RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 56, NUMBER 2 1 JULY 1997-II

Mean free path of high-frequency acoustic excitations in glasses
with application to vitreous silica
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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 r¢S80f63-18207)51326-9

Glasses exhibit well documented anomalies of their ther{IXS).2>4 These in principle considerably extend the previ-
mal properties that are fairly specific and apparentlyously measured andq ranges. Although the behavior ob-
universal? At temperaturesT of the order of 10 K, they served both in INS and IXS can be analyzed in terms of
show a sizable hump i€, /T3, whereC, is the specific strong scattering>**the IXS data seem also to be described
heat. This corresponds to axcesver the Debye density adequately by a simple damped harmonic oscillator
of vibrational states, which is confirmed by neutron scatter{DHO).!* With the latter hypothesis one finds approximately
ing when the data are analyzed with some variant of thevxq andI'cq? at frequencies well into the THz rande.
incoherent approximatioh? At roughly the same low tem- This surprising result prompted us to reconsider the entire
peratures, the thermal conductivit¢ T) shows a plateau. Its available spectroscopic and thermal information in the light
likely explanation is a crossover in the damping of tlemi-  of the recent data.
nant acoustic modes which are propagating plane waves at This paper shows that one is able to present a fully con-
low T and would become strongly scattered at high® The  sistent picture that is able to qualitatively account for the
excitations that must be involved in both anomalies havehermal anomalies as well as for the spectroscopic informa-
frequenciesw/27 well above 100 GHz, reaching into the tion, including the boson peak. We concentrate the analysis
THz range. This is a difficult region for direct spectroscopicon v-SiO, for two reasons{i) some relevant results were
observation oficousticmodes, which probably explains why recently reported for this glass;*® and (i) experience
the question is still unsettled. Also unsettled is the origin ofshows that the low-frequency vibrational modesve8SiO,
the “boson peak,” another universal feature of glasses thalo not depend significantly on the particular choice of
appears both in Raman and neutron spectroscopy in the sarfi@mple:>* The latter point is important to meaningfully
frequency range, and this in experiments wherertizenen-  compare data from different sources.

tum q of acoustic phononéf the concept made senseould In Fig. 1, three_ high-resolution Brillquin scattering_mea—
not be conservedl’ Of course, if this momentum had lost its SUréments of the inverse mean free péth' of the longitu-

significance owing to strong elastic scattering of the excitadinal acoustidLA) waves inu-SiO, are combined, covering

-20 H
tions both the boson peak and tk€T) plateau might be aana?hgeegﬁrggi:?alsfg ﬁat.g:?nsgggﬁgecgtl;gta'nggm_
explainable in one sweep. In glasses, strong scattering can @? 9 ser excration | ng 9

- . : ry. This corresponds to a phonon frequergy/27=35
expected to occur at sufficiently high frequency owing to the iy
intrinsic  structural disorder®® This implies that before GHz. The energy mean free path relates to the half-width at

) ) half-heightT'/27 by /~1=2T"/v 5, wherev, ,=5960 m/s
5_”0”9 scattering sets In at a crossover frequengy, the is the LA velocity’® Four distinct regime$l—IV) are recog-
linewidth of plane wavesl'(w), might eventually become ;6 Below 3 K(1), I" is mostly produced by the resonant

dominated by elastic scattering, in which case it should Obe)ébsorption of phonons by two-level systerfELS’s). 212

the Rayleigh law]"=w*. Such a damping contribution in a From~4 to~20 K (I1), it is relaxational absorption by TLS
glass would of course b& independent fof <T,, where  that takes over. These two regimes were analyzed in detail in
Ty is the glass-transition temperature. However, what iRef. 18. To achieve a satisfactory agreement between the
mostly reported over rather broad and w ranges, is that TLS prediction,/’T’LlS, and the measured ™1, it was neces-
I'«zw?® For example, in vitreous silica;-SiO,, an w® de-  sary to postulate an additiondl-independent absorption,
pendence is found frons 100 K to~ 1000 K. At roomT, it /51=50 cnT !, with /‘1=/{Lls+/51. This residual ab-
applies from~1 MHz to well over 100 GH2?"**The inter-  sorption is illustrated by the dashed horizontal line in Fig. 1.
est in this question is constantly being revived by new exdts origin had not been discussed at the time. A third region
perimental capabilities. In particular, forSiO,, there exist  (Ill) shows a peak around 120'R The temperature position
now Brillouin data obtained with small-angle inelastic neu-of this peak is a function of the measuring frequengylt

tron scattering(INS) as well as inelastic x-ray scattering follows a thermally activated process with a mean activation
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when due account is taken of the different frequencies. In the
regimel” = w? the damping of both LA and TA modes fall on
) the samew? line at 300 K**
v- Si0, é‘}&m b Disorder scattering could only start to dominate at high
:%@ %Q o@@ frequencies, owing to the lall = w?. There are various ex-
35 GHz & ® perimental estimates for the strength of this scattering. These
B 1 were obtained by adjusting theoretical laws for phonon mean
(I (IV) free paths to the observed plateau in the thermal conductivity
(see, for example, Refs. 26 and)2Wsing the parameters of
A Ref. 27, one finds that the Rayleigh componefi;, should
o be/z'~9x10° cm~* at 1 THz. Extrapolating the Brillouin
A value of/ ! with a w? law (Fig. 2) one finds at roonT and
3 1 THz a value/~'~1x10° cm 1. Hence, one in fact ex-
@& pects that disorder scattering should become dominant above
00 ~300 GHz. This value is close to the lower-frequency limit
of current INS and IXS investigatiort$:}*Owing to the high
) am power dependencé,xw*, and sincd > makes no sense
in this physical situation as noted already by loffe and
______ Regel® the valueI'=w is a limit that should be rapidly
S pros P reached, alw=w.,~1 THz. The corresponding crossover
Temperature (K) wave vector is themj,,= w¢, /v a~1 nm L. 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
. : o - e that the interpretation of IXS data taken alone remained am-
;’r;)ioée"f‘”tngg:g“tw gfcf?gﬁqngge} tggATir:.firsrg r?:;Sﬁ?e’r:;ﬁ . Diguous. Particular care must be taken in selecting an appro-
S I priate expression for the dynamical structure factor,

room T from Ref. 14; that it falls significantly above the other . . .
points could be due to an unusual sample quality, but more Iikelys)gg’g’gdawmm can be used to analyze jointly the INS and

(Ref. 17 to insufficient resolution of the spectrometer. The dasheo] . .
An expression forS(g,w) accounting for a somewhat

line at low T corresponds ta’, *. The four distinct regiongl—IV) e . N - ; .
are discussed in the text. similar crossover situation was first derived for a percolation

model using an effective medium approximati@MA).?° It
was further developed to describe Brillouin scattering from

energy of~570 K. This is thegB relaxation. Although its fractal aerogeld®®! The shape of this structure factor, for a
nature is not really known, the phenomenon is well estabtarge region aroundo., and q;,, mainly depends on the
lished since it was measured over seven decades’For  values ofw/ ws, and g/, . It should be noted the(q, w)
this process, the linewidth e w? at high temperatures, i.e., per senever contains information about propagation vs lo-
when w is small compared to the inverse relaxation timecalization. Correlation functions involving a higher power of
7~ %, while one findd = w near the peak® Finally, in region  the fluctuating variable are needed to that effécthe sim-
IV above ~500 K the origin of the attenuation, which is plest example is probably the DHO response which describes
likely to be related to phonon anharmonic processes, is stith localized spring as well as propagating long-wave phonons.
being worked ort?*#?20One also finds therEx »? in accor-  The S(q,w) of Refs. 29 and 30 makes no exception. This
dance with a dynamical process involving excitations of veryspectral shape is essentially produced by the “damping
short lifetimes. crossover,” irrespective of whether the excitations above

The entire curve in Fig. 1 establishes that! is a strong ., become localized or not. According to another EMA
function of T. It demonstrates that the attenuation at thisstudy of acoustic excitations in disordered systems, it is
frequency must essentially be dynamicalorigin, contrary likely that v-SiO, is too densely packed to allow for true
to the hypothesis that above 100 K it is associated stithc-  acoustic localizatiori® in which case one should presumably
tural disorder** The general behavior illustrated in Fig. 1 is think of the excitations above,, as neither localized nor
not specific tov-SiO, but has been found in many kinds of propagating as recently suggested in another cont&sthis
glasses, e.g., boron oxid&, phosphate glassé$, or  “crossover model” forS(q,) is the one that was used to
polymers? In the case of-SiO,, the only component that represent jointly INS and IXS results anSiO,, giving
could be attributed to static disorder in measurements at 3&..,/27r=1 THz!® Scattering is indeed observed with neu-
GHz is in fact the constant, '=50 cm ! which was evi-  trons atw™> w., and under conditions where momentum con-
denced around 3 K. It must be noted that this elastic scatteservation rules cannot be obeyed, producing the boson
ing contribution is only 2% of the roor-value which is  peak!® This confirms that momentum is not any more a good
dominated by fast relaxatiof, = w?. guantum number for the corresponding excitations, in agree-

Brillouin results on transverse acoustitA) waves, for ment with the notion that they have ceased to propagate, at
wtal2m=16 GHz, were obtained in 90° scattering and areleast in the usual sense. That tl867,w) agrees with IXS
available from 20 to 300 K%'°The attenuation is quantita- results is also shown in Ref. 15 for the better spectra reported
tively the same as that measured on the LA mogrg. 1) in Ref. 14.
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FIG. 1. Inverse mean free patfi ! of LA phonons measured in
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points at lower frequencigs-) 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 ©fT) using

the direct spectroscopic information &fi *(w,T). This ap-
proach is opposite to the former ones indicated above which
adjusted the parameters of theoretical expressions to the ex-
perimentalx(T).2%2” First one should notice that the plateau
in k(T) occurs around 10 K2 which corresponds to domi-

, nant phonons between 0.5 and 1 THz. Up~td5 K, the
damping of these phonons produced by fheelaxation is
totally negligible. Hence, at and below the plateau one can
] use/ t=/71+/x', where/ 1 produces the loviF re-

gion of «(T), while /;1 controls the plateau. Using the
standard Debye expression, as written, e.g., in Ref. 26, and
the /! values corresponding to Figs. 1 and 2, one finds that
the calculatedc(T) corresponds well to the experimental one

L ‘ below ~5 K, while it is somewhat too small in the plateau
Frgquency (H2) region. However, such a calculation is really too simple, as
«(T) is strongly dominated by TA phonor3while in Fig. 2

1 o1 ;
FIG. 2. Summary of the available information on the mean freet® value/g ™ is the /g o apErlOp”atf to LA phonons. One
path of LA phonons at roorl in v-SiO,: the @ is the loffe-Regel ~ knows that for point defectg’z " 1/\*%, and theory predicts
crossover frequency, corresponding to the upper limit of the Rayroughly the same scattering strength for LA and TA modes

leigh scattering regime, taken from Ref. 13; the Rayleigh contribu-of the same\.®® Under the assumption that this also applies
tion is shown by the dashed linew* which passes near the residual tq v-Si0,,*" one finds then /= %’A: (vialvta)* /R 1LA

contribution /o * (1), taken from Ref. 18; théz) is the Brillouin — _g ~1 " introducing the two different mean free paths in
result from the same reference, with a limev~ representing the the Débye model, the calculatedT) starts falling below the
relaxational contribution; the solid line is the sum of these two ! . .
processes; the other symbols are measurements taken from Ref. ﬂeasuremem already afo“”d, 1K, and in the plateau region it
as discussed in the text. 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
temperatured® nor for the more direct INS dafaHence, if
Following the above ideas, Fig. 2 summarizes the highone were to use the real density of states in#(i€) calcu-
frequency spectroscopic data orSiO, for LA phonons at  |ation, good agreement with experiment would be achieved.
300 K. The crossover frequenay,,/2m=950 GHz is taken Thjs indicates that the excess density of statestributes
from Ref. 13. The value’;; =2w¢o/v A is Shown atwe,  like acoustic modeso the observed heat transport in the
(®). Aline /gtxw? is drawn through this point. Remark- plateau region. The existence of an excess at frequencies
ably, it passes very close to and slightly below the backslightly below w., also agrees with EMA calculatior3.
ground contribution//51=50 cm ! at 35 GHz, which is the This confirms the approach used in Ref. 13 where the inelas-
upper limit for the static structural contribution at that fre- tic spectrum was treated as entirely acoustic. In the alternate
guency. On the other hand, the Brillouin point at 35 GHz,picture which assumes that the structural contribution is
taken from Fig. 1 at 300 K, is shown with a liné 'xw? / lxw? instead ofxw** one findsno plateauin «(T),
passing through it and representing the fast relaxation reand the actual conductivity is also much too small at small
gime. The sum of the two straight lines is the solid curveT as the inverse mean free path does not drop sufficiently
which represents the expected mean-free-path dependencefast with .
frequency for the combined processes. Finally, we complete In conclusion, spectroscopic and thermal evidence now
the figure with data obtained using a picosecond pulse-echconverge to establish the essential role played by Rayleigh
techniquet! The points shown are those at 300 K from Fig. 7 scattering of the phonons. The region where this law domi-
of Ref. 11. They correspond to three distinct chemical-vapornates at roonT in v-SiO, is small, about half an order of
deposition-prepared -SiO, thin films of different thick- magnitude irnw. It is, howevergssentialas it is that law that
nesses. The points from 100 GHz to 440 GHz fall on theleads to the strong damping crossoveregt/2m~1 THz.
predicted curve within their accuracy. As already noted inThis allows, at highew, scattering processes in which mo-
Ref. 11, the frequency dependence/of! is faster tharw? mentum conservation is not required, which thus explains the
in this region. Figure 2 now suggests that this corresponds tboson peak around 1 THz. A spectral function which in-
the crossover betweefi lxw? and/ 1« w?, which is lo-  cludes the boson peak is able to account for the data taken
cated atw/2w=210 GHz in our figure. The pulse-echo both in INS and IXS31%
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