
ously measuredv andq ranges. Although the behavior ob-
served both in INS and IXS can be analyzed in terms of
strong scattering,13,15 the IXS data seem also to be described
adequately by a simple damped harmonic oscillator
~DHO!.14 With the latter hypothesis one finds approximately
v}q and G}q2 at frequencies well into the THz range.14

This surprising result prompted us to reconsider the entire
available spectroscopic and thermal information in the light
of the recent data.

This paper shows that one is able to present a fully con-
sistent picture that is able to qualitatively account for the
thermal anomalies as well as for the spectroscopic informa-
tion, including the boson peak. We concentrate the analysis
on v-SiO2 for two reasons:~i! some relevant results were
recently reported for this glass,13–15 and ~ii ! experience
shows that the low-frequency vibrational modes ofv-SiO2
do not depend significantly on the particular choice of
sample.16,17 The latter point is important to meaningfully
compare data from different sources.

In Fig. 1, three high-resolution Brillouin scattering mea-
surements of the inverse mean free pathl 21 of the longitu-
dinal acoustic~LA ! waves inv-SiO2 are combined, covering
a T range from 0.3 to 1300 K.18–20These were all obtained
using the 5145 Å Ar-laser excitation in backscattering geom-
etry. This corresponds to a phonon frequencyvLA/2p.35
GHz. The energy mean free path relates to the half-width at
half-heightG/2p by l 2152G/vLA , wherevLA.5960 m/s
is the LA velocity.19 Four distinct regimes~I–IV ! are recog-
nized. Below 3 K~I!, G is mostly produced by the resonant
absorption of phonons by two-level systems~TLS’s!.21,2

From;4 to;20 K ~II !, it is relaxational absorption by TLS
that takes over. These two regimes were analyzed in detail in
Ref. 18. To achieve a satisfactory agreement between the
TLS prediction,l TLS

21 , and the measuredl 21, it was neces-
sary to postulate an additionalT-independent absorption,
l 0

21550 cm21, with l 215l TLS
21 1l 0

21. This residual ab-
sorption is illustrated by the dashed horizontal line in Fig. 1.
Its origin had not been discussed at the time. A third region
~III ! shows a peak around 120 K.19 The temperature position
of this peak is a function of the measuring frequencyv. It
follows a thermally activated process with a mean activation
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energy of'570 K. This is theb relaxation. Although its
nature is not really known, the phenomenon is well estab-
lished since it was measured over seven decades inv.21 For
this process, the linewidth isG}v2 at high temperatures, i.e.,
when v is small compared to the inverse relaxation time
t21, while one findsG}v near the peak.19 Finally, in region
IV above'500 K,20 the origin of the attenuation, which is
likely to be related to phonon anharmonic processes, is still
being worked on.19,12,22One also finds thereG}v2 in accor-
dance with a dynamical process involving excitations of very
short lifetimes.

The entire curve in Fig. 1 establishes thatl 21 is a strong
function of T. It demonstrates that the attenuation at this
frequency must essentially be ofdynamicalorigin, contrary
to the hypothesis that above 100 K it is associated withstruc-
tural disorder.14 The general behavior illustrated in Fig. 1 is
not specific tov-SiO2 but has been found in many kinds of
glasses, e.g., boron oxide,23 phosphate glasses,24 or
polymers.25 In the case ofv-SiO2 , the only component that
could be attributed to static disorder in measurements at 35
GHz is in fact the constantl 0

21550 cm21 which was evi-
denced around 3 K. It must be noted that this elastic scatter-
ing contribution is only 2% of the room-T value which is
dominated by fast relaxation,G}v2.

Brillouin results on transverse acoustic~TA! waves, for
vTA/2p516 GHz, were obtained in 90° scattering and are
available from 20 to 300 K.10,19 The attenuation is quantita-
tively the same as that measured on the LA modes~Fig. 1!

when due account is taken of the different frequencies. In the
regimeG}v2 the damping of both LA and TA modes fall on
the samev2 line at 300 K.13

Disorder scattering could only start to dominate at high
frequencies, owing to the lawG}v4. There are various ex-
perimental estimates for the strength of this scattering. These
were obtained by adjusting theoretical laws for phonon mean
free paths to the observed plateau in the thermal conductivity
~see, for example, Refs. 26 and 27!. Using the parameters of
Ref. 27, one finds that the Rayleigh component,l R

21, should
be l R

21'93106 cm21 at 1 THz. Extrapolating the Brillouin
value ofl 21 with av2 law ~Fig. 2! one finds at roomT and
1 THz a valuel 21'13106 cm21. Hence, one in fact ex-
pects that disorder scattering should become dominant above
'300 GHz. This value is close to the lower-frequency limit
of current INS and IXS investigations.13,14Owing to the high
power dependence,G}v4, and sinceG.v makes no sense
in this physical situation as noted already by Ioffe and
Regel,28 the valueG5v is a limit that should be rapidly
reached, atv>vco'1 THz. The corresponding crossover
wave vector is thenqco5vco /vLA'1 nm21. This wave vec-
tor is also rather close to the lower limit practically achiev-
able in current IXS experiments. We believe this is a reason
that the interpretation of IXS data taken alone remained am-
biguous. Particular care must be taken in selecting an appro-
priate expression for the dynamical structure factor,
S(q,v), which can be used to analyze jointly the INS and
IXS data.

An expression forS(q,v) accounting for a somewhat
similar crossover situation was first derived for a percolation
model using an effective medium approximation~EMA!.29 It
was further developed to describe Brillouin scattering from
fractal aerogels.30,31 The shape of this structure factor, for a
large region aroundvco and qco , mainly depends on the
values ofv/vco andq/qco . It should be noted thatS(q,v)
per senever contains information about propagation vs lo-
calization. Correlation functions involving a higher power of
the fluctuating variable are needed to that effect.32 The sim-
plest example is probably the DHO response which describes
a localized spring as well as propagating long-wave phonons.
The S(q,v) of Refs. 29 and 30 makes no exception. This
spectral shape is essentially produced by the ‘‘damping
crossover,’’ irrespective of whether the excitations above
vco become localized or not. According to another EMA
study of acoustic excitations in disordered systems, it is
likely that v-SiO2 is too densely packed to allow for true
acoustic localization,33 in which case one should presumably
think of the excitations abovevco as neither localized nor
propagating, as recently suggested in another context.34 This
‘‘crossover model’’ forS(q,v) is the one that was used to
represent jointly INS and IXS results onv-SiO2 , giving
vco/2p.1 THz.13 Scattering is indeed observed with neu-
trons atv.vco and under conditions where momentum con-
servation rules cannot be obeyed, producing the boson
peak.13 This confirms that momentum is not any more a good
quantum number for the corresponding excitations, in agree-
ment with the notion that they have ceased to propagate, at
least in the usual sense. That thisS(q,v) agrees with IXS
results is also shown in Ref. 15 for the better spectra reported
in Ref. 14.

FIG. 1. Inverse mean free pathl 21 of LA phonons measured in
v-SiO2 with Brillouin scattering: then are from Ref. 18, theh
from Ref. 19, and theL from Ref. 20. Thed is a measurement at
room T from Ref. 14; that it falls significantly above the other
points could be due to an unusual sample quality, but more likely
~Ref. 17! to insufficient resolution of the spectrometer. The dashed
line at lowT corresponds tol 0

21. The four distinct regions~I–IV !
are discussed in the text.
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Following the above ideas, Fig. 2 summarizes the high-
frequency spectroscopic data onv-SiO2 for LA phonons at
300 K. The crossover frequencyvco/2p5950 GHz is taken
from Ref. 13. The valuel co

2152vco /vLA is shown atvco

(d). A line l R
21}v4 is drawn through this point. Remark-

ably, it passes very close to and slightly below the back-
ground contributionl 0

21550 cm21 at 35 GHz, which is the
upper limit for the static structural contribution at that fre-
quency. On the other hand, the Brillouin point at 35 GHz,
taken from Fig. 1 at 300 K, is shown with a linel 21}v2

passing through it and representing the fast relaxation re-
gime. The sum of the two straight lines is the solid curve
which represents the expected mean-free-path dependence on
frequency for the combined processes. Finally, we complete
the figure with data obtained using a picosecond pulse-echo
technique.11 The points shown are those at 300 K from Fig. 7
of Ref. 11. They correspond to three distinct chemical-vapor-
deposition-preparedv-SiO2 thin films of different thick-
nesses. The points from 100 GHz to 440 GHz fall on the
predicted curve within their accuracy. As already noted in
Ref. 11, the frequency dependence ofl 21 is faster thanv2

in this region. Figure 2 now suggests that this corresponds to
the crossover betweenl 21}v2 and l 21}v4, which is lo-
cated atv/2p.210 GHz in our figure. The pulse-echo

points at lower frequencies~1! lie above the Brillouin value.
They were obtained on a relatively thick film. In that case, as
already explained in Ref. 11, static fluctuations of the film
thickness can lead to a spread of the acoustic path which
might translate into an apparent additional loss.

It is now of interest to attempt a calculation ofk(T) using
the direct spectroscopic information onl 21(v,T). This ap-
proach is opposite to the former ones indicated above which
adjusted the parameters of theoretical expressions to the ex-
perimentalk(T).26,27First one should notice that the plateau
in k(T) occurs around 10 K,1,26which corresponds to domi-
nant phonons between 0.5 and 1 THz. Up to'15 K, the
damping of these phonons produced by theb relaxation is
totally negligible. Hence, at and below the plateau one can
use l 215l TLS

21 1l R
21, wherel TLS

21 produces the low-T re-
gion of k(T), while l R

21 controls the plateau. Using the
standard Debye expression, as written, e.g., in Ref. 26, and
the l 21 values corresponding to Figs. 1 and 2, one finds that
the calculatedk(T) corresponds well to the experimental one
below'5 K, while it is somewhat too small in the plateau
region. However, such a calculation is really too simple, as
k(T) is strongly dominated by TA phonons,35 while in Fig. 2
the valuel R

21 is the l R,LA
21 appropriate to LA phonons. One

knows that for point defectsl R
21}1/l4, and theory predicts

roughly the same scattering strength for LA and TA modes
of the samel.36 Under the assumption that this also applies
to v-SiO2 ,

37 one finds then l R,TA
21 .(vLA /vTA)

4l R,LA
21

.6l R,LA
21 . Introducing the two different mean free paths in

the Debye model, the calculatedk(T) starts falling below the
measurement already around 1 K, and in the plateau region it
is almost an order of magnitude too small. However, the
density of states calculated with the Debye model is also
much too small, by roughly the same amount, and it neither
accounts for the observed specific heat at the same
temperatures,38 nor for the more direct INS data.4 Hence, if
one were to use the real density of states in thek(T) calcu-
lation, good agreement with experiment would be achieved.
This indicates that the excess density of statescontributes
like acoustic modesto the observed heat transport in the
plateau region. The existence of an excess at frequencies
slightly below vco also agrees with EMA calculations.33

This confirms the approach used in Ref. 13 where the inelas-
tic spectrum was treated as entirely acoustic. In the alternate
picture which assumes that the structural contribution is
l 21}v2 instead of}v4,14 one findsno plateauin k(T),
and the actual conductivity is also much too small at small
T as the inverse mean free path does not drop sufficiently
fast withv.

In conclusion, spectroscopic and thermal evidence now
converge to establish the essential role played by Rayleigh
scattering of the phonons. The region where this law domi-
nates at roomT in v-SiO2 is small, about half an order of
magnitude inv. It is, however,essential, as it is that law that
leads to the strong damping crossover atvco/2p'1 THz.
This allows, at higherv, scattering processes in which mo-
mentum conservation is not required, which thus explains the
boson peak around 1 THz. A spectral function which in-
cludes the boson peak is able to account for the data taken
both in INS and IXS.13,15

FIG. 2. Summary of the available information on the mean free
path of LA phonons at roomT in v-SiO2 : thed is the Ioffe-Regel
crossover frequency, corresponding to the upper limit of the Ray-
leigh scattering regime, taken from Ref. 13; the Rayleigh contribu-
tion is shown by the dashed line}v4 which passes near the residual
contribution l 0

21 ~h!, taken from Ref. 18; thes is the Brillouin
result from the same reference, with a line}v2 representing the
relaxational contribution; the solid line is the sum of these two
processes; the other symbols are measurements taken from Ref. 11
as discussed in the text.
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