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The structural relaxation behavior of a strong glass former B2O3 has been investigated over broad tempera-
ture ~300–1275 K! and frequency~0.5 GHz–10 THz! ranges using depolarized light scattering. The spectra
clearly show nonmonotonic temperature behavior with some dynamical crossover at aboutTc'800–900 K.
AboveTc the spectra develop qualitatively according to the general scenario predicted by the mode-coupling
theory ~MCT!, including a fastb process and a much slowera process in addition to a vibrational contribu-
tion. However, there is disagreement between the observed functional form of the fast relaxational dynamics
and that predicted by MCT. The disagreement seems to be related to the influence of low-lying vibrational
contributions, the so-called boson peak, which generally seems to be more pronounced in strong glass formers.
Below Tc the spectra do not follow MCT predictions, not even qualitatively; the main signature is a decrease
of the level of the fast relaxation spectrum. Analysis in terms of an alternative phenomenological approach, in
which the fast relaxation contribution is related to the damping of the vibrational modes~giving rise to the
boson peak!, reveals some crossover of the damping rate at about the same temperatureTc as the crossover of
the fast relaxation dynamics itself, and with similar temperature dependence as that recently reported for the
Brillouin linewidth. We suggest that these variations are related to the temperature dependence of the relative
strength of the fast relaxation. We show that apart from differences in the vibrational contribution, strong and
fragile glass formers differ concerning the temperature range of transition~betweenTc andTg), being narrow
for fragile systems (Tc /Tg'1.2) and broad for stronger ones (Tc /Tg'1.6 for B2O3).

I. INTRODUCTION

The nature of the glass transition, though much discussed
and investigated through the years, is still not clear not even
on a qualitative level. Glass formation is observed in a wide
range of materials of quite different molecular origin, like for
instance in hydrogen bonded, van der Waals, or ionic sys-
tems, or in strong covalently bonded networks. However,
systems with different interatomic forces generally show dif-
ferent temperature behavior of the time scaleta of the pri-
mary relaxation, the so-calleda process, which closely re-
sembles the temperature dependence of the viscosity. The
ta vs T plot is strongly non-Arrhenius for ionic and van der
Waals liquids, weakly non-Arrhenius for hydrogen bonded
systems, and nearly Arrhenius for covalently bonded struc-
tures like SiO2 . Using the difference in temperature behav-
ior of thea relaxation, Angell introduced a classification of
glass-forming systems according to their resistance against
temperature-induced structural changes.1 In the classification
the covalently bonded systems are denoted as strong, while
ionic and van der Waals systems, with rapid decrease ofta

upon increase of temperature, are denoted as fragile.
The recent development of mode-coupling theory2 ~MCT!

for describing the structural relaxations related to the liquid-
glass transition has stimulated a great number of experimen-
tal investigations of various glass formers. MCT makes both
qualitative and quantitative predictions for the evolution of
the relaxation spectra over the glass-transition range. Ac-

cording to MCT the relaxation decays in two steps initiated
by a fastb relaxation, generally in the ps range and with a
weak temperature dependence, and followed by the much
slowera relaxation, which strongly varies with temperature.
Moreover, according to the theory there exists a specific
crossover temperatureTc , at which the thermal evolution of
the dynamic spectra changes significantly.2 Using some as-
ymptotic solutions of MCT equations, the detailed behavior
of the two processes, their spectral shape, interrelations, and
temperature dependences were predicted.2

Experimental analysis of neutron3,4 and light-5–8 scatter-
ing spectra obtained from different glass formers support the
main predictions of MCT for the high-temperature (T.Tc)
region and with a crossover temperatureTc far above the
calorimetrically determined glass-transition temperature
(Tc'1.2Tg). However, so far comparisons between experi-
mental data and the asymptotic MCT predictions have been
restricted to fragile systems, which may be considered as
systems of particles interacting via central forces. In the case
of the relaxation dynamics of strong systems one may expect
deviations from the MCT predictions, since the presence of
strong directional bonds is likely to significantly influence
the dynamics. In particular, it has been shown9 that the
lowest-frequency feature in the vibrational contribution to
the dynamic structure factor~the so-called boson peak!
strongly increases with decrease of fragility of the system.
The vibrational contribution was neglected in asymptotic so-
lutions of MCT equations. However, it represents a signifi-
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cant part of the frequency region10–13where the theory pre-
dicts the presence of fastb relaxations in the spectra. In fact
it is well known that belowTg there are two features in the
low-frequency region~below 100 cm21) of Raman and neu-
tron spectra of glasses which are not present in the corre-
sponding crystalline systems: quasielastic scattering~QS!
which dominates in the region below 15 cm21, and a broad
band observed in the range 20–100 cm21, the boson peak
~BP!. Similar features have been observed in IR spectra of
glasses.26 The former contribution increases in intensity at a
higher rate than the Bose population factor, as temperature is
increased, and is usually attributed to some relaxation pro-
cesses. It may be related to the fastb process which accord-
ing to the MCT survives and can relax also in the frozen
state. The latter, the boson peak which is not explicitly con-
sidered in MCT, usually follows the Bose temperature be-
havior, and hence represents some low-frequency vibrational
excitations of the system. The physical interpretation of the
boson peak is far from clear and even less known is its im-
portance for the relaxation scenario at the liquid-glass tran-
sition. We note however that for a nonfragile system like
glycerol, for which the BP is pronounced, significant devia-
tions have recently been reported for the structural relaxation
spectra from that predicted by MCT.14,15 It is not even clear
whether in glycerol one can define a consistent crossover
temperatureTc which according to MCT is expected for dif-
ferent parameters of the dynamical spectrum.

In the present contribution an analysis of the dynamics of
a strong glass former B2O3 is performed over broad fre-
quency~0.5–104 GHz! and temperature (Tg–2.5Tg) ranges.
The aim of the study is to investigate whether the asymptotic
MCT predictions for the relaxational behavior are valid also
for a strong glass former. Furthermore, we will use an alter-
native phenomenological approach10,11 to analyze the fast re-
laxational contribution as related to the vibrational one~the
boson peak!, which was neglected in MCT.

The relaxational spectra of strong glass formers present
important advantages for analysis in terms of MCT, as com-
pared to those of fragile systems, since in strong systems the
fastb process is clearly separated from thea relaxation over
a much wider temperature range. Even raising the tempera-
tures to many hundreds of degrees aboveTg , thea process
is still too slow to significantly affect the fast response. This
allows us to follow the evolution of the fast relaxation over a
broad temperature range. At temperatures below;800 K the
relaxation spectrum of B2O3 has recently been analyzed us-
ing photon correlation spectroscopy~PCS!.16 The PCS mea-
surements suggest indeed a two-step relaxation behavior of
the strong glass former. However, the time window of the
PC technique did not allow for an investigation of the fast
b relaxations in the temperature range around the suggested
crossover temperature (;800 K! nor the fast vibrational dy-
namics of the boson peak and therefore the present study was
undertaken.

II. EXPERIMENTAL

Samples were prepared from a B2O3 powder containing
about 3% of water. The powder, placed in a light-scattering
silica cell, was melted and kept at about 1300 K under
vacuum for a period of;15 h, in order to obtain water-free

samples. From analysis of the Raman OH vibration around
3600 cm21 the concentration of water was estimated to be
less than 0.1%. The sample was then placed in a thermostat
designed for light scattering and investigated over a wide
temperature range from room temperature to;1300 K. A
low-temperature investigation at;10 K was also performed.
Depolarized and polarized Raman spectra were obtained at
right angle scattering geometry using a double monochro-
mator~Spex model 1403! with the spectral slit widths set to
give a resolution better than 1 cm21. At higher temperatures
the spectral window was extended to lower frequencies using
a six-pass tandem Fabry-Perot interferometer~model Sand-
ercock!. Depolarized spectra obtained in backscattering ge-
ometry were recorded for three different free spectral ranges
~150, 35, and 7 GHz! of the interferometer. The spectra were
matched to each other and to the Raman spectra. As an ex-
citation source an Ar1 laser was used operating at wave-
length 488 nm and at power of 200 mW.

III. RESULTS

In Fig. 1 we present depolarized low-frequency Raman
spectra of B2O3 obtained at different temperatures. The scat-
tering has a large depolarization ratioI nh /I nn'0.6 and, as
can be seen in the inset in Fig. 1, it is found to be nearly
constant over the frequency range from;1.5 cm21 (;45
GHz! up to the BP frequency and thereafter it decreases. The
spectra in Fig. 1, presented in the Raman spectral density
form $normalized by the temperature factorn@n(n)11#
5n@12exp(hn/kT)#21'kT%, are dominated by a broad peak
which is particularly pronounced in the glassy state. It is the
so-called boson peak~BP! which is reported to be a general
characteristic of glasses. In general, first-order Raman scat-
tering in a disordered system reflects, in the harmonic ap-

FIG. 1. Depolarized Raman spectra of B2O3 at various tempera-
tures reduced by the temperature factor. Symbols represent the ex-
perimental results and solid lines represent calculated spectra@using
Eq. ~12!#. The dashed line represents the spectrum atT510 K. Inset
shows the polarized spectrum and the depolarization ratio
(T5300 K!.
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proximation, the vibrational density of statesg(n) weighted
by the light-vibration coupling coefficientc(n),17 i.e.,

I exp5c~n!g~n!~n~n,T!11!/n. ~1!

The harmonic approximation holds at low temperatures
~dashed line in Fig. 1!, where all relaxations are suppressed,
and here the spectrum solely represents the low-frequency
harmonic~vibrational! excitations of the system, i.e., the BP.
From comparisons with inelastic neutron-scattering observa-
tions for some glasses it is suggested that the BP is caused by
a peculiarity ing(n) and thatc(n) increases monotonously
with increasing frequency.18–21

Figure 1 demonstrates another general finding for amor-
phous systems,22 namely that at elevated temperatures there
appears another contribution in the low-frequency spectra.
Apart from the vibrational one~the boson peak!, which for
B2O3 dominates at frequenciesn.300 GHz, there is a
lower-frequency contribution referred to in the literature as
being relaxational or quasielastic in character,22–25 since in
the spectral density representation it shows up as a peak cen-
tered at zero frequency. For B2O3 it considerably influences
the spectra below 300 GHz. In the representation of Fig. 1
both contributions appear to exhibit strong temperature
variations. We will see shortly, however~discussion of Fig. 3
and Sec. V!, that the apparent increase of the overall inten-
sity in Fig. 3 is mainly due to an increase of the quasielastic
intensity, while the BP exhibits some softening and broaden-
ing at high temperatures. These changes are mostly pro-
nounced as the temperature is raised fromTg (;525 K! up
to about 850 K. As the temperature is raised further~from
;850 up to;1275 K!, the spectra stay more or less unaf-
fected ~Fig. 1! and there is even a small decrease in the
quasielastic intensity. This is demonstrated in Fig. 2, which
shows the temperature dependence of the quasielastic inten-
sity, evaluated from the spectra of Fig. 1 as the integrated
intensity over the frequency range 60–150 GHz, where the
quasielastic contribution clearly dominates~cf. the lowest-T
spectrum, where this contribution is absent!. It can be seen in

Fig. 2 that atT'900 K there is a clear break in the tempera-
ture dependence of the quasielastic intensity.

Next we present in Fig. 3 the experimental data of Fig. 1
in the Raman susceptibility formI exp/@n(n,T)11#. The
spectra in Fig. 3 have been extended to lower frequencies by
including the data obtained by the tandem Fabry-Perot tech-
nique. The data were scaled at the maximum of the suscep-
tibility spectra around 1 THz. The susceptibility spectra al-
low us to analyze more easily the relaxational contribution,
because a multicomponent quasielastic peak centered at zero
frequency ~as in the spectral density representation! will
separate into a number of features peaking at different fre-
quencies according to their different characteristic time/
frequency scales. In particular, with increasing temperature
the quasielastic contribution in the range 20–300 GHz is
now clearly seen as growing relative to the vibrational one
~cf. again the lowest-T spectrum atT510 K, which may be
regarded as containing purely vibrational contribution of the
BP!. As the temperature is raised above;800 K, we observe
another feature, an upturn in the low-frequency part of the
susceptibility spectra, and a minimum develops~Fig. 3!. It
indicates that as temperature increases a much slower relax-
ation process is subsequently coming into our spectral win-
dow. Hence, the susceptibility spectra exhibit three distinct
contributions, separated according to their different fre-
quency~time! scales and temperature behavior:~1! The vi-
brational contribution of the BP,n>300 GHz, which re-
mains harmonic ~i.e., temperature independent! up to
Tg5525 K, though it exhibits some softening and broaden-
ing at higher temperatures~a more detailed description will
be given in Sec. V!. This part shall be denoted as ‘‘vibra-
tional contribution,’’ or ‘‘boson peak,’’ throughout the pa-
per; ~2! The ‘‘quasielastic’’ contribution, which appears on
top of the vibrational one atn<300 GHz at all temperatures
except for the lowest one and exhibits a strong temperature
variation of its intensity. We shall denote it as ‘‘fast relax-
ational part of the dynamics,’’ or ‘‘b-relaxation part,’’ since

FIG. 2. Temperature dependence of the quasielastic intensity,
obtained from the spectra in Fig. 1 as integrated intensity over the
range 60–150 GHz. Inset shows the temperature dependence of the
nonergodicity parameter as obtained from a combination of Bril-
louin and ultrasonic results~Refs. 29 and 35!.

FIG. 3. Depolarized light scattering susceptibility spectra at
various temperatures, scaled at the maxima. Dashed lines represent
typical slopes for thea relaxation ('20.8) and for the fast dy-
namics ('0.7).
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it may be associated with theb-relaxation process of MCT,
as discussed in the following section;~3! An additional re-
laxational contribution, which appears as an upturn on the
low-frequency side of the spectra atT.800 K ~i.e., in the
liquid state! and subsequently moves into the spectral win-
dow with raising the temperature. It will be shown to corre-
spond to the maina-relaxation process, and accordingly it
will be denoted as the ‘‘a-relaxation,’’ or ‘‘slow relaxation
process.’’

It can be seen in Fig. 3, that in the spectral range where
the fast relaxation contribution dominates, the susceptibility
spectrum can be approximated by a power-law dependence
x9(n)}na with a'0.7. This trend is most clearly seen for
the 873 K spectrum, where the relevant range of frequencies
spans over almost two decades. At lower temperatures, the
rapidly decreasing intensity at low frequencies was not suf-
ficient to allow for any extension of the low-frequency range
by the tandem Fabry-Perot technique. However, even in
these cases the lowest frequency parts of the measurable
quasielastic contribution~shaded area in Fig. 3! exhibit about
the same slope. This is true even forT5300 K, i.e., deep
into the glassy state. Thus, the exponenta appears to be
essentially temperature independent and the main variation is
the change of the quasielastic intensity. It can be seen in Fig.
3 that also the slow relaxation process can be approximated
by a power lawx9(n)}n2b, in this case with an exponent
b'0.8. This value is close to that obtained for thea process
from photon-correlation spectroscopy,16 and the width of the
relaxation spectrum is also in close correspondence with that
of the log-Gaussian distribution used to fit ultrasonic mea-
surements of thea relaxation.27

IV. ANALYSIS OF THE RELAXATION PATTERN
IN THE FRAMEWORK OF MCT

A. The MCT scenario for the dynamics of the glass transition

Before the analysis of the light-scattering data we briefly
summarize the main predictions of MCT.2 MCT describes
the time evolution of the density-density correlation function
Fq(t) after the ‘‘transient’’ ~ps time! evolution has passed,
and predicts a two-step relaxation decay. At short times it is
initiated by a fast relaxation andFq(t) decreases to some
finite valuef q(t),1 which is temperature dependent. There-
after, for temperatures above some critical temperatureTc a
much slower process, the primarya relaxation, proceeds and
Fq(t) decays fromf q(t) to zero. The temperature behavior
of f q is expected to show critical behavior at the temperature
Tc according to

f q~T!5 f 010~T!, T.Tc

5 f 01hATc2T, T,Tc , ~2!

where 0(T) is a slowly changing function. Thus, different
scenarios are predicted for the spectra at temperatures above
and belowTc ~we are considering only the idealized version
of MCT, which is sufficient for the present analysis!. Around
Tc some asymptotic solutions for MCT equations have been
found.2 In the frequency domain they predict that the high-
frequency tail of thea relaxation is represented by a non-
Debye form in the susceptibility spectrax9(n) which asymp-

totically follows a power-law dependencexa9 (n)}n2b. The
low-frequency tail of the fast relaxation should, according to
MCT, follow another power-law dependencexb9 (n)}na. At
still higher frequencies this part merges with the ‘‘micro-
scopic excitation band’’@Fig. 4~a!#, which is supposed to
include all the ‘‘transient’’ dynamics of the system. The
functional form of the latter is not considered by the MCT,
the only assumption being that its frequency/time scale is
well separated from that of both slow and fast relaxational
dynamics.

At high temperatures (T.Tc) the spectrum of the fast
relaxation is predicted to be essentially temperature indepen-
dent whereas the characteristic time scaleta of thea relax-
ation varies rapidly with temperature at unchanged spectral
shape and amplitude2 @Fig. 4~a!#. As a result the minimum in
the susceptibility spectra between thea relaxation and the
fast process is expected to have a universal form~the master
curve! which is well approximated by an interpolation for-
mula of two power laws@Fig. 4~a!#:

x9~n!5xmin$b~n/nmin!
a1a~n/nmin!

2b%/~a1b!. ~3!

Herexmin denotes the value of the susceptibility at the mini-
mum between thea and the fast relaxations andnmin is the
corresponding frequency of the minimum. The temperature
dependences of the minimum parametersxmin and nmin are
predicted to be interrelated such that

xmin}~nmin!
a. ~4!

Moreover, they are expected to be linked to the temperature
variation of thea-relaxation time scale by the following re-
lations:

FIG. 4. Qualitative scenario predicted by MCT for the tempera-
ture evolution of the susceptibility spectra atT.Tc ~a! andT,Tc
~b!.
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xmin}~ta!2ab/~a1b!, ~5a!

nmin}~ta!2b/~a1b!. ~5b!

Furthermore, MCT predicts a critical temperature behavior
of ta at temperatures above the critical temperatureTc ac-
cording to

ta}~T2Tc!
2g. ~6!

As a consequence alsoxmin andnmin are expected to display
critical temperature behavior. In asymptotic MCT predic-
tions all three exponentsa, b, andg should be interrelated
by the equations

g51/2~a1b! ~7a!

and

G2~12a!/G~122a!5G2~11b!/G~112b!,

0,b,1, 0,a,0.395, ~7b!

whereG(x) is the gamma function.
At the critical temperatureTc , MCT predicts a dynamical

crossover from liquidlike to solidlike behavior. In this sense
Tc corresponds to some kind of ideal glass-transition tem-
perature. BelowTc MCT describes a different scenario for
the temperature evolution of the susceptibility spectrum@Fig.
4~b!#. Then thea relaxation becomes fully arrested~in the
idealized version! and the fast relaxation spectrum shows a
significant temperature variation. The fast relaxation is
present above a certain frequencynb below which the spec-
trum only contains a white-noise contribution with linear fre-
quency dependence. As a result a crossover, or ‘‘knee,’’ ap-
pears in the spectra atnb and it is expected to shift to higher
frequency with decreasing temperature. It leads to the tem-
perature dependence of the nonergodicity parameterf q(T)
@Eq. ~2!#, i.e., the strength of theb relaxation decreases with
decreasing temperature.

Summarizing this part, we would like to stress that the
MCT predictions presented above are asymptotic solutions
of MCT equations around the critical temperatureTc and
also that the vibrational contribution was assumed to be neg-
ligible in the spectral window of interest.2

B. Analysis of the spectra at high temperatures

Let us start our analysis with a few remarks about the
light-scattering mechanism. In depolarized light scattering
one measures anisotropy fluctuations, while MCT describes
density-density fluctuations. The relation between these two
quantities is not clear. However, comparisons of light- and
neutron-scattering spectra, which so far has been performed
for Ca-K-NO3 ~CKN! and glycerol,15 show that around the
susceptibility minimum both spectra are almost identical.
Thus, it was suggested that one can analyze the light-
scattering susceptibility spectrumx9(n)5I (n)/(n11) in the
framework of MCT. This approach has already been used in
the analysis of the light-scattering data obtained for several
fragile and intermediate glass formers5–8,14,15and it will be
used in the present work.

Without any data treatment one can clearly see a corre-
spondence between the susceptibility spectra of B2O3 for

T.850 K ~Fig. 3! and the schematic picture of MCT for the
high-temperature rangeT.Tc @Fig. 4~a!#: the spectrum of
fast dynamics is essentially temperature independent and the
main temperature variation is the shift of thea-relaxation tail
into the experimental frequency window. As a consequence,
one can construct a master curve of the susceptibility mini-
mum by shifting the spectra in a log-log plot such that their
minima overlap~see Fig. 5!. The individual curves fall on a
common master curve, which shows that the shape of the
relaxation spectrum around the susceptibility minimum is
temperature independent, within the experimental accuracy.
This is in agreement with the MCT. An approximation of the
master curve by the sum of the two power laws@Eq. ~3!#
with exponentsa andb fixed through the MCT relation@Eq.
~7b!# cannot, however, describe the experimental results; a fit
that gives reasonable agreement on the low-frequency side of
the minimum (b51, a50.395) leads to a strong deviation
on the high-frequency side~see dashed line Fig. 5!. Ignoring
the restriction ofa andb @Eq. ~7b!# then the minimum can be
well approximated by Eq.~3! with a'0.77 andb'0.8 ~Fig.
5!. The latter values of the exponents do not obey the pre-
dicted interrelation@Eq. ~7b!# and, furthermore, the value of
a is significantly higher than the limiting value (a50.395)
of MCT.

Another test of the MCT predictions can be performed by
analyzing the data ofxmin andnmin according to Eqs.~4! and
~5!. Figure 6~a! shows the observed values ofxmin andnmin
for various temperatures. As can be seen the data set in Fig.
6~a! follows a power law with exponenta50.64 @Eq. ~4!#,
which is once again much higher than the limiting value
predicted by MCT, but is in reasonable agreement with that
obtained from the master curve~Fig. 5!. In Fig. 6~b! we
show the data ofxmin andnmin plotted vs (ta)

21 in order to
test Eqs.~5a! and ~5b!. Values ofta were estimated from
viscosity data28 using the Stokes-Einstein relationta;h/T.

FIG. 5. Master curve for the susceptibility minimum constructed
from susceptibility spectra obtained at various temperatures and
shifted so that their minima overlap. Solid line represents a fit of
Eq. ~3! with free exponentsa andb. Dashed line represents a fit
with the exponentsa and b related through the MCT restriction
@Eq. ~7b!#.
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The exponentsk and l obtained from Fig. 6~b! lead to
a50.64 andb51.0, which are in a reasonable agreement
with the values ofa and b obtained from a free fit of the
master curve. The fact that a master curve can be constructed
and that the spectra and their minima parameters scale with
the viscosity@shown by the results in Fig. 6~b!# shows that
the data forT.800 K support an MCT-like qualitative sce-
nario: the spectra are a superposition of a constant fast dy-
namics and a slowa relaxation, the latter moves on the
frequency scale following the temperature dependence of the
viscosity, however keeping its shape and amplitude. The de-
viation appears in the slope of the fast relaxation, which in
the case of B2O3 is much larger than the asymptotic MCT
predictions@Eqs.~7!#.

C. Crossover temperatureTc and the dynamics belowTc

MCT predicts critical divergence of the viscosity and the
a relaxation when approachingTc from higher temperatures.
However, as found for other glassformers, the temperature
dependence of the viscosity~or ta) does not show diver-
gence at any temperature in the range of interest. Still one
may use Eq.~6! for analysis of the viscosity time scale in the
high-temperature region and in this way locateTc of MCT.
This was done for B2O3 in Refs. 16 and 29 using an expo-
nent ofg'2.122.4 corresponding to ab value in the range
0.65–0.8 and the critical temperature was then estimated to
Tc'800–900 K.

According to MCT there should be other changes in the
dynamics of glass-forming liquids atTc , e.g., the spectrum
of fast dynamics should be independent of temperature
aboveTc and become temperature dependent atT,Tc ~see
Fig. 4!. The data presented in Figs. 1, 2, and 3 clearly show
that there is some significant change in the temperature be-
havior of the Raman spectra in the rangeT'800–900 K; the
intensity of the quasielastic spectrum strongly varies at lower
temperatures and becomes nearly temperature independent
above 850 K~Fig. 2!. Extrapolating the two temperature de-
pendences in Fig. 2 we estimate a crossover temperature at

aboutTc'880 K. It is interesting to note that the crossover
occurs not only well aboveTg (Tc /Tg'1.6), but also above
the melting pointTm5723 K.

Let us now turn to the analysis of the susceptibility spec-
trum belowTc ~Fig. 3!. Within our experimental frequency
window (n.50 GHz! no sign of any ‘‘knee’’ has been found
in the investigated temperature range. The spectral shape of
the fast relaxation@x9(n)}n0.7# is nearly temperature inde-
pendent, whereas the intensity decreases strongly with de-
creasing temperature. The decrease is not related to the shift
of the knee, as predicted by MCT@see Fig. 4~b!#. Thus, at
T,Tc there is a marked deviation from the MCT scenario
even on a qualitative level.

V. QUASIELASTIC INTENSITY AND THE BOSON
PEAK SPECTRUM

We note from the preceding section that the behavior of
the high-frequency dynamics is not well described by MCT.
In the following we will therefore take an alternative ap-
proach and analyze the spectral behavior in the higher-
frequency window>100 GHz with the aim of also including
the boson peak in the interpretation of the behavior of the
fast dynamics.

A useful characteristic of the low-frequency Raman scat-
tering of glasses is its depolarization ratio. It has been ana-
lyzed for many glass-forming systems and found to vary
from ;0.24 for ZBLAN20 and;0.3 for SiO2 up to values
close to 0.75~the maximum possible value for isotropic sys-
tems! for several organic, ionic, and van der Waals
systems.5,10,22,30An important finding, which holds in all the
mentioned cases, is that the depolarization ratio is the same
for both the quasielastic scattering and the boson peak, and
that it is essentially independent of temperature. This is also
the case for B2O3, see inset in Fig. 1, where the depolariza-
tion ratio vs frequency is presented. It can be seen in Fig. 1
that the value of 0.6 is unchanged on passing from 100 GHz
~where the spectral intensity is dominated by the QS! up to
1000 GHz ~which marks the maximum of the BP!. It is
therefore likely that the origin of the QS is related to the
vibrational dynamics.31 It has been suggested22,31 that the
deviations of the glass network from strictly harmonic be-
havior can be described by replacingV2 by V21M (V,n)
for the vibrational modeV, in the Raman susceptibility
function;

x~V,n!5
C~V!

n22@V21M ~V,n!#
, ~8!

where C(V) is the light-to-vibration coupling function.
M (V,n) may be regarded as a ‘‘memory function.’’ A pos-
sible mechanism behind Eq.~8! is that relaxation processes
supported by a disordered structure~e.g., relaxations of two-
level systems, relaxing anharmonic soft potential sites, etc.!
act as a random force upon the harmonic modes, and the
latter perceive it as a viscous-like damping. We would like to
stress that general form for the susceptibility function@Eq.
~8!# is similar with starting MCT equations. However, in its
asymptotic predictions@Eqs.~3!–~7!, which are traditionally
used for analysis of the experimental data# MCT neglects the
vibrational contribution and focuses on the long-time, low-

FIG. 6. Crosstest of the temperature behavior of the minimum
parametersxmin , nmin , and for thea relaxation time scaleta @Eqs.
~4!, ~5!#. ~a! xmin vs nmin ; ~b! x min (s) and nmin (L) vs T/h.
Slopes of lines fitted to the data are given in the figure.
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frequency tails of the memory functionM (V,n). In our ap-
proach we will focus mainly on the vibrational part assuming
some simple behavior for the memory function.

The specific memory function, if considered phenomeno-
logically, can be defined from the observed spectra behavior.
Since we have found the spectralshapeof the relaxational
contribution to be nearly independent of temperature, we as-
sume that only themagnitudeof M (V,n) has a strong tem-
perature dependence. We further assume the relaxational
contribution to be weak such that the vibrations constituting
the BP remain well-defined excitations at all temperatures, as
discussed above, i.e.,uM u!V2. We can then rewrite Eq.~8!
as

x~V,n!5
C~V!

n22V2@11g~T!m~V,n!#
, ~9!

where umu,1, and g(T)!1 determines the temperature-
dependent strength. The quantity deduced from Raman scat-
tering ~Fig. 3! is proportional to the sum, taken over all the
vibrational modes of the BP:

x9~n!5(
i

x9~V i ,n!. ~10!

In the limit T→0 @and henceg(T)→0] the susceptibility is
given by the limiting valuex09(n) of a harmonic oscillator:

x09~V,n!5Im
C~V!

n22V22 i0
5

p

2

C~V!d~n2V!

V
, ~11a!

(
i

x09~V i ,n!5x09~n!. ~11b!

By combining Eqs.~9!, ~10!, and~11!, we obtain

x9~n!5Im
2

pEV

Vx09~V!

n22V2@11g~T!m~V,n!#
dV, ~12!

wherex09(n) can be taken from the spectrum at low enough
temperatures such that all relaxations are suppressed. For
comparisons with experimental data a relevant memory func-
tionm(V,n) needs to be chosen. A single exponential relax-
ation seems adequate in the present case since the spectrum
of x9(n) vs n on the log-log scale exhibits a slope;0.7 in
the range of the quasielastic scattering, see Fig. 3, which is
not too far from the appropriate value of unity. Thus, follow-
ing the model,31 we usem52 int/(12 int) and Eq.~12! to
fit the experimental spectra.g(T) is taken as a free fit pa-
rameter as is alsot. We also varied the boson peak maxi-
mum frequency to account for the mentioned softening, as
only a part of the experimentally observed softening is ac-
counted for in Eq.~12!. Thus, the phenomenological model
adopted appears to be very similar to that used in Refs. 10
and 11 for the same purpose and can describe the Raman
spectra reasonably well~Fig. 1!. The so obtainedt is found
to be only slightly temperature dependent, which is in accor-
dance with our previous observation of a temperature-
independent spectral shape of the QS. The controlling pa-
rameter g is analogous to the relative intensities of the
Rayleigh and Brillouin peaks, known as the Landau-Placzek
ratio in hydrodynamic models, and measures, in the limit

g(T)!1, the ratio of the integral intensities of the relax-
ational and vibrational contribution to the Raman spectral
density in Fig. 1. The obtained temperature dependence of
g(T) is demonstrated in Fig. 7 and it is found to be similar to
that of Fig. 2, which also reflects the relaxation strength.

The results of Fig. 7 demonstrate again two temperature
regions with a crossover atT;800–900 K; the relaxation
strength~and thus the BP damping! increases almost linearly
with temperature up to 800 K, and then is essentially tem-
perature independent. It is instructive to compare these re-
sults with those for the Brillouin linewidthDnB recently re-
ported for B2O3 by Kieffer.

32 The temperature dependence
of the imaginary part of the elastic modulus
M 9/r'DnB•nB (nB is the Brillouin frequency! exhibits a
maximum just atT;800 K ~see inset in Fig. 7!, which can-
not be related to the maina-relaxation process. Thea pro-
cess is too slow to influence the Brillouin modes at these
temperatures~see for example Fig. 3!, and only provides a
contribution toDnB at much higher temperatures (T.1000
K, see inset in Fig. 7!. We want to stress the similarity of the
temperature variation of the BP damping and that of the
Brillouin lines, which may be due to that the two processes
couple to the same relaxation mechanism.

VI. DISCUSSION

During recent year MCT has been shown to successfully
describe neutron- and light-scattering data for a range of
fragile glass formers. Even quantitatively the detailed as-
ymptotic @Eqs.~2!–~7!# MCT predictions have been verified,
at least for high temperatures (T.Tc).

3–8Of nonfragile sys-
tems only a few have so far been analyzed according to
MCT, namely B2O3 ~Ref. 16! and glycerol.14,15 In the case
of the former system photon correlation spectroscopy~PCS!
shows a two-step relaxation time decay in accordance with
the MCT predictions though the measurements were done
below the critical temperatureTc of the theory. In the case of
glycerol, again both fast and slow relaxations were observed,

FIG. 7. Temperature dependence of the damping parameter for
the boson peak vibrations obtained from fits of Eq.~12! to the
low-frequency Raman data~see Fig. 1!. Inset shows data for the
Brillouin-line damping~Ref. 32!.
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though quantitative disagreement with the asymptotic MCT
predictions for the master curve was found. The value of the
a exponent was in the case of glycerol estimated toa'1,
which is much larger than that accepted from the theory.

In the present study of B2O3 we extend the previous
long-time/low-frequency PCS investigation to much higher
frequencies using combined Fabry-Perot interferometer and
Raman spectrometer techniques. In B2O3, which can be re-
garded as a strong glass former, the fastb process is well
resolved from the slowera process over a much broader
temperature range than for the fragile ones. At higher tem-
peratures,T.850 K, the spectra clearly demonstrate similar-
ity with the qualitative picture predicted by MCT for the
high (T.Tc) temperature region@Fig. 4~a!#: the spectrum of
fast dynamics~including the fastb relaxation and the boson
peak! is essentially temperature independent and the main
change of the spectrum is due to thea relaxation which
moves into the detected frequency window as the tempera-
ture is raised. Plotting the master curve for the susceptibility
minimum ~Fig. 5! the predicted relations between the mini-
mum parameters andta were found to be in reasonable
agreement with the experimental results~Fig. 6!. Thus the
relaxation scenario of the strong glass former B2O3 follows
in the high-temperature region qualitatively that predicted by
MCT.

However, trying to apply asymptotic MCT predictions for
a quantitative description of the evolution of the spectra of
B2O3, the analysis fails, especially concerning the fastb
relaxations. The exponenta'0.77 of theb process is too
high ~Fig. 5!, as was also previously reported in the case of
the relaxation data for glycerol.14,15 Deviations from the
MCT predicted spectral shape can moreover be found in the
case of fragile liquids and again noted on the high-frequency
side of the master curve~see analysis presented in Ref. 33!.
The value of thea parameter obtained from the fit of the
minimum parameters@Eq. ~5!# is for all liquids analyzed so
far ~CKN,5 salol,6 orthoterphenyl~OTP!,8 and glycerol14,15!
significantly higher than the value calculated from the master
curve using the constraints of the MCT relation@Eq. ~7b!#.
As was shown in Ref. 33 this deviation is small for ex-
tremely fragile CKN, more pronounced for the less fragile
systems OTP, salol, andm-tricresyl phosphate (m-TCP!, and
still more pronounced for nonfragile glycerol. Thus one can
tentatively conclude that the spectrum of fast dynamics gen-
erally deviates from that predicted by asymptotic MCT solu-
tions and that the deviation increases as the fragility of the
system decreases. The effect may be related to the contribu-
tion of the boson peak vibrations, which were neglected by
MCT. In particular we note that the strength of the boson
peak is reported to increase with decrease of the degree of
fragility.9

Another important prediction of MCT is the crossover
temperatureTc at which the relaxation dynamics is expected
to change character with critical temperature behavior for
some parameters of the relaxation spectrum@Eqs. ~5! and
~6!#. For experimentally investigated glass formers there is
no critical behavior observed for thea-relaxation time scale
aroundTc , not even for the extremely fragile systems, and
this problem has been dealt with in the extended version of
MCT ~Refs. 2 and 34! by introducing some additional hop-
ping process. However, crossover in the relaxation dynamics

has been observed at a specific temperatureTc for a range of
fragile systems withTc typically 50–100 °C above the calo-
rimetrically determined glass-transition temperatureTg . For
B2O3 a crossover in the dynamics clearly shows up at
T'800–900 K. It appears in the temperature dependence of
the quasielastic intensity~Fig. 2! determined from the inte-
grated low-frequency Raman intensity. It has also been re-
ported for the same temperature range from an analysis of
hypersonic velocities29 and likewise from the intensity of
elastic neutron scattering35 in accordance with MCT predic-
tions. We also note that there is a crossover in the damping
rate of the boson peak~Fig. 7! and in the recent data for the
Brillouin linewidth32 ~see inset Fig. 7!.

We further note that the crossover temperature for
B2O3 is not only aboveTg (Tc /Tg'1.6), but also above the
melting point (Tm'725 K!. For fragile systemsTc is gener-
ally noted closer toTg (Tc /Tg'1.2), though it has been
suggested11 that theTc /Tg ratio increases with decrease of
the fragility of the system in accordance with the present
observation for B2O3. Thus, while the temperature range of
the glass transition~temperature interval betweenTg and
Tc) is short for fragile glass formers it is extremely broad for
B2O3. Indeed, previous Brillouin observations of transverse
modes indicate that the covalent network structure of
B2O3 survives even at temperatures aboveTm .

While aboveTc the dynamic spectra of B2O3 qualita-
tively follow the scenario predicted by MCT, there is no
agreement in the temperature range below the crossover tem-
perature@T,850 K, Fig. 4~b!#, not even on a qualitative
level. There is no sign of any ‘‘knee’’ in the spectral shape of
the fast dynamics as suggested by the MCT but rather a
strong decrease of the quasielastic scattering intensities keep-
ing the shape unchanged~Fig. 3!. Also, as temperature de-
creases the boson peak becomes increasingly more pro-
nounced~Fig. 1!. Thus, one can speculate upon whether the
observed temperature variations of the fast relaxation dy-
namics~Fig. 2! is related to the change of the boson peak
rather than being related to the strength of thea process as
suggested in the MCT.

According to the model of damped oscillators10,11,31 an
increase of the fast relaxation process intensity is related to
an increased damping of the boson peak. Using this model
the Raman spectra of OTP,m-TCP, and glycerol have been
analyzed and the boson peak vibrations were found to be-
come overdamped at temperatures around the crossoverTc
as estimated from MCT analysis.11 The present results show
that this is not the case for B2O3; the boson peak is clearly
observed in the Raman spectra atT'Tc and even above
~Fig. 1!, and the damping rateg(T) is significantly smaller
than 1~Fig. 7!. We note however, that the temperature de-
pendence of the damping rate changes just at the crossover
temperatureTc ~Fig. 7!.

We also note that the temperature dependence of the bo-
son peak ‘‘damping’’ parameterg(T) behaves in a similar
way as the recently reported damping parameter of the Bril-
louin lines. In the measurements of the Brillouin linewidths
of B2O3 a maximum was noted at aroundT;800 K ~see
inset in Fig. 7!, which cannot be related to the main
a-relaxation process. The behavior of the Brillouin lines was
interpreted by Kieffer32 using a traditional hydrodynamic ap-
proach, assuming two additional relaxation processes apart
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from thea relaxation. The maximum in the Brillouin line-
width then appears when the condition for maximum damp-
ing of the sound waves is fulfilled, i.e., for 2pnBt'1 (t is
a characteristic time scale for the relaxation and,nB is the
Brillouin frequency!. Assuming activated temperature de-
pendence for the relaxation timet5t0exp(2E/kT), the tem-
perature of the maximum for any frequencyn may be esti-
mated.

However, the light-scattering spectra~Fig. 3! does not
show any relaxation process coming through the Brillouin
frequency window (;15–20 GHz! at around 800 K. There
is only variation of the quasielastic intensity for the fast re-
laxation and only at higher temperatures does the tail of the
a relaxation reach the Brillouin frequency window~the latter
leads to the observed increase of the Brillouin linewidth at
T.1000 K, inset Fig. 7!. We also note that the temperature
dependence of the damping parameter for the Brillouin lines,
as likewise that of the boson peak, follows the behavior of
the quasielastic intensity~Fig. 2!. This similarity may be
explained by that the two phenomena couple to the same fast
b process and that the variation of the damping is related to
the change of the overall intensity of the fast relaxation
rather than to the relaxation time of a particular relaxation
process becomes comparable with (2pn)21. Since the inten-
sity of the fast relaxation process varies with temperature in
a similar way at all frequencies~including the frequency of
the Brillouin peaknB , and that of the boson peaknmax), the
corresponding damping parameters are expected to have
similar temperature dependences as is actually observed.

VII. CONCLUSIONS

The presented analysis of the depolarized light-scattering
spectra of B2O3 clearly shows that the structural relaxation
dynamics of the strong glass former has a nonmonotonic
temperature dependence. There is a different behavior at
high and low temperatures with a crossover observed at
about Tc'800–900 K. AboveTc the qualitative scenario
predicted by the mode coupling theory describes the experi-
mental data well. However, there is significant quantitative

disagreement with the asymptotic MCT predictions similar
to what has been reported previously for glycerol,14,15 an-
other nonfragile glass former. It is apparent in the spectrum
of fast dynamics which deviates from the MCT functional
form and may be related to the pronounced vibrational con-
tributions ~the boson peak! typical of strong glass formers.

Below Tc the behavior of the dynamic spectra does not
follow the MCT scenario not even on a qualitative level:
there is a decrease of the quasielastic scattering intensity
without any essential change of its spectral form, the so-
called ‘‘knee’’ is absent, and there is the development of the
boson peak. The behavior of the fast dynamics in the tem-
perature region belowTc may be related to a smooth change
from relaxational-type molecular motions~liquidlike behav-
ior! to vibrational ones~solidlike behavior!. A significant
difference between B2O3 and fragile glass formers is the
temperature range betweenTc andTg which is much wider
for the strong system.

Another striking observation is the similarity of the tem-
perature dependence of the damping parameters of the boson
peak vibrations in the THz range and that reported for the
acoustic vibrations at Brillouin frequencies (;15–20 GHz!.
Moreover, the temperature behavior of the two vibrational
damping parameters is similar to that of the quasielastic scat-
tering intensity of the fast relaxation. The damping cannot be
explained in the framework of a traditional hydrodynamic
approach and it is suggested that the damping rate varies due
to the temperature variation of the intensity of the fast pro-
cess.
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