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Fast relaxation, boson peak, and anharmonicity in Li 2O– B2O3 glasses
S. Kojima and V. N. Novikova)
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~Received 5 April 2000; accepted 24 July 2000!

Glasses with a compositionxLi2O•(12x)B2O3 were investigated by low-frequency Raman
scattering in the composition rangex50 – 0.28. The evolution of the quasielastic line, the boson
peak, the Debye frequency, and some other glass parameters with the composition was analyzed.
The frequency of the boson peakvb shifts with changingx by a factor of 3 and the width of the
quasielastic spectrum at room temperature is always equal to;0.24vb . The Grüneisen parameter
of the glasses is estimated on the basis of the light scattering data for the boson peak frequency
within the frames of the anharmonic model of the fast relaxation and using the sound velocity
data—for the Debye frequency. The anharmonic properties are compared with the fragility of these
glassformers; it is shown that the fragility increases with anharmonicity. It is shown also that the
width of the glass transition region correlates with the anharmonic properties. ©2000 American
Institute of Physics.@S0021-9606~00!70939-1#
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I. INTRODUCTION

Low-frequency Raman scattering spectra in glasses
hibit two characteristic features: the boson peak in the T
region and the quasielastic line with a characteristic width
the order of a few hundreds GHz.1 The former arises due to
excess vibrations with a characteristic length on the inter
diate range scale and the latter, due to fast relaxation
cesses. There is still no commonly accepted theory of th
glass features. For the boson peak there are some phe
enological models2–9 and computer simulation results.10,11

Recently, a theory which predicts the boson peak w
proposed.12 Fast relaxation was attributed to the therma
excited transitions in the double well potentials,13,14 to the
anharmonicity of vibrations15 or to fluctuations of the dy-
namical free volume holes.16 Recently, a significant progres
was achieved in understanding the fast relaxation in gla
after applying tandem Fabry–Perot technique for measu
the broadband~1–600 GHz! relaxation spectra.17–21 In par-
ticular, it was shown that in glassy silica the fast relaxat
process is caused by thermally activated jumps in the do
well potentials at least up to the room temperature,21 while in
boron oxide glass the anharmonicity of the vibrations may
the dominant contribution.20 In the latter case the quasielast
light scattering~QELS! apparently has a vibrational natur
i.e., it is a relaxational part of the vibrational response fu
tion. It means that the QELS spectrum should have so
connection with the most prominent part of the acousti
spectrum—the boson peak. However, no systematic stud
such connection is known.

Lithium borate glasses provide very good opportunity
check the correlation of some glass properties with the bo

a!On leave from Institute of Automation and Electrometry, Russian Ac
emy of Sciences, Novosibirsk, 630090, Russia.
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peak and QELS and between both of them because the
quency of the boson peak changes very strongly with L2O
fraction; the shift of the boson peak by a factor of 3 w
reported22 for lithium borate glasses. Fragility of these glas
formers also demonstrates a strong dependence on
lithium fraction.23 It was shown that there is a correlatio
between the QELS, boson peak, and fragility in vario
glassformers24 which is still unexplained. The purpose of th
paper is to analyze the behavior of the boson peak and Q
in a series of the lithium borate glasses of different com
sition and to check the possible correlations between th
and other properties of the glasses.

II. EXPERIMENT

A. Samples

A series of lithium borate glasses of the compositionx
Li2O•(12x)B2O3 was prepared at regular intervals of 0.0
mole fraction through the composition range 0<x<0.28. An

-
FIG. 1. The boson peak in lithium borate glasses of various compositiox.
4 © 2000 American Institute of Physics
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6345J. Chem. Phys., Vol. 113, No. 15, 15 October 2000 Boson peak and anharmonicity in Li2O–B2O3 glasses
attempt was made to prepare bulk glasses with higherx, up
to x50.36, but all of their respective melts crystallize
quickly after casting. Analytical reagent grade LiOH•H2O
~of purity greater than 99.0%, the main residue is lithiu
carbonate! and H3BO3 ~of purity greater than 99.7%! were
used as the starting materials. The details of the sam
preparation are described elsewhere.25

B. Measurements

The room temperature Raman scattering was meas
using an Ar ion laser with the power 50 mW, an additi
triple-grating spectrometer Joben Yvon, and a photon co
ing system. The samples we immersed in silicone oil wit
quartz optical cell of 15 mm315 mm320 mm to prevent
them from absorbing moisture from the air. Both polariz
~VV ! and depolarized spectra~VH! are measured in a back
scattering geometry in the frequency range 5–300 cm21.

FIG. 2. Boson peak frequency in VV~solid circles! and VH ~open circles!
scattering. Solid squares, the width of the QELSt21.
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III. RESULTS AND DISCUSSION

A. Boson peak

In Fig. 1 the polarized~VV ! spectra of the boson pea
are shown for a series of compositionx. The amplitude is
normalized to unity at the maximum of the boson peak. F
x from 0 to 0.28 the frequency of the maximum of the bos
peak,vb , increases by a factor;3, from 25 to 79 cm21

~Fig. 2!. However, the spectral shape of the boson peak
mains the same at allx; in Fig. 3 the combined plot obtaine
by scaling the frequency on the frequency of the maxim
vb for each composition is shown. All curves coincide we
except a small shoulder nearv/vb ;3.7 which gradually
decreases with increasingx.

It is known that increase of the mole fraction of Li2O in
lithium borate glasses leads to a significant increase of so
velocities and density.25 Since the boson peak is in acoustic
region of the vibrational spectrum, one can suspect tha
shift with the change of the composition is a trivial one a
arises merely due to the change of the average elastic
stants and density. In this case it should shift just like, e
the Debye frequencyvD . We compared the dependence
vb andvD on x. The Debye frequency

vD5vD~6pn!1/3 ~1!

@wherevD5(2/v t
311/v l

3)21/3 is the Debye velocity# we es-
timated using the data on the transversal (v t) and longitudi-
nal (v l) sound velocities and particle densityn from Ref. 25.
For the reader’s convenience we plot these data in Fig. 4
Fig. 5 the dependence ofvb andvD on x is shown. To make
the comparison clearer we normalized the frequencies
their values atx50. Figure 5 shows that the relative shift o
the boson peak is faster than that of the Debye freque
~except a small intervalx,0.05): both depend onx linearly
but the slope is equal to 6.9 forvb(x)/vb(0) and 4.3 for
vD(x)/vD(0). In particular, atx50.28 the shift of the nor-
ra
FIG. 3. The scaled boson peak spect
for all compositionsx. Inset: logv
plot of a part of the boson peak.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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malized Debye frequency is by 30% lower than that of
boson peak. This means that the evolution of the boson p
is different from one determined by scaling of the elas
constants and density; the shape of the full acoustical s
trum changes and mirrows more rapid evolution of the bo
peak in comparison with the higher frequency acoustical
brations. We note that atx,0.05 some other properties o
the lithium borate glasses behave differently from those
x.0.05 ~see, e.g., Figs. 6, 9, and 11!.

Sound velocity and frequency define a characteri
length, L;v/v. For the Debye frequency this length is
the order of the minimum possible acoustic wavelength
termined by the interatomic distance. For the boson peak
length, which is a few times longer, should correspond
some structure features which are responsible for the app

FIG. 4. Some parameters of the lithium borate glasses used in the pape~a!
density; ~b! longitudinal ~solid circles!, transversal~solid triangle! sound
velocities and glass transition temperature~cross!. The data are from Ref.
25. Solid squares, Debye velocity.

FIG. 5. Boson peak frequency~solid circles!, Debye frequency~solid tri-
angles!, and Debye velocity~solid squares! normalized to 1 atx50.
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ance of these excess acoustical vibrations. This may be
size of the typical structure nanoheterogeneities,2–4 or corre-
lation length of the structure,5–7 or a size of the soft-potentia
atomic configurations.8 In silica glass the boson peak vibra
tions were identified with a specific motion of the a fe
connected SiO4 tetrahedra.9–11 In any case, for the boson
peakL corresponds to a medium-range scale important
characterization of structure correlations in glasses. In Fig
a characteristic length defined as

Lb5vD/vb ~2!

is shown as a function of composition for the lithium bora
glasses. The lengthLb decreases from 2.7 to 1.9 nm, i.e., b
the factor 1.42, in the intervalx50 – 0.28. However, the de
crease ofLb itself does not necessary means the decreas
the extent of the medium-range correlations in the glass,
cause the density of the samples increases withx. To char-
acterize the behavior of the structure correlations one ne
to compare the decrease ofLb with the behavior of a length
which characterizes the average interparticle distance.
latter can be defined asa(x)5(r(x)/M (x))21/3, where
M (x)5xMLi2O1(12x)MB2O3

, MLi2O529.8Mau, and
MB2O3

569.62Mau are the respective molar masses,Mau is
the atomic mass unit. The dependence ofa on x is shown in
Fig. 6 ~inset b!; it is a perfect linearly decreasing function
On the inset a in this figure the ratioLb /a is shown. This
ratio decreases more or less monotonically from 6.8 ax
50 to 5.2 atx50.28. Thus,Lb decreases not only in abso
lute value~by 42%!, but also in units of interatomic distanc
~by 30%!. This means that increase of the Li2O concentra-
tion leads to decrease of the medium-range structure co
lations; at concentrationz% the decrease of the characteris
length is roughly alsoz% at least in the interval 5%–28%.

B. Quasielastic scattering

At lowest frequencies of the measurements the qu
elastic light scattering dominates the spectra, Fig. 1. QEL
seen in the frequency interval from 0.06vb up to ;0.3vb

~e.g., 4 – 25 cm21 for x50.28). To enhance the QELS part o
the spectra, they are shown in the insert of Fig. 1 in the l
v coordinate. Similar to the boson peak, QELS rough
scales on a universal curve for different compositions.

QELS arises due to a fast relaxation process with a
laxation timet on the order of a picosecond.1 It was inves-
tigated in many glasses by means of the light and neu
scattering~see, e.g., Ref. 26 for a small review!. Recently,
broad band light scattering measurements by tandem Fab
Perot interferometer17–20revealed a broad~1–100 GHz! low-
frequency wing of the fast relaxation in glasses described
a power law with an exponenta,1. However, in the fre-
quency region close to the boson peak the QELS spect
normally was successfully fitted by a Lorentzian.15,16,27–30In
the present paper we fitted the fast relaxation spectrum
by a Lorentzian which was defined by the two paramete
the widtht21 and the strength of the relaxation process,d2,
which is equal to the ratio of the integrals over the fitt
QELS spectrum and that over the boson peak. The vibra
spectrum we fitted by the power lawI}va extrapolated from
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Correlation length defined by Eq.~2!. Insets:~a!
the ratio of the correlation lengthLb to the average
interatomic distancea; ~b! the dependence ofa on the
composition.
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the interval around 0.5vb . The fits coincide with the experi
mental curves within the experimental error. The mas
curve in Fig. 3 givesa52 with the slopes of the individua
curves scattered around this value in;10% interval. Within
the same error we foundd2'0.09 in all samples except thos
with x<0.04; at these low concentrations no reliable estim
tion of the QELS parameters was available due to the fi
low-frequency resolution of the experiment of about 5 cm21.
The dependence of the parameterst21 andvb on the com-
position is shown in Fig. 2. As it is expected already fro
the fact that QELS for different compositions scales on
master curve together with the boson peak~Fig. 3!, the width
of QELS also scales with the boson peak frequency. Figu
shows that in rough approximation there is a linear corre
tion betweent21 and the boson peak frequency. In Fig. 8 t
ratio t21/vb is plotted as a function of Li2O fraction; this
figure shows that roughlyt21'0.24vb .

These findings support the anharmonic model of the
relaxation.15,31 Within the frame of this model the anharmo
nicity of the lattice leads to the fast vibrational relaxatio
Qualitatively, this relaxation process occurs due to the c

FIG. 7. Correlation between the inverse fast relaxation timet21 ~the width
of the QELS line! and the boson peak frequency for a sequence of
lithium borate glasses of various composition. Solid circles, VV; op
circles, VH polarization.
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pling of a vibration mode to the fluctuations of vibratio
occupation numbern(v) ~or to temperature at high enoug
T). Sincen(v) is determined by the squared amplitude
the vibrations, such coupling is provided in first approxim
tion just by the third order anharmonic coefficient, or Gru¨n-
eisen parameterg. Such relaxation process gives rise to
self-energy termMV(v) in the vibration susceptibility
xV(v); in a single time approximation it can be written a

MV~v!5
d2V2

12 ivt
. ~3!

HereV is the frequency of the vibration and the parameted
characterizes the strength of the relaxation process.
model15 predicts that

d25
g2T

Mv t
2

, ~4!

whereM is the molar mass. Finally, in the same single-tim
approximation the reduced QELS intensity,I r

QELS

5I QELS/v(n(v)11), is equal to

I r
QELS~v!'

2

p

d2t

11v2t2E I r
vib~V!dV, ~5!

e
FIG. 8. The ratio of the width of QELS line to the boson peak frequency
data from Fig. 4. Solid circles, VV; open circles, VH polarization.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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whereI r
vib(V) is the reduced intensity of the light scatterin

by vibrations in the limitd50. I r
vib(V) essentially represent

the boson peak, soI r
QELS(v) is proportional to the integra

over the boson peak. Integrating over allv, Eq. ~5! has

d25

E I r
QELS~v!dV

E I r
vib~V!dV

, ~6!

so, according to Eq.~4! the integral over the QELS spectru
gives information about the Gru¨neisen parameter.

The anharmonic model makes prediction that the wi
of the QELS spectrum correlates with the frequency of
boson peak, namely,

t21'vb/3. ~7!

This relation is given by a simplified estimation, thus t
coefficient betweent21 andvb may be somewhat differen
from 1/3. There was a phenomenological observation15,31

that in various glasses atT5Tg this relation holds surpris
ingly good. However, up to now there was no data on
relation betweent21 and vb in a sequence of glasses wi
similar chemical composition in a broad range ofvb values.
The lithium borate glasses give a rare case of the very str
shift of the boson peak as a function of a one smooth v
able, compositionx, making it possible to check the predic
tion of Eq. ~7!. As we have seen above, our data holds t
relation with the coefficient 0.24 instead of 1/3. Although 1
is only a rough estimate, one should note that the fast re
ation time, as it is known from the analysis of the light sc
tering data in other glasses~e.g., Refs. 15, 16, and 27–30!
normally weakly decreases when temperature increa
since we analyzed the room temperature data, one can ex
at the glass transitiont21 will be a little bit higher. The data
of Ref. 28 in supercooled B2O3 indeed gives fort21 the
valuevb/3 at T5Tg .15

C. Anharmonicity

Using the valued2'0.1 obtained by fitting the QELS
spectrum as described above, one can estimate the Gru¨neisen
parameterg for the boson peak within the anharmonic mod
of the fast relaxation Eq.~4!. Taking thev t andTg data for
our set of the lithium borate glasses from Ref. 25~Fig. 4!, we
obtainedg shown in Fig. 9~a!. Figure 9~a! shows that esti-
mated from QELS data Gru¨neisen parameter increases fro
4 to 6 in the intervalx50.06– 0.28. This means that th
anharmonicity of the boson peak vibrations in lithium bora
glasses increases with an increase of the lithium oxide f
tion.

For lithium borate glasses the temperature variations
the sound velocity and of the density are known.32 Thus, one
can determine the Gru¨neisen parametergD 5 ] ln vD /] ln V
for the Debye frequency defined by Eq.~1!. If ¸ is a volume
thermal expansion coefficient,̧5] ln V/]T andkl , kt , and
kD are the thermal coefficients for the longitudinal, transv
sal, and Debye velocities, respectively~e.g.,kt5] ln vt /]T),
then

gD51/32kD /¸, ~8!
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where

kD5
vD

3

3 S 2kt

v t
3

1
kl

v l
3D . ~9!

The parametergD is shown in Fig. 9~b!. Since the high-
frequency vibrations near the end of the acoustical spect
relax weaker than the boson peak vibrations,gD is less than
the respective parameterg for the vibrations in the region o
the boson peak. However, the general behavior ofgD andg
is similar except the region of low-concentration of Li2O,
where we have no data forg.

An important property of glassformers is the so-call
fragility which shows how quickly the viscosityh, or
a-relaxation time, changes in the glass transition region
temperature is scaled byTg .33 The nature of the fragility is
still not fully understood. In Ref. 24 it was noted that th
intensity of the QELS in glassformers, normalized to that
the boson peak atT5Tg , correlates with the fragility. The
anharmonic model of the fast relaxation predicts that the
tensity of QELS in a glass is determined by the cubic anh
monic coefficient, so in Ref. 15 it was claimed that the fr
gility increases together with anharmonicity. This w
checked and confirmed in Ref. 15 for a few different gla
formers. Here we have a possibility to check the correlat
for a sequence of glassformers of similar composition. T
latter makes unimportant such factors as different types
chemical bonding and structure which may influence
comparison in the case of different materials.

The fragility is quantified by the parameterm defined as

m5
d ln h

dTg /T
at T→Tg . ~10!

FIG. 9. Correlation between the Gru¨neisen parameters and fragility fo
glasses of different composition.~a! Grüneisen parameter for the Deby
frequencygD ~solid squares! and fragility m ~open squares!; ~b! Grüneisen
parameter for the boson peakg ~solid circles! and fragility. The data for
fragility are taken from Ref. 23.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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We took the data for the fragility of lithium borate glass
for somex in the literature.23 In Fig. 9 the dependence of th
parameterm on the composition is compared with that of th
Grüneisen parameters. One can see that indeed there
correlation of the fragility with the Gru¨neisen parameters
the higher anharmonicity corresponds to higher fragility.

In Ref. 34 a correlation between the fragility and t
correlation length was discussed. It was found that the
different materials the correlation length has a tendency
decrease with increasing fragility of the glassformer. Su
comparison of course has more sense in a series of sam
of a similar chemical composition. We note that indeed,
the case of lithium borate glasses fragility increases while
correlation length decreases with increasing the Li2O frac-
tion ~Figs. 6 and 9!, except the regionx,0.08 where the
behavior is more complicated. This corresponds to the id
that fragility is higher in more structurally~but not chemi-
cally! homogeneous glasses and decreases with increa
the structure heterogeneity on the nanometer scale.35

The structural basis for changing of the fragility
lithium borate glasses is not clear. The increase of the fra
ity in lithium borate glasses withx is in agreement with the
model of Vilgis36 in which the degree of fragility is con
nected to the fluctuations of the coordination number in
system,Dz. Network glasses with fixed covalent bondin
haveDz50, and, respectively, they are strong glassforme
Fragile systems always have nonzeroDz. In pure boron ox-
ide the boron atom has a fixed valence equal to 3. Poss
small fluctuations of the number of covalent bonds are c
nected only to the structure defects. In the case of lithi
borate glasses some boron atoms have valence 4 in the s
tural units Li1BO4

2 . Thus, the number of the covalent bon
of boron atoms fluctuates between 3 and 4. A NMR study
Jellisonet al.37 showed that the fraction of 4-coordinated b
ron atoms,p4, for 0<x<0.28 is determined byx as follows:
p45x/(12x). The average number of valence bonds p
boron atom isz̄54p413(12p4)531x/(12x). It is easy

to find the squared fluctuation ofz, Dz2̄5z2̄2 z̄25p4(1

2p4). One hasDz2̄5x(122x)/(12x)2'x1O(x3). Thus,
neglecting the third power term of the small parameterx, we

see that the correlation between the fragilitym and Dz2̄

means that there should be also the same correlation bet
m and x in Fig. 9. Thus, at least in the case of the lithiu
borate glasses fragility indeed correlates with the degre
fluctuations of the boron coordination number.

Differential thermal analysis~DTA! of the lithium borate
glasses in the vicinity of the glass transition25 reveals the
onset temperatureTg , the peak temperatureTp , and the end
temperatureTe in terms of the phenomenological theory
the glass transition.38 The former temperature is often re
ferred to as the glass transition temperature. Figure 10 sh
schematically a part of the DTA heating curve in the vicin
of the glass transition with the definition of the three te
peratures. In DTA, the temperature difference is measu
between the sample to be studied and the standard sam
So, in Fig. 10,DT is the difference of temperatures betwe
the sample to be studied and the standard sample in the
setup. The details of the measurements are described in
Downloaded 03 Apr 2007 to 130.158.56.189. Redistribution subject to AI
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25. Here we compare the width of the glass transition reg
which we define asDTg5Te2Tg with the anharmonic prop-
erties and fragility. We are motivated by the results of t
analysis of the glass transition in terms of the mode coup
theory.39 The theory predicts the so-called critical tempe
ture Tc of the ideal glass transition; it was found thatTc

.Tg . Phenomenological analysis has shown that the rela
interval (Tc2Tg)/Tg is larger in strong glassformers an

lesser in the fragile.26,35,40Here we check if such correlatio
exist also between the width of the glass transition, fragil
and anharmonicity. In Fig. 11, bothTg /DTg and the Gru¨n-
eisen parameter for the Debye frequency are shown a
function of the composition. The correlation of the relati
width of the glass transition with the anharmonic parame
is very good even at lowx,0.1. The parametersg and m
correlates withTg /DTg as good asgD ; we show only the
latter since it was determined in a broader interval ofx.
These results show that at least in a series of lithium bo
glasses with different composition the normalized width
the glass transition strongly correlates with the fragility a
anharmonicity of the samples; this stresses the importanc
the anharmonic effects for the theory of the glass transiti

IV. CONCLUSION

Due to a strong dependence of the boson peak freque
on the composition the lithium borate glasses give an ex
lent opportunity to investigate correlations between the lo
frequency Raman spectra~quasielastic scattering and the b
son peak!, anharmonicity, and fragility. We fitted the
quasielastic line by a single relaxation time function and
ing this data and the anharmonic model of the f
relaxation15 found the Gru¨neisen parameter for the boso
peak vibrations. We estimated also the Gru¨neisen paramete
for the Debye frequency and found out that both parame
increase when Li2O fraction increases. Comparison of th
anharmonicity parameters with the fragility in the samples
the same composition showed that they strongly correl
higher anharmonicity corresponds to higher fragility. In
good agreement with the predictions of the anharmo
model15 the width of the quasielastic line is proportional
the boson peak frequency. We found a characteristi

FIG. 10. Schematic differential thermal analysis curve of the glass tra
tion.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 11. Correlation of the width of the glass transitio
region,Tg /DTg with the Grüneisen parametergD .
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medium range lengthLb of the boson peak vibrations de
creases with increasing fraction of Li2O not only in absolute
units, but also if measured in respective interatomic d
tances; this confirms an assumption that increase of frag
corresponds to decrease of the structure correlation leng23

It is shown that the width of the glass transition region in t
series of lithium borate glasses depends on the compos
like the Grüneisen parameters. Thus, the anharmonic pro
ties of the material correlates both with the fast relaxat
and with the primary one. For the former it determines
strength of the relaxation process and for the latter, s
parameters, such as, fragility and the width of the glass t
sition region.
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1J. Jäckle, in Amorphous Solids: Low-Temperature Properties, edited by
W. A. Phillips ~Springer, New York, 1981!.

2E. Duval, A. Boukenter, and T. Achibat, J. Phys.: Condens. Matte2,
10227~1990!.

3A. P. Sokolov, A. Kisliuk, D. Quitmann, and E. Duval, Phys. Rev. B48,
7692 ~1993!.

4V. N. Novikov, E. Duval, A. Kisliuk, and A. P. Sokolov, J. Chem. Phy
102, 4691~1995!.

5A. J. Martin and W. Brenig, Phys. Status Solidi B64, 163 ~1974!.
6V. K. Malinovsky and A. P. Sokolov, Solid State Commun.57, 757
~1986!.

7S. R. Elliot, Europhys. Lett.19, 201 ~1992!.
8Yu. M. Galperin, V. G. Karpov, and V. I. Kozub, Adv. Chem. Phys.38,
77 ~1989!.

9U. Buchenau, H. M. Zhou, N. Nu¨cker, K. S. Gilroi, and W. A. Phillips,
Phys. Rev. Lett.60, 1318~1988!.

10J. Horbach and W. Kob. Phys. Rev. B60, 3169~1999!.
11S. N. Taraskin and S. R. Elliot, Phys. Rev. B59, 8572~1998!.
12W. Götze and M. R. Mayr, Phys. Rev. E61, 587 ~2000!.
13N. Theodorakopoulos and J. Ja¨ckle, Phys. Rev. B14, 2637~1976!.
14K. S. Gilroy and W. A. Phillips, Philos. Mag. B43, 735 ~1981!.
Downloaded 03 Apr 2007 to 130.158.56.189. Redistribution subject to AI
-
ty
.

on
r-
n
e
h

n-

-

15V. N. Novikov, Phys. Rev. B58, 8367~1998!.
16V. N. Novikov, A. P. Sokolov, B. Strube, E, Duval, N. V. Surovtsev, an

A. Mermet, J. Chem. Phys.107, 1057~1997!.
17N. V. Surovtsev, J. Wiedersich, V. N. Novikov, A. P. Sokolov, and
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40E. Rössler, V. N. Novikov, and K.-U. Hess, J. Non-Cryst. Solids223, 207

~1998!.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


