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Light scattering spectra of fast relaxation in silica and Ca0.4K0.6„NO3…1.4 glasses
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Light-scattering spectra of two glasses, Ca0.4K0.6(NO3)1.4 and silica are measured in the frequency range
1 –10 000 GHz, covering temperatures from 19 K to 310 K. The low-frequency wing of the fast-relaxation
spectrum is found to show a power-law behavior with an exponenta proportional to temperature at values
a,0.7. The data are qualitatively and quantitatively compared to different models on relaxations in glasses. It
is shown that a model of thermally activated transitions in double-well potentials well describes the fast-
relaxation spectra in both materials.
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I. INTRODUCTION

In glass-forming systems one may distinguish fast a
slow dynamics. Usually, slow dynamics refers to the prim
a-process that is a characteristic feature of supercooled
uids. Typically this relaxation process appears below
GHz band and exhibits a strong temperature dependenc
contrast, fast dynamics are observed in the GHz regime
show a weak temperature dependence. They persist in
glass, i.e., below the glass transition temperatureTg . Over
the past decade, interest on fast dynamics has been stro
stimulated by predictions of the mode-coupling theo
~MCT! of the glass transition.1 Another origin of fast dynam-
ics may be expected due to the dynamics in asymme
double-well potentials~ADWP!, which play an important
role for the understanding of the low-temperature anoma
of glasses.

Experimentally, fast dynamics show up as a broad qu
elastic contribution in neutron2–6 and light-scattering
spectra.7–22 Fast relaxation processes were recently also
served in dielectric measurements.23 Due to the much lower
amplitudes, relaxations in glasses, i.e., belowTg , are usually
studied by different techniques as compared to those
ployed at higher temperatures. For example, they are pro
as a damping of sound waves as seen in experiment
ultrasonic attenuation or internal friction.24–36 Some investi-
gations of fast relaxations in glasses used neutron or Ra
spectroscopy. However, respective spectrometers have a
frequency limit around 50 GHz. In these spectra relaxat
processes are reflected by a quasielastic component
dominates the spectra at frequencies below 300–500 G
and does not show a harmonic temperature dependence
velopments of tandem Fabry-Perot interferometers~TFPI!
opened the possibility to measure light-scattering spectra
broad frequency range down to;1 GHz. This technique ha
been actively applied over the past years for the investiga
of glass-forming liquids above and around the glass tra
tion temperatureTg ~see, e.g., Ref. 6,12,13,17,18!. To the
best of our knowledge, only a few investigations of fast
laxational spectra in glasses covering a broad frequency
temperature range have been reported so far.18,22,21Employ-
0163-1829/2001/64~6!/064207~15!/$20.00 64 0642
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ing TFPI at temperatures belowTg , special care has to b
taken in order to be able to sample signals of low amplitud

The nature of relaxations in glasses (T,Tg) is still not
well understood. At temperatures deep in the glassy state~at
temperatures above;10 K!, thermally activated transitions
in ADWP’s are assumed to give the main contribution to t
fast-relaxation spectrum.18,29,37,38,40Assuming that ADWP’s
determine the dynamics, many authors have successfully
plied this approach for the description of internal friction
light-scattering data above;10 K.18,25,27,29,30,34–38,40An-
other phenomenological model of the fast dynamics
glasses is the soft-potential model~SPM!.41 This model de-
scribes tunneling systems, relaxations in ADWP’s and s
vibrations, i.e., the so-called boson peak. Since at presen
SPM is one of the most successful approaches for the
scription of the dynamics in the glassy state and since
makes detailed predictions we pay much attention to
analysis of our data within the frame of this model. Recen
it was shown that anharmonicity of vibrations may also co
tribute to the fast relaxation and this contribution may
dominant at high enough temperatures.42 We discuss the con
tribution of this relaxation process for the systems inve
gated here. Briefly, we also consider some other models

The main goal of the present paper is to report in de
our TFPI measurements of fast-relaxation spectra at temp
tures well belowTg (32 K,T,310 K). First reports con-
cerning different aspects were given in Refs. 18,21,22.
measured the depolarized light scattering spectra of
paradigmatic glasses, Ca0.4K0.6(NO3)1.4 ~CKN! and silica,
over a broad frequency range from 1 GHz to 10 THz. Spe
attention was given to the suppression of intensity fro
higher orders of the TFPI. In particular, we apply addition
interference filters and we demonstrate their effect on
measured spectra. As was shown first by our group
shortly after by Gapin´ski et al.19 and Barshiliaet al.,20 mea-
surements without such filters lead to severe distortions
the low-intensity spectra, in particular at low temperatur
where the signal from the relaxational contribution is wea
In comparison to our previous publication18 the data on CKN
are extended to lower frequencies. We perform an analys
©2001 The American Physical Society07-1
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the data within the frame of the models discussed above
particular, we show that the light-scattering data, coverin
broad temperature and frequency range, allow to extract
distribution of barrier heightsg(V) of the ADWP’s discussed
within the model of Gilroy and Phillips.29 The results on
g(V) are compared with those obtained from internal fricti
measurements.25,27,35,36Up to now, the latter model was onl
tested by studying the temperature dependence at a
single frequencies. Our TFPI measurements of the f
relaxation spectra provide a more stringent test, since we
validate the predictions of the model on both the tempera
and frequency dependence of the relaxations.

The paper is organized in the following way. In Sec. II t
experiment and samples are described in details. Sectio
shows our experimental results, which are discussed in
frame of different models on relaxations in glasses in S
IV. Section V presents the Conclusion.

II. EXPERIMENT

Two glasses, CKN and silica~Heralux, Heraeus, 130 ppm
OH2 groups and Suprasil 300, Heraeus,,1 ppm OH2

groups! are studied. The CKN sample was described in
previous publication.43 For the CKN and Heralux sample
we used a near-to-backscattering geometry~see below!,
while the Suprasil experiments were carried out in a to
backscattering geometry~where the scattering volume i
largest! in order to maximize the collection of scattered lig
in view of the low intensities.

Silica „Suprasil 300…. Depolarized inelastic light-
scattering spectra of the sample of Suprasil 300 were
tained using an Ar1, laser~514.5 nm, 400 mW! and a six-
pass Sandercock TFPI.45 The sample was mounted in
dynamic Helium cryostat. The Suprasil windows of the c
ostat are antireflection coated, and the cold windows
mounted tensionless in order to avoid tension-induced b
fringence. Since the signal levels available from the scat
ing of silica are much lower than for other glasses studied
far,18,21 the optical scheme, that is shown in Fig. 1, was i
proved and optimized for alignment on low intensities.46 We
use a 180° back-scattering geometry with a selection of

FIG. 1. Experimental setup of the total-backscattering exp
ment. The Glan-laser polarizer is used as a beam splitter in ord
select the depolarized component of the scattered light.
06420
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polarized scattering. Here the laser beam enters a G
Taylor polarizer ~extinction 1026) as the extraordinary
beam. The polarized component of the light is reflected a
focused on the sample. The scattered light is collected by
same lens and passes through the same Glan-Taylor p
transmitting the depolarized component. The scattered l
is collected within an angle of about 4°. Special care w
taken to avoid contributions to the signal from the windo
of the cryostat and the polarizer. This background has b
carefully measured for all temperatures and free spec
ranges by recording spectra with and without sample. At
settings we find a background of about 3% of the sign
relating it to a contribution from the cold windows, whic
are close to the focus of our lens, basically at the same t
perature as the sample, and of the same material as
sample. Nevertheless, we carefully eliminated its contri
tion by subtracting the signal from accumulations witho
sample from all of our spectra.

We recorded spectra with the free spectral ranges~FSR’s!
of 1000 GHz and 150 GHz over two spectral ranges on eit
side of the elastic line. The experimentally determined
nesse of the spectrometer is better than 120 and typic
about 140. In order to suppress higher transmission order
the TFPI@multiples of 20 FSR’s could give contributions t
the signal for a Sandercock tandem FPI~see below!18–20,45#,
we use a prism in combination with either of two interfe
ence filters of a width of 11 300 and 1150 GHz@full width at
half maximum~FWHM!#. The contrast of the spectromete
~defined here as the ratio of the maximum transmission
the zero order and the highest value of elastic signal in
range 0.07 FSR,n,0.93 FSR) was determined to be be
ter than 109 at all frequencies.

To further validate the absence of possible contributio
from the instrumental tail of the elastic line or from high
transmission orders of the TFPI, we measured spectra
both FSR’s at a low temperature,T56 K. At this tempera-
ture the anti-Stokes part of the spectrum should be alm
zero because either the Bose factor or the signal itself
very low for this temperature. Indeed, the anti-Stokes par
the spectrum at this temperature shows no deviations f
the dark count level of 2.47 counts/s of our detector, dem
strating the absence of contributions of higher orders or fr
the elastic line. Special care should be taken in order valid
the absence of any contributions from higher orders in
case of the smaller FSR, because the signal is much high
frequencies of multiples of 20 of this FSR than in the ran
of interest: the signal increases with increasing frequen
especially at low temperatures, where the relaxational con
bution is small~cf. Figs. 2 and 3!. For our 6 K-spectrum in
this region the sum of the signal and possible higher or
contributions is less than 0.3 counts/s, i.e., it is absent wit
the precision of our experiment. Since the vibrational pa
that could lead to any parasitic contributions, rises mu
slower with temperature than the signal from relaxations
is clear that signals from higher transmission orders do
disturb our spectra.

CKN and silica „Heralux…. We used a conventional nea
backscattering setup~at a scattering angle of some 172°
employing the same interferometer and laser. The typ

i-
to
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LIGHT SCATTERING SPECTRA OF FAST RELAXATION . . . PHYSICAL REVIEW B64 064207
power of the focused beam was 200 mW. The geometry
this setup excludes any contributions to the spectrum fr
cryostat windows and~in the case of CKN! the cuvette that
contains the sample. The data on Heralux served as a do
cross-check to further validate the results on Suprasil 3
The thus recorded spectra agree with the results reporte
Suprasil within our accuracy~cf. Fig. 4!. A polarizer ~Glan
laser prism, extinction coefficient.106) and an analyzer
~Glan-Thompson prism, extinction coefficient.105) were
used for the incident and scattered light, respectively. T

FIG. 2. Light-scattering susceptibility spectra of CKN at diffe
ent temperatures. The Raman data forn>150 GHz are taken from
Ref. 15.

FIG. 3. Light-scattering spectra of silica glass~Suprasil 300!:
intensity spectra for the temperatures 300 K, 200 K, 125 K, 80
50 K, 32 K, and 19 K~from top to bottom, left scale: for the FSR
1000 GHz the left scale approximately reflects the count rate in
for the lower FSR it is lower by about a factor of 5! and suscepti-
bility spectrax9(n) for the temperatures 300 K, 80 K, 32 K, and 1
K ~below, right scale, smoothing over five data points!. The data are
scaled to match at high frequencies, where it is known that
temperature dependence of the susceptiblity is small in our t
perature range~Ref. 54!. The dashed lines show a power-law fit
the low-frequency wing of the data. The steepest part of the 1
spectrum can be fitted by an3 law ~dotted line!.
06420
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crossed orientation of the polarizer and analyzer selects
depolarized light scattering geometry~VH geometry!. In or-
der to cover a broad frequency range, for each tempera
spectra of CKN were obtained measuring with different m
ror spacings, corresponding to FSR 300, 37.5, and 10 G
In the case of Heralux we obtained spectra with the FSRs
GHz and 200 GHz. For every mirror spacing, spectra w
measured in a double-scan regime, collecting spectra u
62 FSR. The contrast of the apparatus was determined
using elastically scattered light from a metal bar. The exp
mentally measured contrast for the lowest FSR5 10 GHz
was better than 1010 at all frequencies larger than 1 GHz
allowing us to suppress the elastic line contribution down
0.07 FSR. The suppression of the elastic line was furt
checked in the case of FSR510 GHz by comparing the
measured spectral shape with another one using F
59 GHz, like it is usually done in the Raman technique~see,
e.g., Ref. 44!. At higher FSRs the contrast was better th
109. The typical ratio of overlapping frequencies betwe
adjacent spectra was about 3.

As already noted in Ref. 18 and further shown in Refs.
and 20 even in a tandem configuration of two FPIs, hig
orders~here multiples of 20! may give a contribution to the
signal and distort the shape of the spectra~see also Ref. 45!.
Therefore appropriate interference filters and a prism w
used to suppress these contributions. Measuring the
brated spectrum of a halogen lamp with and without
filters, we observed that in the case of a flat spectrum hig
order contributions in absence of the interference filter a
about a factor of 2.3 of the actual signal for a FSR of 10 G
~see also Ref. 46!. The resulting distortion of the spectra
shown in Figure 5, where we compare our results for CKN
room temperature obtained with and without the interfere
filters. We used an interference filter with a width~FWHM!
of 1150 GHz for FSRs of 37.5 GHz and higher, and one w
a FWHM of 185 GHz for the lower FSR’s. In order to arriv
at the final broad-band spectra, the spectra of smaller FS
were scaled in order to mach the spectra obtained at hig
frequencies ~for the monochromator data, there are
higher-order contributions!. Therefore, the fact, that the
curve recorded without filters lies below the one record
employing the filters, reflects thedifferent spectral shapesof

,

z,

e
-

K

FIG. 4. Temperature dependence of the exponenta obtained
from the spectra for CKN (m) and silica ~Heralux: s, Suprasil
300: h).
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J. WIEDERSICHet al. PHYSICAL REVIEW B 64 064207
the spectra, not the different absolute amplitudes of the
corded signals.

On applying the interference filter, one has to make s
that the resulting spectra are not distorted by the transmis
and sensitivity of the tandem FPI/prism/filter/detector co
bination. Therefore the transmission of the spectrometer
determined by recording spectra of a calibrated halogen la
before and after the accumulation of each spectrum.
comparison of these spectra also ensured that the trans
sion function did not change over the course of the exp
ment. This could be the case, if a mode hop of the laser
significant change of the temperature within the spectrom
occurred. In the rare events, when this was the case,
experiment was repeated. The measured spectra were
rected by the dark count level of the detector and normali
to the spectra of the calibrated lamp. After the normalizati
the Stokes and anti-Stokes sides of the spectra were c
pared, taking into account the Boltzmann factor for the d
ferent temperatures and frequencies. It turns out that
Stokes and anti-Stokes sides of all spectra agree within
signal-to-noise ratio, confirming the quality of our data.
the case of low temperatures and high frequencies, where
Boltzmann factor significantly differs from 1, this also co
firms the temperature of the illuminated volume of t
sample.

To further validate the quality of the spectra, we additio
ally performed measurements with FSR of 150 and 20 G
at some temperatures in order to check the overlap of dif
ent spectra. On using the interference filters, within the ov
lapping regions the spectral shapes obtained from diffe
free spectral ranges were the same with a typical precisio
about 1%, i.e., within our signal-to-noise ratio. For tempe
tures where the additional FSR were used, the overlap
tween adjacent FSR’s was a factor of 8. This result dem
strates the absence of parasite contributions from hig
transmission orders.

Looking at the two data sets in Fig. 5 it is obvious tha
kind of kneeappears when no interference filters are appli
The origin of this kind of spectral distortion was discussed
Refs. 18,22,19,20,46. The knee was erroneously taken

FIG. 5. Light-scattering susceptibility spectra of CKN, record
with ~solid line! and without~dotted line! the use of appropriate
interference filters as discussed in the text. The amplitudes of
spectra are chosen in a way to provide a matching at high freq
cies. Without these filters a downward curvature of the spectr~a
knee! is observed; on applying the additional filters we observ
power-law behavior for the low-frequency wing of our spectra.
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signature of MCT prediction below the critical temperatu
Tc ~cf. also below!.

In the case of CKN, the experiments were performed
10° and 170° scattering angles for FSR 37.5 GHz a
higher. For the lower FSR and for silica~Heralux!, spectra
were only recorded for the backscattering geometry. In or
to obtain the combined spectra we used the 10° experim
where the Brillouin lines that correspond to backscatter
are suppressed much better; however, even in this case
disturb the spectra due to a contribution from the incid
beam reflected from the surfaces of the sample.

III. SPECTRAL SHAPE OF THE FAST RELAXATION

A. Light-scattering spectra

The measured spectra, in the case of CKN combined w
previously reported Raman data,43 are presented in Figs. 2
and 3 as the dynamic susceptibility

x9~n!5
I ~n!

n~n!11
, ~1!

wheren(n) is the Bose factor. The spectra of both samp
exhibit a power-law tail at low frequencies (1 GHz,n
,100 GHz). At higher frequencies the spectra exhibit t
boson peak and the microscopic peak. In the case of C
the shoulder at 200–500 GHz corresponds to the bo
peak. The small but sharp peak at 10–15 GHz is a leakag
the longitudinal Brillouin line. For silica, the leakage of th
Brillouin lines leads to the peaks at 21 and 33 GHz. The g
in the spectra around 1000 GHz in the case of silica are
to the so-called ‘‘ghost lines’’ of the tandem FPI, which ha
been removed from the data.

In the case of CKN the tandem FPI data have been sc
to the high-frequency Raman data. In the case of sil
where we do not have the Raman data, the susceptibilitie
the data were scaled to match at high frequencies. I
known from the literature that the amplitude of the bos
peak in silica decreases by about 30% in the range from 5
to 1100 K ~cf. Ref. 54!. In our temperature range, howeve
this change is negligible.54 The factors for the scaling wer
always less than 25%, i.e., the absolute count rate was re
ducible within that range. This value demonstrates the h
quality of our setup: due to the low signal levels we were n
able to realign on the sample during the Suprasil experim
which took a few weeks.

At the lowest temperature the quasielastic scattering
negligible and the spectrum represents essentially vibratio
contributions,xv9(n). It is obvious that at higher tempera
tures in the region of the power-law behavior 1<n
<100 GHz, the vibrational contribution can be neglect
and the fast-relaxation contributionx r9(n) dominates the
spectra. Contrary to the vibrational contribution, the rela
ational one strongly depends on temperature. The expo
of the low-frequency power-law behavior~the apparent slope
in a log-log plot! is less than 1 and depends on temperat
and sample. We note that no knee, i.e., a transition from
power law with an exponenta less than unity to a white
noise spectrum (a51) at lower frequencies, is observed~cf.
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LIGHT SCATTERING SPECTRA OF FAST RELAXATION . . . PHYSICAL REVIEW B64 064207
Figs. 2 and 3!. It should be emphasized that instead of
transition to a white-noise spectrum the exponenta becomes
smaller with decreasing temperature both for CKN a
silica. Within MCT this knee is predicted for temperatur
below the critical temperatureTc , although the apparent ab
sence of the knee may be explained in the presence of a
tional relaxation processes~hopping! that are believed to
dominate the dynamics belowTc . Our result disagrees with
the data of Ref. 11, where indications of this knee w
found for CKN aroundTg . We attribute this difference to th
suppression of higher orders of the TFPI in our experime
due to the use of interference filters, which the authors
Ref. 11 did not use~cf. Sec. II!. The absence of that knee fo
some polymeric glasses and CKN was observed earlier18 and
very recently in Refs. 19 and 20 where the knee in CK
spectra was not confirmed at temperatures aboveTg . Thus
we conclude that on measuring broad-band TFPI spec
additional interference filters have to be applied in order
avoid artifacts. The testing of MCT below the critical tem
peratureTc by light scattering remains a future task.

For CKN the spectral shapes obtained at the two differ
scattering angles of 10° and 170° were the same wit
precision of better than 1%~except for the range around th
Brillouin lines!. We conclude that the spatial extent of th
structural rearrangements responsible for the fast relaxat
is much less than the wavelength of the light; this wou
explain the same results for the 10°- and 170°-scatte
experiments.

B. Separation of the fast-relaxation spectrum

The measured light scattering spectra contain both re
ational and vibrational contributions. In order to obtain t
spectrum of fast relaxations, the vibrational contributi
should be accounted for at each temperature. In the regio
the low-frequency tail (1 –100 GHz! the relaxational contri-
bution dominates and vibrational contributions can be
nored. On the other hand, it is obvious from Figs. 2 and
that the vibrational contribution is dominant at higher fr
quencies. To get a better idea of the spectral shape of
relaxations, we assume that the relaxational spectrum ca
obtained by a subtraction of the vibrational contribution fro
the experimental spectrum. This assumption is justified if
relaxation is weak in the sense that the broadening of
vibrational modes due to relaxation is much smaller than
vibrational frequency.14 This condition is normally satisfied
well below the glass transition temperature~see, e.g., Refs
14,15!. We note that such a subtraction does not contra
the damped oscillator model of the fast relaxation, where
latter can be observed only via the relaxational part of
vibrational susceptibility14 ~this point will be considered in
more detail below!. The vibrational spectrum can be ob
tained by measurements at low enough temperatures w
the relaxational contribution becomes negligibly small. In
rough approximation this low-frequency vibrational spe
trum can be used for the subtraction also at higher temp
tures; however, to improve the accuracy one needs to
into account the shift and the change of the amplitude of
06420
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vibrational spectrum with changing temperature. Theref
we also consider the evolution of the vibrational spectr
with temperature.

For CKN we took the Raman spectrum atT56 K as the
low-temperature vibrational contribution. To obtain the v
brational spectrum at frequencies 1 –100 GHz, we extra
late the low-frequency wing of the vibrational spectrum by
power law xv9(n)}n3. According to the Shuker-Gammo
expression47 xv9(n)}C(n)g(n)/n this choice corresponds t
a Debye-like spectrum of the vibrations,48 i.e., g(n)}n2 and
C(n)}n2, whereg~n! is the vibrational density of states an
C~n! is the light-to-vibration coupling constant. In order
take into account the temperature dependence of the vi
tional spectrum due to quasiharmonic softening of the lat
we shift the whole vibrational spectrum according to the sh
of the microscopic mode at;3000 GHz. However, it is
observed that the shift of the subtracted vibrational spect
does not change the low-frequency wing and the wh
qualitative picture of the relaxation spectrum. As alrea
mentioned, this is expected, because the vibrational co
bution is negligible at low frequencies in these glasses,
the shift of the vibration band in our conditions is small.
Fig. 6 the relaxational spectra of CKN obtained by subtra
ing the shifted vibrational band are shown.

In the case of silica, basically the same procedure w
used to obtain the relaxational contribution as it is display
in Fig. 7. Here we have no high-frequency data in order

FIG. 6. Fast-relaxation susceptibility spectra of CKN obtain
after subtraction of the vibrational contribution~solid lines!. ~a! Fit
of the experimental relaxation spectra,x r9(n), for CKN by the
ADWP model, Eq.~6!, with an exponential distribution of barrie
heights, Eq.~9! with V05570 K, ~dashed lines!. ~b! Fit by the
generalized soft-potential model, Eq.~34! ~dashed lines!. The pa-
rameters of Eq.~34! are: b50.45, V05600, 910, and 1250 K for
T5310, 200, and 100 K, respectively.
7-5
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J. WIEDERSICHet al. PHYSICAL REVIEW B 64 064207
consider the shift of the Boson peak. However, it is kno
that this shift is very small in our temperature range~cf. e.g.,
Ref. 54!.

C. Properties of the fast-relaxation spectra

The relaxation spectra~Figs. 6, and 7! show several char
acteristic features.

~i! The position of the maximum,n0, i.e., the respective
relaxation timet0 is essentially temperature independe
n05(2pt0)215275 GHz ~400 GHz!, so t0'0.6 ps ~0.4
ps! for CKN ~and silica!.

~ii ! The high-frequency part shows approximately Deb
behavior not too far from the maximum~dashed line! and a
much faster decay at higher frequencies.

~iii ! The amplitude of the maximum of the relaxatio
spectra increases significantly with temperature.

~iv! The low-frequency wing is described by a power la

x r9~n!}na, 2pnt0!1, ~2!

with a temperature-dependent exponenta,1. This exponent
a is independent of the substraction procedure employed
can actually be obtained directly from the light-scatteri
spectrum without subtraction of the vibrational contributi
since the latter is negligible at low frequencies. Both in CK
and SiO2 the exponenta increases roughly proportional t
temperature~cf. Fig. 4!,

a5bT ~3!

where b215610 K and 319 K in CKN and silica, respec
tively. In the latter case deviations of the temperature dep
dence ofa from the linear law~3! are evident at room tem
perature wherea50.7; on very general grounds, one expe
that at higher temperaturesa will not exceed 1, i.e., a white
noise exponent~cf. below!. Indeed at higher temperatures u
to Tg it is found that the exponent remains constant a
~Refs. 46,49!.

Let us note that according to Ref. 18 also for other s
tems like polymers a power-law behavior is observed,
though the temperature dependence of the exponenta in
polymers is not so simple and universal. In polystyrene~PS!
a increases with temperature as a linear function~but not

FIG. 7. Comparison of numerical evaluations of Eq.~6! with an
exponentialg(V) ~dotted lines! with the light-scattering data fo
Suprasil 300@thick lines: measured susceptibilityx9(n), thin lines:
relaxational contributionx r9(n)#.
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proportionally toT) up to room temperature where it reach
a level of 0.6. In the case of polycarbonate~PC! and anor-
ganic B2O3 glassa does not increase with temperature a
is approximately a constant equal to 0.3 in PC Ref. 18 a
0.6 in B2O3.21 On the other hand, the temperature depe
dence ofa shows very similar behavior in CKN and silic
and therefore a common discussion is justified.

Two reasons may be responsible for an increase in
amplitude of the fast relaxation spectrum with temperatu
First, an increase in the number of relaxing units may lead
an increase in the relaxation amplitude. Second, even if
number of the relaxators is constant, the amplitude of the
relaxation at high frequencies, near the maximum, may
crease on the expense of the low-frequency part of the s
trum. This is nothing else than to assume a distribution
correlation times. The second mechanism is in agreem
with the observed increase ofa with temperature, compare
below. In order to compare the relaxational contributions
CKN and silica it is convenient to consider the ratio of t
integral over the spectral density of relaxations,

Sr[E
0

`

x r9~n!
dn

n
, ~4!

to the respective integral over the vibration spectrum,Sv

5*0
`@xv9(n)/n#dn. The parameter

d0
25

Sr

Sr1Sv
~5!

characterizes the integral strength of the fast relaxation
comparison with that of vibrations~the parameterd0

2 was
used in some previous publications,7,10,14,15,40so we use the
same symbol!. The integral~4! for CKN can be found di-
rectly using the spectra of Fig. 6. At low frequencies w
extrapolate the spectrum by the power law with the expon
a. The calculation shows that in CKNd0

2 increases only by
20% fromT5100 K up to room temperature with an avera
valued0

250.23 in this temperature interval. In silica a com
parison of Sr with the integral over the Raman spectru
taken from literature40 givesd0

2;5% at room temperature, in
agreement with the result of Ref. 40; within the accuracy
the experiments we find no temperature dependence ofd0

2.
An increase ofd0

2 is due to an increase ofSr ; the integral
over vibrations does not change within the accuracy of
experiment. We note that the magnitude of the parameted0

2

in these two glass formers correlates with the degree of
gility: it is higher in the fragile CKN and lower in the stron
silica. This is in agreement with the observation15,50 that d0

2

taken at some reference temperature, e.g.,Tg , may be taken
as a measure of the degree of fragility.

IV. MODELS OF FAST RELAXATION

Now we turn to the analysis of the relaxation spectra co
piled in Figs. 6 and 7 within the frame of existing models
7-6



o
m

st
ch
p-
fa
c
s

oa

t

-

r
al
ow
-

g

in

ng
,

y

n
v-

-

re.

e

nd
the
p-

ude
nt

d
m-

ad

us

nt
r-

and

d 7

,
the

LIGHT SCATTERING SPECTRA OF FAST RELAXATION . . . PHYSICAL REVIEW B64 064207
A. Mode-coupling theory

As discussed, a power-law behavior ofx r9 and a transition
to a white-noise spectrum at lower frequencies~the so-called
knee! are asymptotic predictions of the idealized version
MCT.1 These predictions are expected to hold for the te
perature range around the critical temperatureTc.Tg . In
particular, the slope of the low-frequency tail of the fa
relaxation spectrum is expected to be less than 0.4. S
matic versions of MCT with inclusion of an additional ho
ping term can be applied to describe the spectra of the
relaxation belowTc and hopping may obscure the presen
of the knee. Up to now there are no quantitative prediction
e.g., regarding the position of the knee or the slopea for
disordered materials below the glass transition point.

B. Relaxation in asymmetric double-well potentials

1. Quasielastic spectrum

In 1955 Anderson and Bo¨mmel attributed relaxations in
silica glass to thermally activated processes with a br
distribution of barrier heights.25 Theodorakopolous and
Jäckle ascribe the quasielastic scattering of glasses to
relaxation in double-well potentials~DWP! and have shown
its relation to the acoustic attenuation.37 The model was gen
eralized by Gilroy and Phillips29 and Ja¨ckle38 to take into
account theasymmetryof the DWP’s that is expected fo
disordered solids. The ADWPs responsible for the therm
activated transitions are assumed to be the same that at l
temperatures (T,1 K) relax via tunneling and are respon
sible for the low-temperature anomalies of glasses.39

Within this model the Raman susceptibility~1! is obtained
by integrating over the distributions of barrier heightsg(V)
and asymmetry parametersf (D) of the ADWP’s ~Ref. 29!

x r9~n!5
A

TE0

`E
0

` 2pnt

11~2pnt!2
sech2S D

2TD f ~D!g~V!dDdV,

~6!

whereA is a constant. If the thermal energy is high enou
with respect to the asymmetry parameterD, i.e.,D,2T, and
the distribution function ofD is flat, f (D)5 f 05const, Eq.
~6! reduces to37,29,34,36:

x r9~n!'2A f0E
0

` 2pnt

11~2pnt!2
g~V!dV. ~7!

Here g(V) is the distribution of barrier heightsV, and the
temperature dependence of the relaxation time is determ
by a thermally activated process,

t5t0 exp~V/T!. ~8!

wheret0 is determined by the attempt frequency. Assumi
for example, an exponential distribution of barrier heights

g~V!5V0
21 exp~2V/V0!, ~9!

Eq. ~6! gives
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x r9~n!5p f 0aA~nt0!aE
2pnt0

` x2adx

~11x2!1/2@11~11x2!1/2#
,

~10!

wherex52pnt and the exponenta is proportional to tem-
perature,

a5T/V0 , T,V0 . ~11!

For 2pn!t0
21 Eq. ~10! predicts a power-law susceptibilit

spectrum,

x r9~n!'p f 0aA~2pnt0!a, 2pn!t0
21. ~12!

Sincet0 provides a cutoff of the correlation-time distributio
corresponding to Eq.~10!, the latter predicts a Debye beha
ior at high frequencies,

x r9~n!'
p f 0aA

a11
~2pnt0!21, 2pn@t0

21 . ~13!

The exponenta for CKN and silica in Fig. 4 show the ex
pected proportionality to temperature~11!. Some deviations
from the proportionality appear in silica at room temperatu
As discussed, these deviations are not surprising whena is
close to 1 since the exponenta cannot be higher than 1 in th
frame of the~A!DWP model.

At low frequencies, the experimental data of CKN a
silica are in excellent agreement with the predictions of
ADWP model of a low-frequency power law of the susce
tibility, Eqs. ~12! and ~13!. As it will be shown in the fol-
lowing section, the temperature dependence of the amplit
of the low-frequency wing of the spectra is in excelle
agreement with the ADWP model as well.

2. Extraction of the barrier distribution

Equation~7! can be further simplified assuming a broa
distributiong(V) as is expected for glasses, so that in co
parison with g(V) the function 2pnt/@11(2pnt)2# is a
relatively sharp peak at 2pnt;1. A convolution of a narrow
and a broad function gives to good approximation the bro
function. As a result, the susceptibility spectrumx r9(n) di-
rectly reflects the distribution of correlation times, and th
the distributiong(V)36,51:

x r9~n!}T g„V~n!…, where V~n!5T ln~1/2pnt0!.
~14!

Assuming thatg(V) is essentially temperature independe
and that thermally activated transitions in ADWP’s dete
mine the light-scattering spectra up to room temperature
200 K for CKN and silica, respectively,g(V) can directly be
extracted from each susceptibility spectrum in Figs. 6 an
~or indeed Figs. 2 and 3! by rescaling the axes withT. Ex-
plicitly, we multiply the ln(n)-axis byT and dividex r9(n) by
T. Then a master curve forg(V) should result fromx r9(n)
for all temperatures. The only free parameter is 2pn05t0

21.
We usen05150 GHz for CKN and 800 GHz for silica
respectively, at all temperatures. These values provide
best agreement of the data; for CKN this value ofn0 is
7-7
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slightly smaller than the frequency of the maximum of t
relaxation susceptibility~Fig. 6!, while for silica it is slightly
higher~Fig. 7!. The rescaled data of Figs. 6 and 7 are plot
in Fig. 8. Indeed, in both cases a master curve is found fo
temperatures. It shows an exponential distribution; assum
such an exponential high-energy tail ofg(V) we estimate a
width of V05570 K for CKN and 319 K for silica, showing
a good agreement with the temperature dependence o
exponenta, cf. Sec. III C. We note that the scaling show
one and the sameV0 for all temperatures, both for CKN an
silica.

In the case of silica~where a lot of data, obtained b
different experimental probes, exist! the value n0
5800 GHz„corresponding tot05(2pn0)2150.2 ps… within
experimental errors agrees with those obtained by compa
the internal friction and dielectric loss at differe
frequencies,30 or by evaluating the variation of the soun
velocity at temperatures below some 15 K.34

Figure 9 shows a comparison of the distribution functi
g(V) obtained from the light scattering~data from Fig. 8!
with that obtained from internal friction for silica.22 The
value n05800 GHz is used for the rescaling of all the da
sets. Since the amplitude of the light-scattering susceptib
is normalized to the internal friction at the frequency of t
Brillouin lines ('35 GHz),28,22 the only parameter for the
rescaling is n0, and this value is taken from the ligh
scattering experiment. Within the scatter of the different s
of experiments, a good agreement of the curves by the
ferent methods is found. The biggest deviation of the aco
tic data from the rescaled light scattering data is abou
factor of 2, i.e., it is about the same than the deviations fr
different acoustic experiments. Within this precision we o
tain a master curve for all the available data in the tempe
ture range 10 K,T,200 K. This means that within that pre
cision all the experimental data can be described by
single parameters,V05319 K, andn05800 GHz over the
frequency range 500 Hz&n&500 GHz. It further means tha
the power-law behavior approximately extends over
same range, as has been shown in Ref. 22. In principle,
experiment is sufficient to obtain the barrier distribution. T
light-scattering experiment, however, probes the freque
and temperature dependence of the relaxational contribu

FIG. 8. Distribution of barrier heightsg(V) ~obtained from the
light-scattering spectra of Fig. 2. Plotted are the data sets of 10
(h), 200 K (s), and 310 K (n) ~CKN!; 32 K (h), 50 K (s), 80
K ( n), 125 K (,), 200 K (L) ~silica!.
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simultaneously, enabling a cross-test of the model. In fac
has already been shown that for several glasses such a
caling does not lead to a master curve.18,21

It should be noted that regarding the parameterV0 slightly
different values have been reported in the literature.27,34,35,40

This is partly due to the fact that some acoustic data app
more flat at low barrier heights in Fig. 9, and partly due
the fact that a different form ofg(V) has been used to de
scribe the data. Only considering single sets of acoustic d
some works found that a Gaussian~or, indeed a modified
Gaussian! describes the data better than
exponential.27,30,34,35 However, the temperature and fre
quency dependence of the light-scattering data prese
here cannot be described simultaneously by a tempera
independent distributiong(V) of Gaussian shape. For CKN
this is demonstrated in Figs. 6~b! and 10, see also Sec. IV C
below; without proof, a similar result is obtained in the ca
of silica. On the present record of different sets of data, ho
ever, it is not possible to decide, whether the agreem
could be improved by considering either a slight temperat
dependence ofg(V) or small deviations of the purely expo
nential shape. The different sets of data for both silica a
CKN can be reasonably well described by a temperatu
independent distribution of barrier heights of exponen
shape.

3. Numerical evaluation of relaxation spectra

In the preceding sections it was shown that within t
ADWP model the data can be consistently described by
suming a flat distribution of asymmetry parameters,f (D)
5 f 0, and an exponential distribution of barrier heigh
g(V)5V0

21 exp(2V/V0). These findings can now be inserte
in Eq. ~6!, and the double integral can be evaluated num
cally. Figures 6~a! and 7 show the results of this integratio

FIG. 9. Distribution of barrier heightsg(V) for silica obtained
from light scattering~solid lines:T532, 50, 80, 125, 200 K! and
internal friction ~symbols!. symbols: solid squares, 35 GHz~Ref.
28!, solid circles, 930 MHz~Ref. 26!, solid up triangles, 748 MHz
~Ref. 26!, solid down triangles, 507 MHz~Ref. 26!, solid diamonds,
330 MHz ~Ref. 26!, open squares, 43 MHz~Ref. 31!, open circles,
20 MHz ~Ref. 25!, open up triangles, 10 MHz~Ref. 24!, crosses,
660 kHz ~Ref. 29!, open down triangles, 201 kHz~Ref. 24!, open
diamonds, 180 kHz~Ref. 35!, crossed squares, 90 kHz~Ref. 33!,
crossed circles, 66 kHz~Ref. 24!, crossed down triangles, 11.4 kH
~Ref. 34!, crossed circles, 3170 Hz~Ref. 32!, stars, 484 Hz
~Ref. 32!.

K
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LIGHT SCATTERING SPECTRA OF FAST RELAXATION . . . PHYSICAL REVIEW B64 064207
together with the experimental data. This constitutes an e
more rigorous test of the model, since now no approxim
tions are made and since also the temperature dependen
the amplitude of the spectra is given by the model~being
constant over the entire temperature range!. This procedure
allows also a more accurate determination of the atte
frequencyn0 :n0 determines both the position of the max
mum of the relaxation spectrum and the position, wh
spectra for different temperatures cross. While the first co
be influenced by the validity of the substraction procedu
the latter occurs in a frequency range, where the substrac
procedure has no discernible influence on the data~cf. Fig.
7!. This procedure yieldsn05222 GHz for CKN andn0
5800 GHz for silica, in good agreement with the valu
obtained by the rescaling~cf. Sec. IV B 2!.

At low frequencies there is a good agreement of the m
sured and calculated spectra. However, this model canno
the shape of the relaxation spectrum near the maximum
Fig. 6~a! the fit of the relaxation spectrum at 300 K in CK
by the ADWP model, assuming an exponentialg(V) is
shown. The width of the distribution g(V)
}exp(2V/kB•610 K) is taken from the fit to the temperatu
dependence ofa, cf. Fig. 4. Near the maximum of the relax
ation spectra, there are deviations between calculations
experimental results:n0 appears to be lower than the positio
of the maximum of the experimental data, and the spe
predicted by the model are too broad compared to the m
sured ones near the maximum. Regading the position of
maximum, a good agreement is obtained, if one assum

FIG. 10. ~a! Low-frequency asymptotics of the calculated spe
tra: SPM–solid lines, ADWP model with exponential distribution
barrier heights–dotted line.~Same as Fig. 6! ~b! Fit of the experi-
mental relaxation spectra,x9(v), for CKN by the generalized soft
potential model with a Gaussian cutoff of the distribution functi
of barrier heights, Eq.~35!. The parameters of Eq.~35! are b
50.6, V051190, 1330, and 3330 K forT5310, 200, and 100 K,
respectively.
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weak temperature dependence of the amplitude of the re
ations, i.e., assuming that the prefactorA in Eq. ~10! in-
creases by 20–30 % from 100 K to 310 K.

The exact shape of the spectrum depends on the deta
the distribution of the relaxation times, or, in other words,
the details ofg(V). Here it appears that the ADWP mod
could be slightly modified in order to improve the agreeme
in the area of the maximum. In Sec. IV C below we w
show results considering an enhancement of the bar
distribution function at low barrier heights as it is predict
by the soft-potential model.

In fact, the actual relaxation spectra show an inrease c
pared to the calculated spectra at frequencies lower than
maximum of the relaxation spectrum for both systems inv
tigated. ~This remains true for CKN even if a largern0 is
used in order to obtain a better agreement near the m
mum.! At frequencies above the maximum of the relaxati
spectra the experimental data decrease more rapidly than
Debye behavior of the calculations. At present it is not p
sible to decide, if these deviations are due to the fact that
substraction procedure is not fully justified in that frequen
range, or if small deviations of a purely exponential distrib
tion g(V) could lead to a better description of the data. T
second explanation would imply a temperature depende
of the distribution function~see Sec. IV C below!. It is inter-
esting to note that the asymptotic power-law behavior
tends to higher frequencies as would be expected accor
to the simple model.

Within the ADWP model the integral over the spectr
density,Sr @Eq. ~4!#, does not depend on temperature; taki
x r9(n) from Eq. ~7! or Eq. ~10! one obtains

Sr5p f 0A. ~15!

As it was said in Sec. III, in CKN the integral over th
relaxation spectrumd0

2 increases only by 20% whenT in-
creases by a factor of 3 fromT5100 K up to room tempera
ture. This is in a rough agreement with the ADWP mod
20% are about the accuracy of our extrapolations and s
tractions procedures at low temperatures. On the other h
it cannot be excluded that at least a part of this increase
be attributed, e.g., to a small increase of the density of
fects that takes place even at temperatures belowTg or to a
contribution of another fast-relaxation mechanism. In th
case, one also obtains a better agreement concerning the
frequency cutoffn0 of CKN.

4. Correlation function of the fast relaxation in the time domain

The correlation function of the fluctuations of the pola
izability tensorF(t) can be evaluated as a Fourier transfo
of the spectral densityx r9(n)/n. Qualitatively, it is clear that
the Debye behavior of the susceptibility at high frequenc
corresponds to a simple exponential decay of the correla
function F(t) at short times,t!t0. On the other hand, the
power-law behavior ofx r9(n) at low frequencies should lea
to a stretched behavior of the correlation function att@t0.
Here we estimateF(t) within the frame of the ADWP mode
in order to show that the fast relaxation itself may produc
transition from a Debye-like to a stretched behavior of t

-
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time-correlation function normally ascribed to the primarya
relaxation in supercooled liquids.5 The correlation function
can be expressed via the distribution functionG(t) of the
relaxation times as follows:

F~ t !5E
0

`

e2t/tG~t!dt. ~16!

The exponential distribution of potential barriers~9! with the
activation-temperature dependence of the relaxation ti
~8! gives

G~t!5
at0

a

t11a
at t>t0 ~17!

G~t!50 at t,t0 . ~18!

With this G(t) one has the following expression for th
correlation function:

F~ t !5at0
aE

t0

`

e2t/tt2a21dt5a~ tt0!2ag~a,t/t0!,

~19!

where

g~a,x!5E
0

x

e2zza21dz ~20!

is the incompleteG function. The correlation functionF(t)
given by Eq.~19! is shown in Fig. 11. It exhibits a behavio
that can be interpolated in fair accuracy by a Debye funct
at t,t0 and a stretched decay at longer times. In Fig.
both F(t) and the same normalized function superimpos
on some constant, which corresponds to the Debye-Wa
factor, are shown. For comparison, we display a fit by
stretched exponent of the form exp@2(t/t0)

b# that is normally
used to fit the time-correlation functions in glass formers
the presence of thea relaxation.5 However, in our case, dee
in the glassy state, there are no effects of thea relaxation in
the chosen time window. The behavior demonstrated by

FIG. 11. Time-correlation function that corresponds to t
ADWP susceptibility. Solid circles: time-correlation functionF(t),
Eq. ~19!, with a50.23. A fit by a simple exponential is shown b
the dotted line. Open circles: the sameF(t) superimposed on a
constant background that corresponds to the Debye-Waller fa
For comparison a fit by a stretched exponential withb50.4 is
shown by the solid line.
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correlation function in Fig. 11~i.e., the transition from the
Debye to a stretchedlike relaxation at the cross-over t
;1 ps) is an intrinsic property of the fast relaxation.

We note that the results regarding the transition from
stretched behavior to the Debye one is in agreement with
of neutron-scattering experiments on polymers,5 where a De-
bye behavior was observed in the intermediate-scatte
function S(Q,t) at short times and a stretched behavior
longer times. The characteristic time at whichS(Q,t)
changes its behavior from Debye to stretched exponen
relaxation,tc;1 ps, was found to be rather temperature
dependent, in agreement with the data in Figs. 6 and 7,
has the same value by order of magnitude. However, in R
5 spectra atT.Tg were analyzed and the stretched part
the relaxation function was attributed to the high-frequen
wing of the primarya relaxation. It is obvious that in ou
case the tail is related to the low-frequency wing of the fa
relaxation spectrum~cf. Fig. 6!, at frequencies higher tha
the susceptibility minimum that separatesa relaxation and
fast dynamics in frequency domain. One may specu
whether in the case of the polymer PVC in Ref. 5 the d
namics revealed by neutron scattering are completely de
mined by fast dynamics that can be described within ADW
model.

C. Soft-potential model

The SPM Ref. 41 is a phenomenological model of dyna
ics in glasses. In particular, it makes detailed predictions
relaxations in ADWP’s, on one-well potentials, as well as
soft vibrations, i.e., the so-called boson peak. Because of
importance of this model we discuss the predictions of S
concerning the fast relaxation. We will show that althou
the standard SPM cannot correctly describe the spec
shape of the fast relaxation in silica and CKN, a natu
generalization of the model’s assumptions leads to a g
agreement with our experimental data.

The SPM describes excitations in glasses that are lo
ized within effective potentials in the form of fourth-orde
polynomials,

U~x!5«0@h~x/a!21j~x/a!31~x/a!4#. ~21!

Here x is a generalized coordinate,a is the average-
interatomic distance,«0 is a characteristic atomic energy o
the order of a few 10 eV. The parametersh andj vary from
site to site. The distribution functionF(h,j) of these param-
eters is the essential point of the model. It is assumed
this distribution is flat and proportional to the factoruhu that
accounts for the stability of the potential with respect to
finitesimal atomic displacements,

F~h,j!5uhuP0 , ~22!

whereP0 is a constant. With different values of paramete
the fourth-order polynomial potential can describe, of cour
all kinds of asymmetric double-well potentials, in particula
those which correspond to the tunneling systems. In so
region of the parameters the polynomial~21! describes a
single-well potential with a small force constant; within th
SPM the respective excitations correspond to the boson p
Of course, the SPM includes the ADWP model if on

or.
7-10
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LIGHT SCATTERING SPECTRA OF FAST RELAXATION . . . PHYSICAL REVIEW B64 064207
chooses an appropriate distribution functionF(h,j), differ-
ent from the standard one of Eq.~22!. This point will be
discussed in more detail below in this section.

Within the SPM the Raman-scattering intensity is det
mined by the inverse sound absorption length41 l 21(n),

I ~n!

n~n!11
}x9~n!} l 21~n!/n. ~23!

In the frequency range 0.5–100 GHz and temperature ra
20–310 K relevant to the experimental results of the pres
paper the main contribution to the susceptibility in SP
comes from thermally activated jumps in ADWP’s.52 In ad-
dition, the relaxation absorption by soft harmonic oscil
tions in the one-well potentials that arises due to the cu
anharmonic term in Eq.~21! also gives a contribution.52 In
the regime of thermally activated jumps the SPM predict
weak logarithmic dependence of the light-scattering susc
tibility on frequency52:

x r9~n!} l DW
21 /n5

pC

v S T

WD 3/4

@ ln~1/2pnt0!#21/4, ~24!

wherev is the sound velocity,C is a characteristic paramete
of both SPM and tunneling model,W5«0hL

2;225 K, hL

5(\2/2Ma2«0)1/3;1022, M is the effective mass of the os
cillator, a is a characteristic interatomic length andt0
;10212210213s is the attempt time, 2pnt0!1. This ex-
pression certainly cannot describe the power-law spectrum
the fast relaxation presented in Figs. 6 and 7.

The second mechanism, i.e., the relaxation absorption
the soft harmonic oscillations in the one-well potentials,l HO

21 ,
gives contributions at temperaturesT@n. This mechanism,
in principle, should be relevant for our data. Three freque
ranges with different behavior ofl HO

21(n) can be separated fo
this mechanism.52

~i! The very low frequency region,n<W(E0 /Ec)
2, where

E0'3W andEc5(2pr\3v5/g2)1/2, r is the density andg
is the deformation potential of the two-level systems. Ty
cally, W(E0 /Ec)

2 is on the order of 10 GHz.52 In this regime
the SPM predicts a linear dependence ofx r9(n) on fre-
quency,

x r9~n!} l HO
21/n5

32A2CT

27vE0
S Ec

E0
D 2 n

W
. ~25!

Our experimental data show no signs of a linear freque
dependence of the light-scattering susceptibility at any te
perature, even at lowest frequencies;1 GHz. Additionally,
the amplitude of such a relaxation is small in comparis
with that due to thermally activated jumps in ADWP.

~ii ! At intermediate frequencies, W(E0 /Ec)
2!n

!W(2T/Ec)
2 ~typically this is the region of the Brillouin

lines! one has

x r9~n!} l HO
21/n5

16pCTW1/2

9vEc
n21/2.

Such a behavior obviously does not correspond to our d
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~iii ! Finally, at high frequencies,n@W(2T/Ec)
2, the re-

laxation of the soft harmonic oscillation in the SPM is d
scribed by the Debye-like law in qualitative agreement w
the experiment,

x r9~n!} l HO
21/n5

32p2CT2W

27vEc
2

n21. ~26!

To summarize, the SPM in its standard form fails to descr
the spectral shape of fast relaxation correctly; both mec
nisms, thermally activated jumps in ADWP’s and relaxati
of soft harmonic oscillators, cannot describe the obser
fast-relaxation susceptibility below the maximum.

However, the SPM predictions are obtained under the p
ticular assumption on the distribution of the soft potent
parametersh andj, Eq. ~22!. A generalization of this distri-
bution in principle may improve the situation. We kno
from the previous section that the mechanism based on t
mally activated jumps in ADWP’s with an exponential di
tribution of barrier heights well describes the experimen
spectrum of the fast relaxation~ADWP model29!. On the
other hand it is clear that any ADWP with a barrier heightV
and an asymmetryD can be represented by the effectiv
fourth-order potential~21! with a specific choice of the pa
rametersh and j. It is interesting to consider what kind o
distribution ofh andj would correspond to the exponenti
distribution of the barrier heights and a flat distribution of t
asymmetry, i.e., to ADWP model. The SPM with such
distribution ofh andj should well describe the experiment
fast relaxation spectrum.

The connection between the parameters of an ADW
namelyV, D and that of the respective effective potential,h,
j, is the following41:

V5
Wh2

4hL
2

~27!

and

D5
Wujuh3/2

A2hL
2

. ~28!

The distribution function, Eq.~22!, of the standard SPM in
terms ofV andD is described by the functionF(V,D),

F~V,D!5gSPM~V!5
P0hL

2

W5/4V3/4
. ~29!

The Jacobian of the transformation from the parametersh, j
to V, D is equal toW2h5/2/2A2hL

4 . Introducing an exponen
tial decaying factor in the standard SPM distribution functi
~29! may be considered as a natural generalization of
model to improve agreement with respect to experimen
results. So, we introduce a modified distribution functi
ḡSPM(V),

ḡSPM~V!5
f P0hL

2

W5/4V3/4
exp~2V/V0!, ~30!
7-11
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where f ;1. In terms of the SPM parametersh and j the
modified distribution function that corresponds toḡSPM(V)
has the Gaussian cutoff

F~h,j!5uhuP0 exp~2h2/h0
2!, ~31!

where

h052hLAV0

W
. ~32!

It is reasonable that the distribution of the force constant
a glass has a Gaussian cutoff. SinceV0 typically is on the
order of 50021000 K and W;325 K one hash0;(20
240)hL . This means thath0 corresponds to typical force
constants of the material and the Gaussian factor in Eq.~31!
just describes the Gaussian high-frequency cutoff of
spectrum of acoustical vibrations of a disordered lattice.
particular, taking for silica the data from Ref. 52,W
53.3 K, hL52.331023, one obtainsh0522hL50.05. The
value ofh0 is unimportant as long as the SPM focuses on
tunneling properties of glasses. However, at higher temp
tures the correct behavior of the distribution function at h
values ofh becomes important and, in fact, determines
spectral shape of the low-frequency wing of the fa
relaxation spectrum. In terms of the cutoff parameterh0 the
slopea of the low-frequency power-law wing is

a5
4T

«0h0
2

~33!

If h0→`, i.e., exp(2h2/h0
2)51, one hasa→0 and only the

weak logarithmic dependence~24! of the low-frequency
wing remains.

The factorV23/4 in the distribution functionḡSPM(V) en-
hances the contribution of the ADWP’s with small barri
heights in the relaxation spectrum. As a result, the relaxa
spectrum is modified at high frequencies, near the maxim
in comparison with the case of a purely exponential distri
tion function. In Fig. 6 we show the fit~dashed line! of the
experimental data for CKN that was performed with t
barrier-height distribution function of the type

g~V!5AV0
b21V2b exp~2V/V0!, ~34!

whereA is a normalization constant on the order of one,
applying Eq. ~7!. In a log-log representation the low
frequency wing of the fitting function contains two parts wi
slightly different slopes@Fig. 10~a!# that exhibit a kind of
antikneespectrum. Theantikneeis more pronounced atT
5100 K and is practically unobservable at 310 K. T
asymptotic power-law behavior of the fit function begins
frequencies on the order of 1 GHz, slightly lower than t
low-frequency limit of our experiment. At higher frequenci
the fitting function exhibits a power law with a higher exp
nent; this part of the spectrum well fits the experimental d
in the region of the maximum. The fit is better than in t
case of the exponentialg(V) since the spectrum is narrowe
near the maximum than that of the purely exponential dis
bution. The best fit corresponds tob50.45, in a reasonable
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agreement with the distribution function of the SPM E
~30!. However, contrary to the pure exponential case@shown
in Fig. 6~a!#, it is impossible to fit the data at different tem
peratures using a single parameterV0; the best fit givesV0
5 600, 910, and 1250 K forT5310, 200 and 100 K, respec
tively. In addition, the amplitude of the relaxation spectru
increases with temperature stronger than it is predicted
the ADWP model with the barrier distribution function of th
SPM, Eq.~34!: at T5310 K the experimental amplitude i
higher by the factors 1.24 and 1.35 than that atT5200 and
100 K, respectively, compared to the prediction of the mod

For comparison, we also consider a Gaussian tail of
barrier-height distribution function of the SPM, as it wa
used earlier for a description of the sound absorpt
data36,35:

gG~V!5A1V0
b21V2b exp~2V2/V0

2!. ~35!

In terms of the SPM such a distribution function correspon
to the decay ofF(h,j) at highh as exp(2h4/h0

4). The result
of the fitting is shown in Fig. 10~b!. The fit is quite good; the
values of the best fit parameters areb50.6, V051190, 1330,
and 3330 K forT5310, 200 and 100 K, respectively. Again
V0 depends on temperature, and the experimental ampli
is higher by 20% at 310 K than expected from the mod
The low-frequency tails of the fitting functions~Fig. 10! be-
have differently in comparison with the case of the distrib
tion function Eq.~34!, in particular, in the Gaussian case th
do not exhibit an asymptotic power-law spectrum. Howev
the frequency range of our experimental data is still too n
row to clearly distinguish between the results predicted
the distribution function Eqs.~34! and ~35!.

Concluding this section, the SPM in its standard formu
tion with the distribution function~24! cannot correctly de-
scribe the low-frequency wing of the fast-relaxation spec
obtained in the present work. However, a generalization
the distribution function, Eq.~31!, taking into account the
existence of a high-frequency cutoff of the acoustical sp
trum, leads to essentially the same results as the AD
model. In particular it gives a correct description of the sp
tral shape of the fast relaxation in the regime of therma
activated transitions. While the SPM yields a better fit to t
relaxation data at higher frequencies compared to the AD
model with a purely exponential distribution function, it im
plies an additional temperature dependence of the distr
tion function.

D. Vibration-damping model

The vibration damping model of Gochiyaevet al.14 is a
phenomenological model that deals not with the nature of
fast relaxation in glasses itself but rather with the quest
how the fast relaxation, whatever its nature, leads to qu
elastic scattering. Two contributions to quasielastic scatte
in glasses due to fast-relaxation processes may be di
guished: a direct scattering of light on relaxators,38 or an
indirect scattering when light is scattered by vibrations a
the relaxators influence the scattering process only via a c
pling to vibrations.14 There are several arguments in favor
7-12
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the second mechanism15,40,42that are based on the similarit
of the properties of the quasielastic spectrum and the bo
peak. However, both mechanisms predict a very sim
spectral shape of the quasi-elastic spectrum,14,15,40,42so tak-
ing the presented results one cannot distinguish between
direct and indirect mechanisms of the quasielastic scatter

Let us consider this point in more detail. Within th
vibration-damping model, the intensity of the one-phon
light scattering by a harmonic excitation with a frequencyV,
I V(n), is determined by the imaginary part of its respon
function x(n,V),

I V~n!}@n~n!11#@C~V!/V#xV9 ~n! ~36!

xV~n!52@n22V21MV~n!#21, ~37!

whereMV(n)5MV8 (n)1 iM V9 (n) is a frequency-dependen
damping term that has both real and imaginary parts
C(V) is the coupling constant of light to the vibration; th
extraV in denominator of Eq.~36! is a standard factor tha
originates from the squared-matrix element of a harmo
oscillator. The damping term arises due to the interaction
the harmonic mode with other modes in the system, in p
ticular, with relaxation modes. The imaginary part of the s
ceptibility that determines the light-scattering intensity
equal to

xV9 ~n!5
MV9 ~n!

@n22V21MV8 ~n!#21@MV9 ~n!#2
. ~38!

At low enough temperatures, when the damping is sm
@MV9 (n)!V2# ~regarding boson peak vibrations and te
peratures belowTg , see, e.g., Ref. 15! the susceptibility at
low frequenciesn!V can be separated from the vibration
spectrum; from Eq.~38! it follows that in this casexV9 (n) is
determined only by the imaginary part of the damping ter

xV9 ~n!'MV9 ~n!/V4. ~39!

At these conditions the reduced quasielastic light-scatte
intensity can be written in the form

x9~n!}
I QES

n~n!11
5E MV9 ~n!C~V!g~V!dV/V5. ~40!

The last expression shows that the frequency dependen
the quasielastic light scattering is determined byMV9 (n) av-
eraged over the vibrations in the region of the boson pea53

i.e., approximately can be described byMV9 (n) for V at the
maximum of the boson peakVb multiplied by a factorD
5*C(V)g(V)dV/V5

x9~n!}DMVb
9 ~n!. ~41!

The interaction of vibrations with relaxation modes can
described by a similar expression as in the case of the in
action of light with relaxations. E.g., relaxational motio
may change the effective electric or elastic dipole giving r
to the damping of vibration or light wave, respectively29

This means that within the Gochiyaev model14 the spectrum
of the quasielastic light scattering may be very similar to
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spectrum of direct scattering of light on the relaxati
modes. In this sense, the analysis of the spectral shape o
fast relaxation performed in the present paper cannot de
the validity of the Gochiyaev model.14 Note again that relax-
ational and vibrational contributions can be separated un
biguously within this model at small damping, in particula
in our case.

E. Anharmonic vibration model of fast relaxation

Recently it was shown that the cubic anharmonicity
vibrations may give a contribution to the quasielastic lig
scattering.42 In the temperature range of the glass transit
the amplitude of this contribution is in a good agreeme
with the experimental data on the quasielastic light scatte
for a lot of glasses for which the respective data a
available.42 This means that the anharmonic vibration inte
action may be a dominant source of fast relaxation at te
peratures nearTg . The underlying relaxation process corr
sponds to fluctuations of the phonon density. For boson-p
vibrations the respective relaxation time is on the order
picoseconds. The strength of the fast relaxation—that is
ratio of the integrals of the quasielastic to the vibration
contribution—was found to be proportional to the squar
Grüneisen parameterg. In this theory, the intensity of the
quasielastic light scattering due to the vibration anharmon
ity can be expressed, like in the Gochiyaev model, cf. E
~40!, with the following damping term,

MV9 ~n!'
nV2T

Mv2 E0

Vmg2~V8!t~V8!g~V8!dV8

11n2t2~V8!
. ~42!

Here t(V8) is the relaxation time of the phonon-densi
fluctuation,g(V8) is the density of the vibrational states,M
the molecular mass,v the sound velocity, andVm a fre-
quency near the end of the acoustic spectrum. Assuming
g2 some average value in the region of the boson peak,
a simple power-law frequency dependence for both the d
sity of states and the relaxation time,g(V)5BgV

s and
t21(V)5BtV

2b one arrives at the spectrum of the fast r
laxation

I r
QES~n!5SnaE

2pnt0

` x2adx

x211
~43!

(x52pnt) that has practically the same spectral shape a
the case of the ADWP model, Eq.~10! but with a different
exponent,

a5~s11!/2b. ~44!

The constantS is equal to

S5
Tg2Bg

Mv2Bt
22aE C~V!g~V!dV/V4 ~45!

and t05t(Vm). The low-frequency tail of the spectrum
(2pnt0!1) is described by a power law,
7-13
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x9~n!}I r
QES~n!'na

pS

2 cos~pa/2!
, ~46!

while the high-frequency wing is the Debye-like,

x9~n!}I r
QES~n!'~2pnt0!21

S

~a11!t0
a

. ~47!

The exponenta defined by Eq.~44! is essentially tempera
ture independent; the lack of knowledge on the freque
dependence of the relaxation time of the phonon-den
fluctuations makes it impossible to predicta reliably. How-
ever, an estimate42 shows thata50.321. Within this theory,
the relaxation-strength parameterd0

2 defined by Eq.~5! in-
creases with temperature

d0
25g2

T

Mv2
, ~48!

so the contribution of this mechanism is weak at low te
peratures and stronger around the glass transition temp
ture. This is in contrast with the relaxation caused by th
mally activated jumps in the ADWP’s where the integral
the relaxation spectrum is temperature independent.

Both mechanisms, thermal activation in ADWP’s and a
harmonicity, may give a contribution to the fast-relaxati
spectrum in glasses. Their relative intensity may be differ
in different substances and even at different temperature
the same substance. Which mechanism dominates mainly
pends on temperature and the ratio between the densit
the ADWP and the Gru¨neisen parameter~see Ref. 21!. As it
was shown,42 at Tg the contribution of the anharmoni
mechanism is large enough to explain the amplitude of
fast relaxation for many materials for which data are ava
able, in particular, for polymers like polystyrene and po
carbonate, for boron oxide, silica, glycerol, and some ot
glasses. However, the experimental results of the presen
per can be correctly described, assuming that deep in
glassy state the ADWP mechanism is dominant both in C
and silica.

V. CONCLUSION

Inelastic light-scattering spectra of two inorganic gla
formers, CKN and silica, were measured in the spec
range 1 GHz–10 THz at temperatures well belowTg , T
5192310 K. The fast relaxation spectra in these glas
show a power-law wing at low frequencies, exhibiting
n

v.
,
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exponent less than 1. In both CKN and silica this exponen
proportional to temperature. A deviation from the linear d
pendence is observed in silica at room temperature, wh
the value of the exponent becomes close to 1. The rel
ational part of the susceptibility spectra in CKN has a ma
mum at a frequencyn05300 GHz that does not show an
appreciable temperature dependence; this corresponds
cutoff of the relaxation-time distribution function at som
minimum valuet0 on the order of picoseconds. For silica
the observed value ofn05800 GHz corresponds tot0
50.2 ps.

We compare the experimental results with the predictio
of existing models of fast relaxation. The data can be w
described by a model considering thermally activated jum
in double well potentials.29,37,38 We extract the distribution
function of barrier heights from our light-scattering data;
shows an exponential shape. A comparison of the distri
tion function obtained from light scattering and internal fric
tion yields, that the relaxational behavior of silica can b
described by two parameters, namelyV05319 K and n0
5800 GHz, over the frequency range 500 Hz,n,800 GHz
and for temperatures above some 10 K.

The soft-potential model can also describe the data wel
the regime of thermally activated relaxation in the doubl
well potentials, provided that an upper cutoff value of th
distribution function of the soft potential harmonic streng
parameter is introduced. Considering the existing experim
tal evidence, it cannot be decided if slightly different a
sumptions aboutg(V) could lead to a better description o
the data. We would like to stress that the model of therma
activated relaxations in its simple form presented here can
describe the spectra of the fast relaxation correctly for
glasses. As it was shown in Refs. 18 and 21, in some po
mers and boron oxide the exponenta exhibits a temperature
dependence different from the predictions of the mode
This could be related with different mechanisms dominati
the fast relaxation in different materials.
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