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Light-scattering spectra of two glasses, @&, ¢ NO3)4 4 and silica are measured in the frequency range
1-10000 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 exponeptoportional 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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. INTRODUCTION ing TFPI at temperatures beloW,, special care has to be
taken in order to be able to sample signals of low amplitudes.
In glass-forming systems one may distinguish fast and The nature of relaxations in glasseB<(T,) is still not
slow dynamics. Usually, slow dynamics refers to the primaryyell understood. At temperatures deep in the glassy tate
a-process that is a characteristic feature of supercooled ”Ct'emperatures above 10 K), thermally activated transitions

uids. Typically this relaxation process appears below the, Apwp’s are assumed to give the main contribution to the
GHz band and exhibits a strong temperature dependence. ?st-relaxation spectrut§ 2237 384%ssuming that ADWP's

contrast, fast dynamics are observed in the GHz regime an ) )
L etermine the dynamics, many authors have successfully ap-
show a weak temperature dependence. They persist in the. . o . o
ied this approach for the description of internal friction or

glass, i.e., below the glass transition temperafliye Over P . _
the past decade, interest on fast dynamics ha;[kt;)een strond'l?ht'scatte”ng data _above 10 K 2129303 38,4%& .
stimulated by predictions of the mode-coupling theoryOther phenomenological model of the fast dynamics in
(MCT) of the glass transitiohAnother origin of fast dynam-  9asses is the soft-potential mod&PM.™ This model de-
ics may be expected due to the dynamics in asymmetriéf:”be_s tun_nelmg systems, relaxations in ADWP’S and soft
double-well potentialtADWP), which play an important vibrations, i.e., the so-called boson peak. Since at present the
role for the understanding of the low-temperature anomalieSPM is one of the most successful approaches for the de-
of glasses. scription of the dynamics in the glassy state and since it
Experimentally, fast dynamics show up as a broad quasimakes detailed predictions we pay much attention to the
elastic contribution in neutrdn® and light-scattering analysis of our data within the frame of this model. Recently,
spectra.~?2 Fast relaxation processes were recently also obit was shown that anharmonicity of vibrations may also con-
served in dielectric measuremeAtDue to the much lower tribute to the fast relaxation and this contribution may be
amplitudes, relaxations in glasses, i.e., beloyy are usually ~ dominant at high enough temperatufésve discuss the con-
studied by different techniques as compared to those emribution of this relaxation process for the systems investi-
ployed at higher temperatures. For example, they are probeghted here. Briefly, we also consider some other models.
as a damping of sound waves as seen in experiments on The main goal of the present paper is to report in detail
ultrasonic attenuation or internal frictiGi=® Some investi-  our TFPI measurements of fast-relaxation spectra at tempera-
gations of fast relaxations in glasses used neutron or Ramatres well belowT, (32 K<T<310K). First reports con-
spectroscopy. However, respective spectrometers have a lowerning different aspects were given in Refs. 18,21,22. We
frequency limit around 50 GHz. In these spectra relaxatiormeasured the depolarized light scattering spectra of two
processes are reflected by a quasielastic component thgéradigmatic glasses, §#o4NO3);14 (CKN) and silica,
dominates the spectra at frequencies below 300-500 GHaver a broad frequency range from 1 GHz to 10 THz. Special
and does not show a harmonic temperature dependence. Dgitention was given to the suppression of intensity from
velopments of tandem Fabry-Perot interferomet@f5Pl)  higher orders of the TFPI. In particular, we apply additional
opened the possibility to measure light-scattering spectra in @terference filters and we demonstrate their effect on the
broad frequency range down tel GHz. This technique has measured spectra. As was shown first by our group and
been actively applied over the past years for the investigatioghortly after by Gapiski et alX® and Barshilizet al,?° mea-
of glass-forming liquids above and around the glass transisurements without such filters lead to severe distortions of
tion temperatureTy (see, e.g., Ref. 6,12,13,17)180 the the low-intensity spectra, in particular at low temperatures,
best of our knowledge, only a few investigations of fast re-where the signal from the relaxational contribution is weak.
laxational spectra in glasses covering a broad frequency ang comparison to our previous publicatﬂﬁnhe data on CKN
temperature range have been reported s®®&r* Employ-  are extended to lower frequencies. We perform an analysis of
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P " [ prT— | polarized scattering. Here the laser beam enters a Glan-
X Taylor polarizer (extinction 10°) as the extraordinary
N beam. The polarized component of the light is reflected and
Reference- focused on the sample. The scattered light is collected by the
beam Hiolodiode same lens and passes through the same Glan-Taylor prism,
transmitting the depolarized component. The scattered light
is collected within an angle of about 4°. Special care was
Cogtet Polariser taken to avoid contributions to the signal from the windows
\ ’ Tandem Fabrv-Porot. of the cryostat and the polarizer. This background has been
@oz ° C Intel_femrieter carefully measur_ed for all temperatures and free spectral
4 ranges by recording spectra with and without sample. At all
f=80mm Shutter settings we find a background of about 3% of the signal,
+Pinhole relating it to a contribution from the cold windows, which

are close to the focus of our lens, basically at the same tem-

FIG. 1. Experimental setup of the total-backscattering eXpe”'perature as the sample, and of the same material as the
ment. The Glan-la_ser polarizer is used as a beam splitter in order tQampIe. Nevertheless, we carefully eliminated its contribu-
select the depolarized component of the scattered light. tion by subtracting the signal from accumulations without

sample from all of our spectra.

the data within the frame of the models discussed above. In e recorded spectra with the free spectral raf§&R’s
particular, we show that the light-scattering data, covering &f 1000 GHz and 150 GHz over two spectral ranges on either
broad temperature and frequency range, allow to extract thgide of the elastic line. The experimentally determined fi-
distribution of barrier heightg(V) of the ADWP’s discussed nesse of the spectrometer is better than 120 and typically
within the model of Gilroy and Phillip? The results on  ahout 140. In order to suppress higher transmission orders of
g(V) are compared with those obtained from internal frictionthe TFPI[multiples of 20 FSR’s could give contributions to
measurementS:*"*>*Up to now, the latter model was only the signal for a Sandercock tandem F&ee beloyt3-2049,
tested by studying the temperature dependence at a feWe use a prism in combination with either of two interfer-
single frequencies. Our TFPI measurements of the fastence filters of a width of 11 300 and 1150 GHall width at
relaxation spectra provide a more stringent test, since we cafalf maximum(FWHM)]. The contrast of the spectrometer
validate the predictions of the model on both the temperaturedefined here as the ratio of the maximum transmission for
and frequency dependence of the relaxations. the zero order and the highest value of elastic signal in the

The paper is organized in the following way. In Sec. Il therange 0.07 FSR »<0.93 FSR) was determined to be bet-
experiment and samples are described in details. Section l{5r than 18 at all frequencies.
shows our experimental results, which are discussed in the To further validate the absence of possible contributions
frame of different models on relaxations in glasses in Secgrom the instrumental tail of the elastic line or from higher

IV. Section V presents the Conclusion. transmission orders of the TFPI, we measured spectra for
both FSR’s at a low temperaturé=6 K. At this tempera-
Il. EXPERIMENT ture the anti-Stokes part of the spectrum should be almost

zero because either the Bose factor or the signal itself are

Two glasses, CKN and siliodleralux, Heraeus, 130 ppm very low for this temperature. Indeed, the anti-Stokes part of
OH™ groups and Suprasil 300, Heraeus1l ppm OH the spectrum at this temperature shows no deviations from
groups are studied. The CKN sample was described in ahe dark count level of 2.47 counts/s of our detector, demon-
previous publicatioft® For the CKN and Heralux samples strating the absence of contributions of higher orders or from
we used a near-to-backscattering geomesge beloy, the elastic line. Special care should be taken in order validate
while the Suprasil experiments were carried out in a totalthe absence of any contributions from higher orders in the
backscattering geometrgwhere the scattering volume is case of the smaller FSR, because the signal is much higher at
larges} in order to maximize the collection of scattered light frequencies of multiples of 20 of this FSR than in the range
in view of the low intensities. of interest: the signal increases with increasing frequency,

Silica (Suprasil 300. Depolarized inelastic light- especially at low temperatures, where the relaxational contri-
scattering spectra of the sample of Suprasil 300 were olbution is small(cf. Figs. 2 and B For our 6 K-spectrum in
tained using an Af, laser(514.5 nm, 400 m\Wand a six- this region the sum of the signal and possible higher order
pass Sandercock TF.The sample was mounted in a contributions is less than 0.3 counts/s, i.e., it is absent within
dynamic Helium cryostat. The Suprasil windows of the cry-the precision of our experiment. Since the vibrational part,
ostat are antireflection coated, and the cold windows aréhat could lead to any parasitic contributions, rises much
mounted tensionless in order to avoid tension-induced bireslower with temperature than the signal from relaxations, it
fringence. Since the signal levels available from the scatteris clear that signals from higher transmission orders do not
ing of silica are much lower than for other glasses studied sdlisturb our spectra.
far®?1the optical scheme, that is shown in Fig. 1, was im- CKN and silica (Heralux). We used a conventional near-
proved and optimized for alignment on low intensitl®&Ve  backscattering setufat a scattering angle of some 172°),
use a 180° back-scattering geometry with a selection of deemploying the same interferometer and laser. The typical
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FIG. 2. Light-scattering susceptibility spectra of CKN at differ- ~ FIG. 4. Temperature dependence of the exponrerbtained
ent temperatures. The Raman datafer150 GHz are taken from from the spectra for CKN 4) and silica(Heralux: O, Suprasil
Ref. 15. 300:0).

power of the focused beam was 200 mW. The geometry ofrossed orientation of the polarizer and analyzer selects the
this setup excludes any contributions to the spectrum frondepolarized light scattering geometiyH geometry. In or-
cryostat windows andin the case of CK)the cuvette that der to cover a broad frequency range, for each temperature
contains the sample. The data on Heralux served as a doubdgectra of CKN were obtained measuring with different mir-
cross-check to further validate the results on Suprasil 30Gor spacings, corresponding to FSR 300, 37.5, and 10 GHz.
The thus recorded spectra agree with the results reported fgj the case of Heralux we obtained spectra with the FSRs 50
Suprasil within our accuracfcf. Fig. 4. A polarizer(Glan  GHz and 200 GHz. For every mirror spacing, spectra were
laser prism, extinction coeff|0|gn1>106) and an analyzer measyred in a double-scan regime, collecting spectra up to
(Glan-Thompson prism, extinction coefficient10°) were  +5 £SR The contrast of the apparatus was determined by
used for the incident and scattered light, respectively. The,gig elastically scattered light from a metal bar. The experi-
mentally measured contrast for the lowest FSRL0 GHz

was better than 0 at all frequencies larger than 1 GHz,
allowing us to suppress the elastic line contribution down to
0.07 FSR. The suppression of the elastic line was further
checked in the case of FSRIO GHz by comparing the
measured spectral shape with another one using FSR
=9 GHz, like it is usually done in the Raman technidsee,
e.g., Ref. 44. At higher FSRs the contrast was better than
10°. The typical ratio of overlapping frequencies between
adjacent spectra was about 3.

As already noted in Ref. 18 and further shown in Refs. 19
and 20 even in a tandem configuration of two FPIs, higher
orders(here multiples of 2Dmay give a contribution to the
signal and distort the shape of the specsee also Ref. 45
Therefore appropriate interference filters and a prism were
used to suppress these contributions. Measuring the cali-
brated spectrum of a halogen lamp with and without the
filters, we observed that in the case of a flat spectrum higher-
order contributions in absence of the interference filter add
frequency [GHz] about a factor of 2.3 of the actual signal for a FSR of 10 GHz
(see also Ref. 46 The resulting distortion of the spectra is
intensity spectra for the temperatures 300 K, 200 K, 125 K, 80 K’shown in Figure 5, Where We compare our result; for CKN at
50 K, 32 K, and 19 K(from top to bottom, left scale: for the FSR ;Icl)t cé:g t(\e/(/r;pﬁgaetgraenoiattzzlrr;g?e:\vgg %?Sr V\X/'itaogtvt\?;#&ﬂ];\%ence
1000 GHz the left scale approximately reflects the count rate in Hz, : . .
for the lower FSR it is lower by about a factor of &nd suscepti- of 1150 GHz for FSRs of 37.5 GHz and higher, and one W'th
bility spectray” () for the temperatures 300 K, 80 K, 32 K, and 19 @ FWHM of 185 GHz for the lower FSR's. In order to arrive
K (below, right scale, smoothing over five data poirhe data are ~ at the final broad-band spectra, the spectra of smaller FSR's
scaled to match at high frequencies, where it is known that thevere scaled in order to mach the spectra obtained at higher
temperature dependence of the susceptiblity is small in our temffequencies (for the monochromator data, there are no
perature rangéRef. 54. The dashed lines show a power-law fit to higher-order contributions Therefore, the fact, that the
the low-frequency wing of the data. The steepest part of the 19-kcurve recorded without filters lies below the one recorded
spectrum can be fitted by & law (dotted ling. employing the filters, reflects ttdifferent spectral shapesf

Intensity [arb. un.]

FIG. 3. Light-scattering spectra of silica glatSuprasil 300
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signature of MCT prediction below the critical temperature
— CKN, 310K T, (cf. also below.
§103» In the case of CKN, the experiments were performed at
S 10° and 170° scattering angles for FSR 37.5 GHz and
= higher. For the lower FSR and for sili¢gdleraluy, spectra
B were only recorded for the backscattering geometry. In order
10°F to obtain the combined spectra we used the 10° experiment,
where the Brillouin lines that correspond to backscattering
; ; ; are suppressed much better; however, even in this case they
10° 10' 10° 10° 10* disturb the spectra due to a contribution from the incident
frequency [GHz] beam reflected from the surfaces of the sample.
FIG. 5. Light-scattering susceptibility spectra of CKN, recorded lIl. SPECTRAL SHAPE OF THE FAST RELAXATION
with (solid line) and without(dotted ling the use of appropriate
interference filters as discussed in the text. The amplitudes of the A. Light-scattering spectra

spectra are chosen in a way to provide a matching at high frequen-
cies. Without these filters a downward curvature of the spdetra
knee is observed; on applying the additional filters we observe
power-law behavior for the low-frequency wing of our spectra.

The measured spectra, in the case of CKN combined with
apreviously reported Raman ddthare presented in Figs. 2
and 3 as the dynamic susceptibility

the spectra, not the different absolute amplitudes of the re- X'(v)= I(v) (1)
corded signals. n(v)+1’

On applying the interference filter, one has to make sure )
that the resulting spectra are not distorted by the transmissioff’€reén(») is the Bose factor. The spectra of both samples
and sensitivity of the tandem FPI/prismffilter/detector com-€Xhibit a power-law tail at low frequencies (1 GHz
bination. Therefore the transmission of the spectrometer was 100 GHz). At higher frequencies the spectra exhibit the
determined by recording spectra of a calibrated halogen Iamg.‘Oson peak and the microscopic peak. In the case of CKN
before and after the accumulation of each spectrum. ThE1® shoulder at 200-500 GHz corresponds to the boson
comparison of these spectra also ensured that the transmi@ak. The small but sharp peak at 10-15 GHz is a leakage of
sion function did not change over the course of the experilh‘? quglt_udlnal Brillouin line. For silica, the leakage of the
ment. This could be the case, if a mode hop of the laser or Brillouin lines leads to the peaks at 21 and 33 GHz. The gaps
significant change of the temperature within the spectrometdP the spectra around 1000 GHz in the case of silica are due
occurred. In the rare events, when this was the case, tH@ the so-called “ghost lines” of the tandem FPI, which have
experiment was repeated. The measured spectra were céleen removed from the data.
rected by the dark count level of the detector and normalized N the case of CKN the tandem FPI data have been scaled
to the spectra of the calibrated lamp. After the normalizationf©® the high-frequency Raman data. In the case of silica,
the Stokes and anti-Stokes sides of the spectra were corithere we do not have the Raman data_, the suscept_lbllltles _of
pared, taking into account the Boltzmann factor for the dif-he data were scaled to match at high frequencies. It is
ferent temperatures and frequencies. It turns out that thknown from the literature that the amplitude of the boson
Stokes and anti-Stokes sides of all spectra agree within theak in silica decreases by about 30% in the range from 50 K
signal-to-noise ratio, confirming the quality of our data. Int0 1100 K(cf. Ref. 54. In our temperature range, however,
the case of low temperatures and high frequencies, where tfiBiS change is negligibl® The factors for the scaling were

Boltzmann factor significantly differs from 1, this also con- &ways less than 25%, i.e., the absolute count rate was repro-
firms the temperature of the illuminated volume of the ducible within that range. This value demonstrates the high

sample. quality of our setup: due to the low signal levels we were not
To further validate the quality of the spectra, we addition-aPle to realign on the sample during the Suprasil experiment,
ally performed measurements with FSR of 150 and 20 GH2Vhich took a few weeks. . . o
at some temperatures in order to check the overlap of differ- At the lowest temperature the quasielastic scattering is
ent spectra. On using the interference filters, within the overnegligible and the spectrum represents essentially vibrational
lapping regions the spectral shapes obtained from differerffontributions,x;(v). It is obvious that at higher tempera-
free spectral ranges were the same with a typical precision dfires in the region of the power-law behavior<Zi
about 1%, i.e., within our signal-to-noise ratio. For tempera-~<100 GHz, the vibrational contribution can be neglected
tures where the additional FSR were used, the overlap bénd the fast-relaxation contributiog(v) dominates the
tween adjacent FSR’s was a factor of 8. This result demonspectra. Contrary to the vibrational contribution, the relax-
strates the absence of parasite contributions from highe@tional one strongly depends on temperature. The exponent
transmission orders. of the low-frequency power-law behavitthe apparent slope
Looking at the two data sets in Fig. 5 it is obvious that ain a log-log plo} is less than 1 and depends on temperature
kind of kneeappears when no interference filters are appliedand sample. We note that no knee, i.e., a transition from a
The origin of this kind of spectral distortion was discussed inpower law with an exponent less than unity to a white
Refs. 18,22,19,20,46. The knee was erroneously taken asr@ise spectrumd=1) at lower frequencies, is observéal.
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Figs. 2 and 3 It should be emphasized that instead of a
transition to a white-noise spectrum the exponeftecomes
smaller with decreasing temperature both for CKN and
silica. Within MCT this knee is predicted for temperatures
below the critical temperatur€., although the apparent ab-
sence of the knee may be explained in the presence of addi-
tional relaxation processedopping that are believed to
dominate the dynamics beloW.. Our result disagrees with
the data of Ref. 11, where indications of this knee were . . :
found for CKN aroundr,. We attribute this difference to the 10° 10’ 10 10°
suppression of higher orders of the TFPI in our experiments
due to the use of interference filters, which the authors of
Ref. 11 did not usécf. Sec. ). The absence of that knee for
some polymeric glasses and CKN was observed e¥rhed
very recently in Refs. 19 and 20 where the knee in CKN
spectra was not confirmed at temperatures aliqueThus

we conclude that on measuring broad-band TFPI spectra,
additional interference filters have to be applied in order to
avoid artifacts. The testing of MCT below the critical tem-
peratureT; by light scattering remains a future task.

For CKN the spectral shapes obtained at the two different
scattering angles of 10° and 170° were the same with a
precision of better than 1%except for the range around the frequency [GHz]

Brillouin lines). We conclude that the spatial extent of the
structural rearrangements responsible for the fast relaxations FIG. 6. Fast-relaxation susceptibility spectra of CKN obtained
is much less than the wavelength of the light; this wouldafter subtraction of the vibrational contributigsolid lines. (a) Fit

explain the same results for the 10°- and 170°-scatteringf the experimental relaxation spectrg,(v), for CKN by the
experiments. ADWP model, Eq.(6), with an exponential distribution of barrier

heights, Eq.(9) with V,=570 K, (dashed lines (b) Fit by the
generalized soft-potential model, E@Q4) (dashed lines The pa-
B. Separation of the fast-relaxation spectrum rameters of Eq(34) are:b=0.45, V,=600, 910, and 1250 K for

) ) ) T=2310, 200, and 100 K, respectively.
The measured light scattering spectra contain both relax-

ational and vibrational contributions. In order to obtain thevibrational spectrum with changing temperature. Therefore
spectrum of fast relaxations, the vibrational contributionWe also consider the evolution of the vibrational spectrum
should be accounted for at each temperature. In the region #fith temperature.

the low-frequency tail (1—100 GHizhe relaxational contri- For CKN we took the Raman spectrum®t6 K as the
bution dominates and vibrational contributions can be ig_low—temperature vibrational contribution. To obtain the vi-

nored. On the other hand, it is obvious from Figs. 2 and Frational spectrum at frequencies 1-100 GHz, we extrapo-
that the vibrational contribution is dominant at higher fre- ate the Iow-f;equené:y wing Of the vibrational spectrum by a
quencies. To get a better idea of the speciral shape of tHPWer 1AW x,(v)>v". According to the Shuker-Gammon
relaxations, we assume that the relaxational spectrum can gapressioff x| (v)=C(v)g(»)/v this choice correspgnds to
obtained by a subtraction of the vibrational contribution from@ D€bye:like spectrum of the vibratioffSi.e., g(»)=»* and

; ; e e (v)=v?, whereg(v) is the vibrational density of states and
the experimental spectrum. This assumption is justified if thtg(v) is the light-to-vibration coupling constant. In order to

x"(v} [arb. un.]

%'(v) [arb.un.]

relaxation is weak in the sense that the broadening of th ake into account the temperature dependence of the vibra-
vibrational modes due to relaxation is much smaller than the. | d p'h jep fteni f the latti
vibrational frequency? This condition is normally satisfied lonal spectrum due to guasinarmonic softening of the lattice
Il below the al .t ition t u( Ref we shift the whole vibrational spectrum according to the shift
well below the glass transition tlemperatusee, €.g., ReIs. ¢ o microscopic mode at-3000 GHz. However, it is

14,15. We note that such a subtraction does not contradicfy,sered that the shift of the subtracted vibrational spectrum
the damped oscillator model of the fast relaxation, where thggas not change the low-frequency wing and the whole
latter can be observed only via the relaxational part of thehualitative picture of the relaxation spectrum. As already
vibrational susceptibilit}* (this point will be considered in mentioned, this is expected, because the vibrational contri-
more detail below The vibrational spectrum can be ob- pution is negligible at low frequencies in these glasses, and
tained by measurements at low enough temperatures whefge shift of the vibration band in our conditions is small. In
the relaxational contribution becomes negligibly small. In aFig. 6 the relaxational spectra of CKN obtained by subtract-
rough approximation this low-frequency vibrational spec-ing the shifted vibrational band are shown.

trum can be used for the subtraction also at higher tempera- In the case of silica, basically the same procedure was
tures; however, to improve the accuracy one needs to takesed to obtain the relaxational contribution as it is displayed
into account the shift and the change of the amplitude of thén Fig. 7. Here we have no high-frequency data in order to
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proportionally toT) up to room temperature where it reaches
a level of 0.6. In the case of polycarbondtC) and anor-
ganic B,0O; glassa does not increase with temperature and
is approximately a constant equal to 0.3 in PC Ref. 18 and
0.6 in B,0,.2! On the other hand, the temperature depen-
dence ofa shows very similar behavior in CKN and silica
and therefore a common discussion is justified.
Two reasons may be responsible for an increase in the
. . . amplitude of the fast relaxation spectrum with temperature.
10’ 10° 10° First, an increase in the number of relaxing units may lead to
frequency [GHz] an increase in the relaxation amplitude. Second, even if the
number of the relaxators is constant, the amplitude of the fast
FIG. 7. Comparison of numerical evaluations of E8).with an  relaxation at high frequencies, near the maximum, may in-
exponentialg(V) (dotted Iine$ with the Iight-scattering data for crease on the expense of the |O\N-frequency part of the spec-
Suprasil 30(thick lines: measured susceptibilig/ (v), thin lines:  trum. This is nothing else than to assume a distribution of
relaxational contribution; (v)]. correlation times. The second mechanism is in agreement
with the observed increase af with temperature, compare,

consider the shift of the Boson peak. However, it is knoWnpg|oy, In order to compare the relaxational contributions of
that this shift is very small in our temperature rarige .9, ckN and silica it is convenient to consider the ratio of the

%" [arb. un.]

Ref. 59. integral over the spectral density of relaxations,
C. Properties of the fast-relaxation spectra q
* 14
The relaxation spectrérigs. 6, and Y show several char- S= fo X'r'(V)T, (4)

acteristic features.
(i) The position of the maximumy,, i.e., the respective
relaxation timer, is essentially temperature independent;to the respective integral over the vibration spectruy,
vo=(2m7y) 1=275 GHz (400 GH2, so 7,~0.6 ps(0.4 =Jolxy(»)/v]dv. The parameter
ps) for CKN (and silica.

(ii) The high-frequency part shows approximately Debye S,
behavior not too far from the maximudashed lingand a 55= (5)
much faster decay at higher frequencies. S+S

(i) The amplitude of the maximum of the relaxation
spectra increases significantly with temperature. characterizes the integral strength of the fast relaxation in

(iv) The low-frequency wing is described by a power law comparison with that of vibrationéthe parameter&é was
. used in some previous publicatioh¥'4%4%0 we use the
Xr(v)ev®,  2mvTe<l, (2)  same symbol The integral(4) for CKN can be found di-

rectly using the spectra of Fig. 6. At low frequencies we

«a is independent of the substraction procedure employed an%f(trapolate the spectrum by th(_e power 'f"‘W with the exponent
can actually be obtained directly from the Iigh'[-scattering“'OThe calculation shows that in CKN(Z) INCreases only by
spectrum without subtraction of the vibrational contribution 20% fromT= 190 K up to room temperature W'th, an average
since the latter is negligible at low frequencies. Both in CKN Value 3=0.23 in this temperature interval. In silica a com-

and SiQ the exponentr increases roughly proportional to Parison ofS, with the integzral over the Raman spectrum
temperaturecf. Fig. 4), taken from literatur® gives 55~ 5% at room temperature, in

agreement with the result of Ref. 40; within the accuracy of
a=bT (3)  the experiments we find no temperature dependeno%.of

whereb~1=610K and 319K in CKN and silica, respec- An increase ofég is due to an increase @,; the integral

tively. In the latter case deviations of the temperature depenQver vibrations does not change within the accuracy of the

dence ofa from the linear law(3) are evident at room tem- gxperlment. We note that the magnltudg of the param%er
perature wherer=0.7; on very general grounds, one expects'n. .the_se_ two glass formers.correlates with the_ degree of fra-
that at higher temperatureswill not exceed 1, i.e., a white- g_ll_|ty: it IS hl_gh_er in the fragile _CKN and lower in the S”gng
noise exponen(cf. below). Indeed at higher temperatures up silica. This is in agreement with the observatio® that &3

to T4 it is found that the exponent remains constant at jtaken at some reference temperature, &.g,,may be taken
(Refs. 46,49 as a measure of the degree of fragility.

Let us note that according to Ref. 18 also for other sys-
tems like polymers a power-law behavior is observed, al-
though the temperature dependence of the exponeit
polymers is not so simple and universal. In polystyréhg Now we turn to the analysis of the relaxation spectra com-
a increases with temperature as a linear functibat not  piled in Figs. 6 and 7 within the frame of existing models.

with a temperature-dependent exponert1. This exponent

IV. MODELS OF FAST RELAXATION
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A. Mode-coupling theory w X~ odx

As di_scussfed, a power-law behaviorygfand a transition 2mvro(1+Xx2) Y 1+ (14 x2)13]
to a white-noise spectrum at lower frequendiixe so-called (10)
kneg are asymptotic predictions of the idealized version of
MCT.! These predictions are expected to hold for the temWherex=2mv7 and the exponent is proportional to tem-
perature range around the critical temperatlige-T,. In  perature,
particular, the slope of the low-frequency tail of the fast-
relaxation spectrum is expected to be less than 0.4. Sche- a=TIVy, T<Vo. (12)
matic versions of MCT_ with inclusipn of an additional hop- gqr 2.7« 7'61 Eq. (10) predicts a power-law susceptibility
ping term can be applied to describe the spectra of the fa@pectrum,
relaxation belowT; and hopping may obscure the presence

xr (v)=mfoaA(vro)®

of theknee pp to now thgre are no quantitative predictions, X' (v)~mtoaA(2mv7y)®, 2mr<7y L. (12)
e.g., regarding the position of the knee or the slapéor
disordered materials below the glass transition point. Sincer, provides a cutoff of the correlation-time distribution

corresponding to Eq10), the latter predicts a Debye behav-
B. Relaxation in asymmetric double-well potentials ior at high frequencies,

1. Quasielastic spectrum ")~ wfoaA

In 1955 Anderson and Bomel attributed relaxations in X a+l
silica glass to thermally activated processes with a broa
distribution of barrier height® Theodorakopolous and
Jakle ascribe the quasielastic scattering of glasses to t
relaxation in double-well potential®WP) and have shown As discussed, these deviations are not surprising whés
its relation to the acoustic attenuatiiThe model was gen- close to 1 sinée the exponemtcannot be higher than 1 in the
eralized by Gilroy and Philligs and Jakle® to take into ¢ " the(A)DWP model
apcount theasymmetryof the DWP's th‘f"t is expected for At low frequencies, the éxperimental data of CKN and
disordered solids. The ADWPs responsible for the thermally;iie» are in excellent agreement with the predictions of the

activated transitions are assumed to be the same that at loWgH\vp model of a low-frequency power law of the suscep-
temperatures <1 K) relax via tunneling and are respon- tibility, Egs. (12) and (13). As it will be shown in the fol-

S|ble.fo.r thg low-temperature anomahe; qf. glqs%ges. . lowing section, the temperature dependence of the amplitude
Within this model the Raman susceptibilit}) is obtained ¢ 4,4 low-frequency wing of the spectra is in excellent

by integrating over the distributions of barrier heiggtd/) agreement with the ADWP model as well
and asymmetry parameteféA) of the ADWP’s (Ref. 29 '

X! (v)= éjmjmisecﬁ A)f(A)g(V)dAdV, Equation(7) can be further simplified assuming a broad
TJo Jo 1+ (27v7)? 2T distributiong(V) as is expected for glasses, so that in com-
(6)  parison withg(V) the function 2rvr/[1+ (27v7)?] is a
relatively sharp peak at2vr~1. A convolution of a narrow
and a broad function gives to good approximation the broad
function. As a result, the susceptibility spectryfy(v) di-
rectly reflects the distribution of correlation times, and thus

the distributiong(V)3¢-°%

(2mvry) "L, 2mv> Tal. (13

q’he exponentr for CKN and silica in Fig. 4 show the ex-
pected proportionality to temperatuggl). Some deviations
Nfom the proportionality appear in silica at room temperature.

2. Extraction of the barrier distribution

whereA is a constant. If the thermal energy is high enough
with respect to the asymmetry parameteri.e., A<2T, and
the distribution function ofA is flat, f(A)=fy=const, Eq.
(6) reduces to/2%:34:36

A Xr(v) T g(V(v)), where V(v)=TIn(1/2mvry).

X2t | gvidv. (@)

01+ (2mvT) (14)

Assuming thatg(V) is essentially temperature independent
a(\pd that thermally activated transitions in ADWP’s deter-
ed. X )

mine the light-scattering spectra up to room temperature and
200 K for CKN and silica, respectivelg(V) can directly be
extracted from each susceptibility spectrum in Figs. 6 and 7
(or indeed Figs. 2 and)3y rescaling the axes with. Ex-

wherer, is determined by the attempt frequency. Assuming Plicitly, we multiply the In()-axis by T and dividey; (v) by
for example, an exponential distribution of barrier heights, T- Then a master curve fa@(V) should result fromy;(v)
for all temperatures. The only free parameter is1g= 751.
g(v)zval exp(—V/IVy), 9) We uservy=150 GHz for CKN and 800 GHz for silica,
respectively, at all temperatures. These values provide the
Eq. (6) gives best agreement of the data; for CKN this value 1gf is

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

T=T10eXp(V/T). (8)

064207-7



J. WIEDERSICHet al. PHYSICAL REVIEW B 64 064207

gV ~y" /T

0 200 400 600 800 1000 1200 1400 , , , ,
V=-lnwv)*T [K] 0 200 400 600 800 1000
’ V/k, = -In(viv) *T [K]

FIG. 8. Distribution of barrier heightg(V) (obtained from the
light-scattering spectra of Fig. 2. Plotted are the data sets of 100 K FIG. 9. Distribution of barrier heightg(V) for silica obtained
(0), 200 K (O), and 310 K (A) (CKN); 32 K (O0), 50 K (O), 80  from light scattering(solid lines: T=32, 50, 80, 125, 200 Kand
K (A), 125 K (V), 200 K (<) (silica). internal friction (symbolg. symbols: solid squares, 35 GHRef.
28), solid circles, 930 MHZRef. 26, solid up triangles, 748 MHz

. ) (Ref. 26, solid down triangles, 507 MH@Ref. 26, solid diamonds,
slightly smaller than the frequency of the maximum of the 335 pHz (Ref. 26, open squares, 43 MHRef. 31, open circles,

relaxation susceptibilityFig. 6), while for silica it is slightly 29 MHz (Ref. 25, open up triangles, 10 MH¢Ref. 24, crosses,
higher(Fig. 7). The rescaled data of Figs. 6 and 7 are plottedsgo kHz (Ref. 29, open down triangles, 201 kHRef. 24, open

in Fig. 8. Indeed, in both cases a master curve is found for alliamonds, 180 kHZRef. 35, crossed squares, 90 kHRef. 33,
temperatures. It shows an exponential distribution; assumingrossed circles, 66 kHRef. 24, crossed down triangles, 11.4 kHz
such an exponential high-energy tail @fV) we estimate a (Ref. 34, crossed circles, 3170 HzRef. 32, stars, 484 Hz
width of Vy=570K for CKN and 319 K for silica, showing (Ref. 32.

a good agreement with the temperature dependence of the ) ]
exponenta, cf. Sec. Ill C. We note that the scaling shows Simultaneously, enabling a cross-test of the model. In fact, it
one and the sam¥, for all temperatures, both for CKN and has already been shown that for several glasses such a res-
silica. caling does not lead to a master cuf$é’

In the case of silicwhere a lot of data, obtained by _Itshould be noted that regarding the paramfgslightly
different experimental probes, existthe value g dlffergnt values have been reported in the I|ter_afufé‘: :
=800 GHz(corresponding tay= (2710) ~1=0.2 p3 within This is partly due to_the fa}ct tha}t some acoustic data appear
experimental errors agrees with those obtained by comparingore flat at low barrier heights in Fig. 9, and partly due to
the internal friction and dielectric loss at different the fact that a different form of(V) has been used to de-
frequencies® or by evaluating the variation of the sound scribe the data. Only considering §mg|¢ sets of acous_tl'c data,
velocity at temperatures below some 15K. some yvorks founpl that a Gaussiéor, indeed a modified

Figure 9 shows a comparison of the distribution functionGaussian _describes the — data better than  an
g(V) obtained from the light scatteringlata from Fig. 8  €xponentiat”***% However, the temperature and fre-
with that obtained from internal friction for silick The duency dependence of the light-scattering data presented
value vo=800 GHz is used for the rescaling of all the datahere cannot be described simultaneously by a temperature-
sets. Since the amplitude of the light-scattering susceptibiliyndependent distributiog(V) of Gaussian shape. For CKN

is normalized to the internal friction at the frequency of thethiS is demonstrated in Figs(t§ and 10, see also Sec. IV C
Brillouin lines (=35 GHz)???the only parameter for the below; without proof, a similar result is obtained in the case

rescaling isvo, and this value is taken from the light- of silicg. .On the present record Qfdifferent sets of data, how-
scattering experiment. Within the scatter of the different set§Ve": it iS not possible to decide, whether the agreement
of experiments, a good agreement of the curves by the difcould be improved by con3|der|r!g glther a slight temperature
ferent methods is found. The biggest deviation of the acousdependence of(V) or small deviations of the purely expo-
tic data from the rescaled light scattering data is about fential shape. The different sets of Qata for both silica and
factor of 2, i.e., it is about the same than the deviations fronf-KN can be reasonably well described by a temperature-
different acoustic experiments. Within this precision we ob-Independent distribution of barrier heights of exponential
tain a master curve for all the available data in the temperaShape-
ture range 10 KT<200 K. This means that within that pre-

cision all the experimental data can be described by two
single parametersy,=319K, and v,=800GHz over the In the preceding sections it was shown that within the
frequency range 500 Hzr=<500 GHz. It further means that ADWP model the data can be consistently described by as-
the power-law behavior approximately extends over thesuming a flat distribution of asymmetry parametei§d)
same range, as has been shown in Ref. 22. In principle, one fg, and an exponential distribution of barrier heights,
experiment is sufficient to obtain the barrier distribution. Theg(V) =V, * exp(—V/V,). These findings can now be inserted
light-scattering experiment, however, probes the frequencin Eq. (6), and the double integral can be evaluated numeri-
and temperature dependence of the relaxational contributiogally. Figures €a) and 7 show the results of this integration

3. Numerical evaluation of relaxation spectra
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weak temperature dependence of the amplitude of the relax-
ations, i.e., assuming that the prefactrin Eq. (10) in-
creases by 20—30 % from 100 K to 310 K.

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

In fact, the actual relaxation spectra show an inrease com-
pared to the calculated spectra at frequencies lower than the
maximum of the relaxation spectrum for both systems inves-
tigated. (This remains true for CKN even if a largef is
used in order to obtain a better agreement near the maxi-
mum) At frequencies above the maximum of the relaxation
spectra the experimental data decrease more rapidly than the

10°10°10*10°10%10" 10° 10" 10% 10° Debye behavior of the calculations. At present it is not pos-
frequency [GHz] sible to decide, if these deviations are due to the fact that the
substraction procedure is not fully justified in that frequency

FIG. 10. (a) Low-frequency asymptotics of the calculated spec-range, or if small deviations of a purely exponential distribu-
tra: SPM—solid lines, ADWP model with exponential distribution of tjgn g(V) could lead to a better description of the data. The
barrier heights—dotted linéSame as Fig. }6(b) Fit of the experi-  gecond explanation would imply a temperature dependence
mental relaxation spectra,’(w), for CKN by the generalized soft- o the distribution functiorisee Sec. IV C below It is inter-
p?tgmi‘f‘l mﬁqeLWithEa (ng)usii:n cutoff of the d]i(stéicl;;g;)n f“”thiO” esting to note that the asymptotic power-law behavior ex-
O arrier neig ts, q . e parameters (0] are : H :
=0.6, V_o=1190, 1330, and 3330 K foF=310, 200, and 100 K, :gntﬂz tsoinfltl)giger;(l;rdegfjenmes as would be expected according
respectively. Within the ADWP model the integral over the spectral

density,S; [Eg. (4)], does not depend on temperature; taking
together with the experimental data. This constitutes an eveR’(v) from Eq.(7) or Eqg.(10) one obtains
more rigorous test of the model, since now no approxima-
tions are made and since also the temperature dependence of S=mfoA. (19

the amplitude of the spectra is given by the mo(teting As it was said in Sec. lll, in CKN the integral over the

constant over the entire temperature rgngéis procedure relaxation spectru mS(Z) increases only by 20% whef in-

allows also a more accurate determination of the attempf .. .. by a factor of 3 froffi=100 K up to room tempera-

frequencyvo:vo determines both the position of the maxi- o “rpic’is in a rough agreement with the ADWP model;
mum of the_ relaxation spectrum and the POS'“O’." wher 0% are about the accuracy of our extrapolations and sub-
spectra for different temperatures cross. Wh||(_a the first coul ractions procedures at low temperatures. On the other hand
be influenced by_ the validity of the substraction procedur_elt cannot be excluded that at least a part of this increase may
the latter occurs in qfrequ_ency range, where the SUbs.traCt'QSe attributed, e.g., to a small increase of the density of de-
procedure has no d|§cern|ble influence on the daftaFig. fects that takes place even at temperatures bdlgwer to a

7). This procedure yields,,=222 GHz for CKN andy, contribution of another fast-relaxation mechanism. In that

:b?gi%e(;lgz Iﬁ; fgfcz{|i:1n@?°§gcaﬁ;e3egem with the Valuescase, one also obtains a better agreement concerning the high
y ' ' ' af_requency cutoffyy of CKN.

At low frequencies there is a good agreement of the me
sured and calculated spgctra. However, this model (_:annot fg. Correlation function of the fast relaxation in the time domain
the shape of the relaxation spectrum near the maximum. In
Fig. 6(a) the fit of the relaxation spectrum at 300 K in CKN  The correlation function of the fluctuations of the polar-
by the ADWP model, assuming an exponentiglV) is  izability tensorF(t) can be evaluated as a Fourier transform
shown. The width of the distribution g(Vv)  of the spectral density;(»)/v. Qualitatively, it is clear that
«exp(—V/kg- 610 K) is taken from the fit to the temperature the Debye behavior of the susceptibility at high frequencies
dependence af, cf. Fig. 4. Near the maximum of the relax- corresponds to a simple exponential decay of the correlation
ation spectra, there are deviations between calculations arfdnction F(t) at short timesf<r7,. On the other hand, the
experimental results:, appears to be lower than the position power-law behavior of (v) at low frequencies should lead
of the maximum of the experimental data, and the spectréo a stretched behavior of the correlation functior satr.
predicted by the model are too broad compared to the meadere we estimat€ (t) within the frame of the ADWP model
sured ones near the maximum. Regading the position of thim order to show that the fast relaxation itself may produce a
maximum, a good agreement is obtained, if one assumesteansition from a Debye-like to a stretched behavior of the

100

x"v)

10E

10
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10b g ] correlation function in Fig. 11i.e., the transition from the
Debye to a stretchedlike relaxation at the cross-over time
08 %ﬁv o0 o | ~1 ps) is an intrinsic property of the fast relaxation.
F(©)0.6F W, J We note that _the results regardlng_ the transition fro.m the
ey stretched behavior to the Debye one is in agreement with that
041 L, ] of neutron-scattering experiments on polyntenghere a De-
02} . bye behavior was observed in the intermediate-scattering
0ol ) function S(Q,t) at short times and a stretched behavior at
sl s —ssscd il longer times. The characteristic time at whi&{(Q,t)

10° 102 10" 10° 10" 10® 10° 10*

10°

changes its behavior from Debye to stretched exponential

t [ps] relaxation,t.~1 ps, was found to be rather temperature in-
dependent, in agreement with the data in Figs. 6 and 7, and

ADWP susceptibility. Solid circles: time-correlation functiéit), has the same value by order of magnitude. However, in Ref.
Eq. (19), with «=0.23. A fit by a simple exponential is shown by © SPectra ail>Ty were analyzed and the stretched part of
the dotted line. Open circles: the sarfi¢t) superimposed on a the relaxation function was attributed to the high-frequency
constant background that corresponds to the Debye-Waller factoWing of the primarya relaxation. It is obvious that in our
For comparison a fit by a stretched exponentia| V\ﬂilﬁp 04 is case the ta.|| iS rela.ted to the |0W'frequency W|ng Of the faSt—
shown by the solid line. relaxation spectruntcf. Fig. 6), at frequencies higher than
the susceptibility minimum that separatesrelaxation and
fast dynamics in frequency domain. One may speculate
whether in the case of the polymer PVC in Ref. 5 the dy-
namics revealed by neutron scattering are completely deter-
mined by fast dynamics that can be described within ADWP
model.

FIG. 11. Time-correlation function that corresponds to the

time-correlation function normally ascribed to the primary
relaxation in supercooled liquidsThe correlation function
can be expressed via the distribution functiGr) of the

relaxation times as follows:

— . iy
F(t)= fo e ""G(r)dr. (16) C. Soft-potential model

The exponential distribution of potential barri¢gs with the . The SPM Ref. 41 ISa phenomenologlca_l madel O_f o_lynam-
ics in glasses. In particular, it makes detailed predictions on

ch)tl\g/;s\lltéosn—temperature dependence of the relaxation tlmerselaxations in ADWP's, on one-well potentials, as well as on

soft vibrations, i.e., the so-called boson peak. Because of the
@ importance of this model we discuss the predictions of SPM

G(7)= 7o at =1, (17)  concerning the fast relaxation. We will show that although
rite the standard SPM cannot correctly describe the spectral
shape of the fast relaxation in silica and CKN, a natural

G(7)=0 at 7<7y. (19 generalization of the model's assumptions leads to a good

agreement with our experimental data.

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

U(X)=¢eo[ p(x/a)?+ &(xla)3+ (x/a)*]. (21)

(19  Here x is a generalized coordinateg is the average-
interatomic distanceg is a characteristic atomic energy of
the order of a few 10 eV. The parameterand ¢ vary from

site to site. The distribution functioR( »,£) of these param-
eters is the essential point of the model. It is assumed that
this distribution is flat and proportional to the factey| that

is the incompletd” function. The correlation functiof (t) accounts for the stability of the potential with respect to in-
given by Eq.(19) is shown in Fig. 11. It exhibits a behavior finitesimal atomic displacements,

that can be interpolated in fair accuracy by a Debye function

at <7, and a stretched decay at longer times. In Fig. 11 F(7,6)=[7lPo, (22)

both F(t) and the same normalized function superimposedvhereP, is a constant. With different values of parameters
on some constant, which corresponds to the Debye-Wallethe fourth-order polynomial potential can describe, of course,
factor, are shown. For comparison, we display a fit by aall kinds of asymmetric double-well potentials, in particular,
stretched exponent of the form éxp(t/7,)?] that is normally  those which correspond to the tunneling systems. In some
used to fit the time-correlation functions in glass formers inregion of the parameters the polynomi@1l) describes a

the presence of the relaxation> However, in our case, deep single-well potential with a small force constant; within the
in the glassy state, there are no effects of éheelaxation in -~ SPM the respective excitations correspond to the boson peak.
the chosen time window. The behavior demonstrated by th®f course, the SPM includes the ADWP model if one

With this G(7) one has the following expression for the
correlation function:

F(t)= aTS‘J’ e Vr e ldr=a(trg) ““y(a,t/7y),

70

where

y(a,x)= Joxe‘zz“‘ldz (20
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chooses an appropriate distribution functefy, ), differ- (iii ) Finally, at high frequenciesy>W(2T/E,)?, the re-
ent from the standard one of E(R2). This point will be laxation of the soft harmonic oscillation in the SPM is de-
discussed in more detail below in this section. scribed by the Debye-like law in qualitative agreement with

Within the SPM the Raman-scattering intensity is deterthe experiment,
mined by the inverse sound absorption ledgth 1(»),
el 32m’CTPW | 26
(v XV Ho!vV=—__- "V .
ﬁmx"(v)ml_l(v)/v. (23 27UE§
To summarize, the SPM in its standard form fails to describe
In the frequency range 0.5-100 GHz and temperature rang@e spectral shape of fast relaxation correctly; both mecha-
20-310 K relevant to the experimental results of the preseniisms, thermally activated jumps in ADWP’s and relaxation
paper the main contribution to the susceptibility in SPMof soft harmonic oscillators, cannot describe the observed
comes from thermally activated jumps in ADWP’In ad-  fast-relaxation susceptibility below the maximum.
dition, the relaxation absorption by soft harmonic oscilla-  However, the SPM predictions are obtained under the par-
tions in the one-well potentials that arises due to the cubigicular assumption on the distribution of the soft potential
anharmonic term in Eq21) also gives a contributioft. In  parameters; and¢, Eq. (22). A generalization of this distri-
the regime of thermally activated jumps the SPM predicts &ution in principle may improve the situation. We know
weak logarithmic dependence of the light-scattering suscefrom the previous section that the mechanism based on ther-
tibility on frequency”: mally activated jumps in ADWP’s with an exponential dis-
_ 3 tribution of barrier heights well describes th%)experimental
" -1, _ T —1/4 spectrum of the fast relaxatiotADWP modef®). On the
Xr (V)= lowlv (W) [In(A/2mvro) 775 (24) other hand it is clear that any ADWP with a barrier height
. . - and an asymmetnA can be represented by the effective
wherev is the sound vequtyC is a charactgzrlstlc parameter ¢, rth-order potential21) with a specific choice of the pa-
of bozth SPZM aﬂf tunﬁnzelmg. model=eo7.~2-5K, 7. rametersy and¢. It is interesting to consider what kind of
=(A12Ma’s)">~10", M is the effective mass of the 0s- gjistribution of  and ¢ would correspond to the exponential
cillator, a is a characteristic interatomic length and  gistribution of the barrier heights and a flat distribution of the
~10"*?-10 s is the attempt time, 2vro<1. This €x-  asymmetry, i.e., to ADWP model. The SPM with such a
pression certainly cannot describe the power-law spectrum Qfistribution of  and& should well describe the experimental
the fast relaxation presented in Figs. 6 and 7. fast relaxation spectrum.
The second mechanism, i.e., the relaxation absorption by The connection between the parameters of an ADWP,

the soft harmonic oscillations in the one-well potentiflg;,  namelyV, A and that of the respective effective potenti),
gives contributions at temperatur@s>v. This mechanism, ¢ is the followind™

in principle, should be relevant for our data. Three frequency

ranges with different behavior d)ﬁé(v) can be separated for W22
this mechanism? V=—+ (27)
(i) The very low frequency region,<W(E,/E_)?, where Ant
Eo~3W andE.= (2mp#°3v5/y?)Y? p is the density andy  and
is the deformation potential of the two-level systems. Typi-
cally, W(Ey/E)? is on the order of 10 GHZ In this regime W) &| %2
the SPM predicts a linear dependence xgf(v) on fre- A= T (28)
quency, KL
The distribution function, Eq(22), of the standard SPM in
. 1 32\/§CT( EC)Z v terms ofV andA is described by the functio® (V,A),
Xr(v)=lgelv= PWE, |\Eo] W' (25 .
Our experimental data show no signs of a linear frequency O(V,A)=gsp V)= W%:/I;”‘" (29)

dependence of the light-scattering susceptibility at any tem-

perature, even at lowest frequencied GHz. Additionally,  The Jacobian of the transformation from the parameters

the amplitude of such a relaxation is small in comparisong v, A s equal toW2n5’2/2\/§77‘L‘. Introducing an exponen-

with that due to thermally activated jumps in ADWP. tial decaying factor in the standard SPM distribution function
(i) At intermediate —frequencies, W(Eo/E))*<» (29 may be considered as a natural generalization of the

<W(2T/E() (typically this is the region of the Brillouin  model to improve agreement with respect to experimental

lines) one has results. So, we introduce a modified distribution function
16GTCTVV1/2 gSPM(V)v
" V)OCI*I/V: 1/_1/2.
T e, GomV)= PO oy Vivy) (30
=——exp — ,
Such a behavior obviously does not correspond to our data. Jsp WoA/8/4 0
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wheref~1. In terms of the SPM parametessand £ the  agreement with the distribution function of the SPM Eq.
modified distribution function that correspondsdgey(V)  (30). However, contrary to the pure exponential cpsfgown

has the Gaussian cutoff in Fig. 6(@], it is impossible to fit the data at different tem-
peratures using a single parametgy; the best fit gives/,
F(7,6)=|7|Poexp — 7% 73), (31) = 600, 910, and 1250 K fof =310, 200 and 100 K, respec-

tively. In addition, the amplitude of the relaxation spectrum
increases with temperature stronger than it is predicted by
v the ADWP model with the barrier distribution function of the
70=27L\ |9 (32) S_PM, Eq.(34): at T=310K the experimental amplitude is
w higher by the factors 1.24 and 1.35 than thaf at200 and

It is reasonable that the distribution of the force constants if-00 K. respectively, compared to the prediction of the model.
a glass has a Gaussian cutoff. Sinégtypically is on the F_or comparison, we also con3|der a Gaussian ta|_l of the
order of 500-1000K andW~3—5K one has .~ (20 barrler-helght distribution f_un_ctlon of the SPM, as it was
—40)7, . This means thaty, corresponds to typical force used63%arller for a description of the sound absorption
constants of the material and the Gaussian factor in(EL. date®*:

just describes the Gaussian high-frequency cutoff of the

spectrum of acoustical vibrations of a disordered lattice. In 96(V)=A Vg 'V Pexp(—VAIV)). (39
particular, taking for silica the data from Ref. 52V

=3.3K, 7,=2.3x10 3, one obtainsy,=227, =0.05. The Interms of the SPM such a distribution function corresponds
value of ¢ is unimportant as long as the SPM focuses on thdo the decay oF (#7,&) at highn as expt- 7'170). The result
tunneling properties of glasses. However, at higher temperaf the fitting is shown in Fig. 1®). The fit is quite good; the
tures the correct behavior of the distribution function at highvalues of the best fit parameters are 0.6, V,=1190, 1330,
values ofn becomes important and, in fact, determines theand 3330 K forT =310, 200 and 100 K, respectively. Again,
spectral shape of the low-frequency wing of the fast-Vy depends on temperature, and the experimental amplitude
relaxation spectrum. In terms of the cutoff paramejgithe  is higher by 20% at 310 K than expected from the model.

where

slopea of the low-frequency power-law wing is The low-frequency tails of the fitting functioni&ig. 10 be-
have differently in comparison with the case of the distribu-
AT tion function Eq.(34), in particular, in the Gaussian case they
a= (33 do not exhibit an asymptotic power-law spectrum. However,

2
070 the frequency range of our experimental data is still too nar-
If 79—, i.e., expE 772/%2)):1, one hasx—0 and only the row to clearly distinguish between the results predicted by
weak logarithmic dependence4) of the low-frequency the distribution function Eqs34) and (35).
wing remains. Concluding this section, the SPM in its standard formula-
The factorV—34in the distribution functiorESpM(V) en- tion with the distribution function24) cannot correctly de-
hances the contribution of the ADWP’s with small barrierscrib.e the_ low-frequency wing of the fast—relaxatior_1 spectra
heights in the relaxation spectrum. As a result, the relaxatio bta(ljr)ed.t;n the fpresgnt work. HOWiYef’ a generallzatlﬁn of
spectrum is modified at high frequencies, near the maximunfn€ distribution function, Eq(31), taking into account the

in comparison with the case of a purely exponential distribu £XiStence of a high-frequency cutoff of the acoustical spec-

tion function. In Flg 6 we show the f(daShEd ||n§30f the trum, leads to essentia”y the same results as the ADWP

experimental data for CKN that was performed with themodel. In particular it gives a correct description of the spec-
barrier-height distribution function of the type tral shape of the fast relaxation in the regime of thermally

activated transitions. While the SPM yields a better fit to the
g(V)= AVS‘ WP exp(— VIV,), (34)  relaxation data at higher frequencies compared to the ADWP
model with a purely exponential distribution function, it im-

Where_zA is a normalization constant on the o_rder of one, byplies an additional temperature dependence of the distribu-
applying Eqg. (7). In a log-log representation the low- tion function.

frequency wing of the fitting function contains two parts with
slightly different slopeqdFig. 10@)] that exhibit a kind of
antikneespectrum. Theantikneeis more pronounced at
=100 K and is practically unobservable at 310 K. The The vibration damping model of Gochiyaet al!* is a
asymptotic power-law behavior of the fit function begins atphenomenological model that deals not with the nature of the
frequencies on the order of 1 GHz, slightly lower than thefast relaxation in glasses itself but rather with the question
low-frequency limit of our experiment. At higher frequencies how the fast relaxation, whatever its nature, leads to quasi-
the fitting function exhibits a power law with a higher expo- elastic scattering. Two contributions to quasielastic scattering
nent; this part of the spectrum well fits the experimental datan glasses due to fast-relaxation processes may be distin-
in the region of the maximum. The fit is better than in theguished: a direct scattering of light on relaxatStgyr an
case of the exponentigl(V) since the spectrum is narrower indirect scattering when light is scattered by vibrations and
near the maximum than that of the purely exponential distrithe relaxators influence the scattering process only via a cou-
bution. The best fit corresponds lie=0.45, in a reasonable pling to vibrations'* There are several arguments in favor of

D. Vibration-damping model
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the second mechanigrf®“?*that are based on the similarity spectrum of direct scattering of light on the relaxation

of the properties of the quasielastic spectrum and the bosamodes. In this sense, the analysis of the spectral shape of the

peak. However, both mechanisms predict a very similafast relaxation performed in the present paper cannot decide

spectral shape of the quasi-elastic spectttifi;***?so tak-  the validity of the Gochiyaev modéf.Note again that relax-

ing the presented results one cannot distinguish between tlaional and vibrational contributions can be separated unam-

direct and indirect mechanisms of the quasielastic scatterindpiguously within this model at small damping, in particular,
Let us consider this point in more detail. Within the in our case.

vibration-damping model, the intensity of the one-phonon

light scattering by a harmonic excitation with a frequefiy E. Anharmonic vibration model of fast relaxation
[o(v), is determined by the imaginary part of its response , i .
function x(v,Q) Recently it was shown that the cubic anharmonicity of
vibrations may give a contribution to the quasielastic light
lo(»)[n(v)+1][C(Q)/Q]xGH(v) (36)  scattering? In the temperature range of the glass transition
the amplitude of this contribution is in a good agreement
Xo(v)=—[1*—Q2+My(v)] L, (377  with the experimental data on the quasielastic light scattering

o - . for a lot of glasses for which the respective data are
whereMo(v)=Mq(v)+iMq(v) is a frequency-dependent ,4ijahie?2 This means that the anharmonic vibration inter-

damping term that has both real and imaginary parts andtion may be a dominant source of fast relaxation at tem-
C(Q2) is the coupling constant of light to the vibration; the o4 res neaf,. The underlying relaxation process corre-
extra() in denominator of Eq(36) is a standard factor that gnonds to fluctuations of the phonon density. For boson-peak

originates from the squared-matrix element of a harmoniG inrations the respective relaxation time is on the order of
oscillator. The damping term arises due to the interaction of;icoseconds. The strength of the fast relaxation—that is the
the harmonic mode with other modes in the system, in paratig of the integrals of the quasielastic to the vibrational

ticular, with relaxation modes. The imaginary part of the Susqnibution—was found to be proportional to the squared

ceptibility that determines the light-scattering intensity is 5 ineisen parametey. In this theory, the intensity of the

equal to quasielastic light scattering due to the vibration anharmonic-
M ity can be expressed, like in the Gochiyaev model, cf. Eq.
Xh(v)= o) (38) (40), with the following damping term,

[P 024 My(n) PHMB(n) ]2

At low enough temperatures, when the damping is small My (v)~
[M{(v)<Q?] (regarding boson peak vibrations and tem- Muv?
peratures belowly, see, e.g., Ref. 18he susceptibility at " . ) )
low frequencies/<Q can be separated from the vibrational Here 7(€2) is ,th"?‘ relaxation time of the phonon-density
spectrum; from Eq(38) it follows that in this case/y(v) is fluctuation,g(Q") is the density of the vibrational stated,

determined only by the imaginary part of the damping term 1€ molecular mass; the sound velocity, andl, a fre-
quency near the end of the acoustic spectrum. Assuming for

X;')(y)%M’(’)'(V)/QAl_ (39 ¥? some average value in the region of the boson peak, and
a simple power-law frequency dependence for both the den-
Hity of states and the relaxation timg(Q)=B,Q” and
7 1(Q)=B.02" one arrives at the spectrum of the fast re-
| QES laxation

fM'é(v)C(Q)g(Q)dQ/QS. (40

VQZTfﬂmyZ(Q')T(Q’)g(Q’)dQ’ 42

0 1+272(Q")

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

X'(v)ot ————=
+
n(»+1 XX

The last expression shows that the frequency dependence of I2EYw) = Sv“f (43

2
the quasielastic light scattering is determinedNbj(v) av- 2o X°+ 1

eraged over the vibrations in the region of the boson péak, (x=2mv7) that has practically the same spectral shape as in

.e., approximately can be described ldy,(v) for Q) atthe  the case of the ADWP model, EGLO) but with a different

maximum of the boson pea®, multiplied by a factorD exponent,

=[C(Q)g(N)dQ/Q°

X"(V)“DM,(,)I)(V). (41) a=(c+1)/28. (44)
. . L : . The constanSis equal to

The interaction of vibrations with relaxation modes can be

described by a similar expression as in the case of the inter- 5

action of light with relaxations. E.g., relaxational motion S= Ty By fC(Q)g(Q)dQ/Q“ (45)

may change the effective electric or elastic dipole giving rise Mszi‘“

to the damping of vibration or light wave, respectivély.

This means that within the Gochiyaev motddéhe spectrum and 7o=7({,). The low-frequency tail of the spectrum

of the quasielastic light scattering may be very similar to the(27wvry<1) is described by a power law,
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S exponent less than 1. In both CKN and silica this exponent is
X' (v) | 25 v)~ V"m, (46)  proportional to temperature. A deviation from the linear de-
pendence is observed in silica at room temperature, where
while the high-frequency wing is the Debye-like, the value of the exponent becomes close to 1. The relax-
ational part of the susceptibility spectra in CKN has a maxi-
()2 19E(0)~ (27w7g) L S 47 mum at a frequency,=300 GHz that does not show any

appreciable temperature dependence; this corresponds to a
cutoff of the relaxation-time distribution function at some
The exponentr defined by Eq(44) is essentially tempera- minimum valuer, on the order of picoseconds. For silica,
ture independent; the lack of knowledge on the frequencyhe observed value of,=800 GHz corresponds ta
dependence of the relaxation time of the phonon-density=0.2 ps.

fluctuations makes it impossible to predietreliably. How- We compare the experimental results with the predictions
ever, an estimafé shows thatx=0.3— 1. Within this theory,  of existing models of fast relaxation. The data can be well
the relaxation-strength parametg§ defined by Eq(5) in-  described by a model considering thermally activated jumps

(a+1)7’8‘.

creases with temperature in double well potentiald®3"*8We extract the distribution
function of barrier heights from our light-scattering data; it
2 T (48) shows an exponential shape. A comparison of the distribu-
2=

tion function obtained from light scattering and internal fric-
tion yields, that the relaxational behavior of silica can be
so the contribution of this mechanism is weak at low tem-described by two parameters, namaly=319K and v,
peratures and stronger around the glass transition tempera-800 GHz, over the frequency range 5004tz< 800 GHz
ture. This is in contrast with the relaxation caused by therand for temperatures above some 10 K.
mally activated jumps in the ADWP’s where the integral on  The soft-potential model can also describe the data well in
the relaxation spectrum is temperature independent. the regime of thermally activated relaxation in the double-
Both mechanisms, thermal activation in ADWP’s and an-well potentials, provided that an upper cutoff value of the
harmonicity, may give a contribution to the fast-relaxationdistribution function of the soft potential harmonic strength
spectrum in glasses. Their relative intensity may be differenparameter is introduced. Considering the existing experimen-
in different substances and even at different temperatures ifa| evidence, it cannot be decided if slightly different as-
the same substance. Which mechanism dominates mainly deumptions aboug(V) could lead to a better description of
pends on temperature and the ratio between the density @he data. We would like to stress that the model of thermally
the ADWP and the Gmeisen parametdsee Ref. 2L As it activated relaxations in its simple form presented here cannot
was showrf? at T, the contribution of the anharmonic describe the spectra of the fast relaxation correctly for all
mechanism is large enough to explain the amplitude of thgjlasses. As it was shown in Refs. 18 and 21, in some poly-
fast relaxation for many materials for which data are avail-mers and boron oxide the exponenexhibits a temperature
able, in particular, for polymers like polystyrene and poly- dependence different from the predictions of the models.

carbonate, for boron oxide, silica, glycerol, and some otherhis could be related with different mechanisms dominating
glasses. However, the experimental results of the present pgre fast relaxation in different materials.

per can be correctly described, assuming that deep in the
glassy state the ADWP mechanism is dominant both in CKN
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