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Abstract

A theory describing frequency and temperature dependences of the quasielastic peak (QEP)
of low-frequency Raman scattering in glass-like materials is suggested. It is based on the
ideas about dynamical fluctuations of defects concentration at the internal surface of the
glass consisting of nanometer-size clusters. The fluctuations lead to variations of the
Laplace pressure in the clusters and, as a consequence, the appearance of QEP. The theory
results in a good quantitative description of the experimental low-frequency Raman spectra,
which could not be achieved in framework of the known double-level system model.

Key words: glass-like materials, Raman scattering, quasielastic peak, nanoclusters,

adatoms.

PACS: 71.55.-)Jv, 78.30.-J, 78.66.Jg, 81.05.Kf

1. Introduction

Low-frequency Raman spectra (RS) of glass-
like media have a series of peculiarities
distinguishing such materials from their
crystalline analogues. Following the work [1],
presence of the so-called “boson” peak (BP) in
the mentioned spectra is usually interpreted with
the ideas of spatial correlation of fluctuations for
elastooptic constants caused by structural
inhomogeneities of the glass at a nanometer
scale. One can suppose (see, e.g., [2, 3] and
references in [4]) that these inhomogeneities
result in existence of so-called medium-range
order (MRO) in the glass. MRO can be
characterized by a set of ordered regions, whose
sizes exceed the short-range order length close
to the molecular one and typical for fluids. As a
limiting case of the idea, the hypothesis about a
crystallite structure of glass-like systems has
been proposed long ago (see, e.g., [5]). Within
the ideas of MRO, which can be interpreted in
terms of nanometer-size clusters (or simply

nanoclusters, NC) in glass, the appearance of the
BP can be easily understood qualitatively.
Really, considering the simplest case of NC as
an elastic sphere of radius R and solving the
equations of the elasticity theory, one can show
that the eigen frequencies of oscillations of the
sphere are be determined by the ratio ~ ¢/R,
where c is a characteristic sound velocity in the
material of NC. Then the BP shape can be
obtained through averaging local RS intensities
over the random distribution of spheres’ radii R,
while the temperature dependence of the BP
intensity is described with a good accuracy by
the Bose-Einstein factor. In this situation, as
shown in [6], the phenomena at the boundary
NC/glass-forming matrix would be essential for
the interpretation of the experimental RS in the
BP region.

According to the experimental results [7],
beside of the BP, RS in many glass-like
compounds contains also a quasielastic peak

(QEP),

whose intensity increases  with
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increasing temperature much faster than the
Bose-Einstein function predicts. Unlike the BP,
the properties of which are quite well
investigated and explained, the nature of the
QEP has not found a consistent theoretical
interpretation till now. For example, the double-
level system model [8] leads to unsatisfactory
interpretation of the experimental data [7] for
the temperature dependence of the QEP
intensity. Another approach [9], relating QEP
with a light scattering at overdamped acoustic
modes in the glass, can be hardly considered as
consistent, because no physical model has been
suggested in [9] for justification of presence of
such the modes.

On the contrary, the idea about the cluster
structure of glass-like materials allows one to
arrive at an adequate (even on a quantitative
level — see below) treatment of the low-
frequency RS in the above media. Essential
argument in favour of the mentioned idea is a
well-known fact that the crystallization process
in the glass, as a matter being in a metastable
state, takes some time. As it is known, the
process is realized with appearance of small
agglomerates of crystalline phase within the
metastable phase of the glass. It is just these
agglomerates that should be associated with the
NC, which produce the two intensity peaks — the
BP and the QEP — in the low-frequency RS of
glass-like materials.

Among the glass-like systems, one can
distinguish a class of compounds containing the
ion-conductive inclusions Agl. According to the
experimental data [10], the latter represent a part
of the form of NC (or
“microdomains”, in terms of [10]), weakly

glass in the

connected with the glass-forming matrix. It has
been shown in [11] that the QEP shape in such
the materials is well described with the ideas of
local dynamic fluctuations of the concentration
of mobile ionic defects inside the NC. In this
situation, the contribution of the individual NC
to the QEP intensity is determined by a
Lorentzian, whose width is equal to the inverse
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relaxation time of the mentioned dynamic
fluctuations. The resulting frequency
dependence of the QEP intensity is obtained
with averaging the local Lorentzians over the
NC size distribution.

In principle, one could perform theoretical
analysis of the QEP in dielectric glasses of
Sm,0;-P,0s5 type, basing on the model of re-
laxation of structural defects inside the NC. Ho-
wever, simple estimations show that the defect
activation energy required for the agreement
with the experimental data [7] is much lower, in
comparison with the values known for those
materials from the literature [12].

It means that, most likely, the QEP in
dielectric glasses is caused by the relaxation
phenomena at the boundary NC/matrix. An
important fact demonstrated by Frenkel (see the
monograph [12]) is that the activation energy for
the surface defects is several times lower than
Then the

dynamical variations of the surface tension at

the corresponding bulk value.

the boundary NC/matrix cause dynamical defor-
mations inside the NC, due to the Laplace
pressure effect. Through the elastooptic effect,
these deformations will induce the appearance
of QEP in the RS of glasses. Within this formu-
lation, the role of the surface becomes crucial, as
it should be naturally expected for the NC.

On the basis of the ideas formulated above,
in the present paper we have suggested for the
first time a natural approach to description of
both the frequency and temperature dependences
of the QEP intensity in the dielectric glassy
materials. We shall show that the theoretical
calculations can be quantitatively coordinated
with the experimental data for the QEP at quite
realistic values of the parameters appearing in
the theory, which have an apparent physical
meaning.

2. Theoretical model

Similar to earlier works [6, 11], we shall model
the NC in the glass by spheres, the radii R of
distributed

which are according to the
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logarithmic-normal law. For the quantitative
description of the fluctuation processes at the
NC surfaces we shall use the Frenkel’s concepts
[12]. Let us suppose that the atoms at the NC
surface layer can pass into the adsorbed state
(i.e., they “partially evaporate”, in terms of [12])
by means of the activation, forming a so-called
“subsurface” layer of “adatoms”. Let us denote
the time-dependent numbers of the adatoms and
“non-evaporated” atoms at the NC surface as

N, (t) and N (t), respectively. Let N be the
number of positions occupied by both the “non-

evaporated” atoms and the adatoms. Since the
whole number of the surface atoms remains

N, (t)+N,(t)=N

must fulfil. The free energy of the adatoms is

conserved, the relation

defined by the expression
F[N,(t)]=EN,(1)-TS[N,, ()], (D
where E is the energy of “partially evaporated”

atom (or the energy needed for forming the
adatom) and T the temperature,

N!
S[N“d(f)]ﬂl“[[w—zvm(r)]ww(r)i @

denotes the entropy of independent distribution

of the adatoms and ‘“non-evaporated” atoms

over their possible positions. N, (f) can be

presented as a sum of the two components: (i)

the equilibrium (static) number of adatoms
N

exp(E/2T)+1’

(eq) _
ad

3)

determined by the minimum of the free energy
(1), and (ii) the dynamical fluctuation term

SN, (1) leading to appearance of the QEP.

SN, (t) can be determined from the next

obvious condition: the changing rate for the
number of adatoms is equal to the difference
between the numbers of atoms passing per unit
time from the surface to the subsurface layer and
backwards. Performing elementary
mathematical calculations, we come to the

expression

5N, (1) =N, (0)e™", @

where 1/7=1/7,, +1/7,,, 7, =7, exp(E/T) is

the characteristic time of “partial evaporation”
(the time for appearance of the adatom) and

T, =7,exp(E,/T) the characteristic time of

the adatom’s “condensation”. Below, we put
E =0 for

condensation time that coincides with the

simplicity, considering the
characteristic vibration period 7, «c 107" s.

In order to find the RS tensor, it is
necessary to calculate thermodynamic averages

<5gﬁ (70).1) 0%, (FZ(”),O)> from

combinations of the dynamic permittivity tensor
(n)

bilinear

at the points 7' and 172(") of an individual (nth)

NC, supposing uncorrelated  fluctuation
processes for different NCs. Then the RS tensor

is determined by

(@) =3 [l i art? (g, (7 1) (2 o)l 9
n o

where  is the frequency and the summation is
performed over all NCs in the scattering
volume. Eq. (5) must describe either the BP or
the QEP occurring in the low-frequency domain
of RS in the glass-like system. As for the BP, its
shape will be determined by the dynamic

fluctuation strain tensor ui].<;7](”),t) inside the

NC (see Introduction), so that we have

Og; (,71(71),;) =au, (;7'(”),1) +

+aZ5ijull (’_’i(n) ’t) , ©

where g, and a, are the elastooptic constants of

the NC. The procedure for calculating the
frequency dependence of the RS intensity in the
BP region, using Eq. (6) and taking explicitly
into account the effects of dissipation and
surface tension at the NC/matrix boundary, is
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described in [6]. In the present paper, we use the
relation for the BP intensity taken from [6] and
neglect for simplicity the dissipation effect (such
the neglect does not affects essentially the
accuracy for description of the experimental
data — see below).

When
dependence of the QEP intensity, it is necessary

calculating the frequency
to consider the fluctuation permittivity tensor
that accounts for the contribution corresponding
to the fluctuation processes at the boundary
NC/matrix discussed above. As mentioned in
Introduction, it would be natural to connect the
QEP with the NC permittivity variations, owing

to the fluctuations & p(t) of the Laplace
pressure caused by curvature of the NC surface.

In view of a small size of the NC, one can
neglect the effects of acoustic retardation of the

pressure  fluctuations and represent the
fluctuation permittivity tensor inside the NC as
og
5, (1)=4, [a_j 5p(1). )
P ),

where the pressure derivative of the permittivity

_ J‘d(é‘aad (0)>5do (O)e—F[ﬁaad(o)J/T

is written out using the assumption of isotropic
continuum. The variation of the Laplace
pressure is given by

20
sp(t)= ’;(t), ®)

where 5K(t) represents the fluctuation part of

the surface tension coefficient at the boundary
NC/matrix. One can link &k (¢) with the

dynamical part of the adatoms’ surface density
so,,(t)=6N,, (t)/(47rR2) through the relation

Sk (t)=bdo,, (1), )
where the constant b, in its meaning, is of the
order of the adatom formation energy.

Substituting Eq. (7) into Eq.(5), taking
Egs. (8) and (9) into account and integrating
over the time and coordinates of the individual
NC, we obtain that its contribution into the QEP
intensity will be proportional to the square of
NC volume and the Lorentzian having the width
1/7 . After that, the thermodynamic averaging in
Eq. (5) is reduced to calculating the normalized
functional integral

<5O-jd (O)>

where we have kept the term o« 5o, (0) in the

fluctuation part F [50ad (O)J of the functional

(1). The resulting relation for the QEP intensity
may be obtained with calculating the appearing
Gaussian integrals and replacing the summation
over individual NCs with integrating in the R
space with the logarithmic-normal distribution
function.

Introducing the dimensionless frequency

where @ stands for the

max ? max

=0/
frequency of the BP intensity maximum, we can
write

1, (8)=35,5, (IQEP (@)+ 1" (cb)) . (1)

Here we obtain
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jd(é‘aad (O))e_F[M“"(O)]/T

, (10)

14227

(1+eE/2T )2 X
e (12)

19" (@)= 4

l+e

B 2
cbz+(1+e’E/T) /(r,@ )2

0 max

for the QEP intensity. The BP intensity can be
calculated as described in [6]. If the NC
oscillation damping is neglected (processing of
the experimental data testifies that the neglect
does not influence notably the accuracy of
agreement between the theory and experiment),
we finally arrive at

1 2 g ~af ~
- ——In [).a)A(a))J
o’e 24
é b

o\ (@)

1" (@)=BT (13)

1+

where 2=2,3¢, /(®,,R,),c, is the longitudinal
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denotes the bulk modulus for the NC material,
and the function A(®) in Eq. (12) is given by a

sound velocity in the NC material, A and R,

the parameters of the logarithmic-normal

-1 solution of a cubic equation and has the form
C o [0nK
distribution, &= —2* 2 , K
2.3¢,\ & ),

~2 ~2
| i/H /1——2‘;’52 +i/1_ 1——2‘;’§2 (& <338
w

1

A(@)= (14)
() ) arctan[«/é)z/ﬂgz—l} A
——cos ;@ >3+/3&
3 3
Here all the factors in Egs. (12) and (13), experimental data, are included in the constants

which are unessential for the further analysis of A and B.
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Fig. 1. Experimental low-frequency RS ( B) for the glass (Sm;03)025(P20s5)075 at T = 15 K [7]. The
solid curve is calculated with formula (14). The parameters are given in Table 1.
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Fig. 2. Scaled experimental low-frequency RS (1) for the glass (Sm203)0.25(P20s5)075 at T = 300 K
(see the text). The solid curve is calculated with formula (14). The parameters are given in Table 1.
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3. Analysis of experimental data and
discussion

Formulae (12) and (13) have been employed to
describe the experimental RS data [7] for the
glasses Sm,0;-P,0s. Being imposed by thermo-
activation processes, the quasielastic scattering
is negligible at low temperatures, so that only
the BP is present in the low-frequency spectra.
The results of processing of the experimental RS
data at 7= 15 K are shown in Fig. 1, where the
solid line is constructed with the aid of Eq. (13)
and the parameter values gathered in Table 1.

Table 1. Values of the parameters obtained
from the best fit of the experimental data [7]
and Eqgs. (12) and (13).

A A & T E. K

o0 max

0.62 2 0.1 0.5 900

In order to select the effect of quasielastic
subtracted the BP
contribution (scaled using the Bose-factor for

scattering, we have

the case of room temperature) from the
experimental data [7]. The graphs thus obtained
are depicted in Fig. 2, together with the results
of our calculations using Eq. (12) and the fitting

40
35
30-
25
201
15 .
10
5]
0l

Intensity (a. u.)

parameters from Table 1.

Besides, the experimental points for the
glass (Sm,03)25(P20s)o75 (the squares, see the
data [7]) and the theoretical line (calculated
using Eq. (12)) depicted in Fig. 3 show the
temperature dependence of the quasielastic
scattering intensity at @~ 0.25. For
comparison, we show also the results [7]
calculated within the double-level system model
(see the dashed line in Fig. 3). It is seen that the
latter model does not reflect the experimental
situation, even on a qualitative level. On the
contrary, the calculation results based on our
formula (12) agree very well with the
experiment. Thus, one can consider the
approach developed in the present paper as
being adequate to the actual situation occurred
in the glasses such as Sm,03-P,0:s.

In summary, let us formulate the main
conclusions of this work. Basing on physically
clear ideas about the dynamic fluctuations of the
adatom density at the NC/matrix boundaries, we
have put forward a consistent theory for the low-
frequency RS in glass-like materials. The results
of the theory can be made quantitatively

consistent with the experimental data for the

—T 1 1 1 1 1T 1T 1T 171
0 50 100 150 200 250 300 350 400 450 500

Temperature (K)

Fig. 3. Experimental (W) temperature dependence [7] of quasielastic scattering intensity at the
dimensionless frequency @ =(.25. The solid curve is calculated with formula (12) and the dashed

curve with the double-level systems model [7].
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glasses (Sm;03)025(P20s)o75. On the contrary,
the calculations that use the known double-level
[7] do not describe the
experimental data for such the glasses even

system model

qualitatively. At last, it seems worth noticing
that one can extract the value of such important
parameter of the glass as the adatom formation
energy, while comparing the theory developed
here with the available experimental data.

The author is grateful to V.N.Bondarev for
the problem formulation

and numerous

discussions of the results.

References

1. Martin A. J., Brenig W. Phys. Stat. Solidi
(b). 63 (1974) 163

2. Malinovsky V. K., Novikov V. N., Sokolov
A. P. Usp. Fiz. Nauk. 163 (1993) 119 [in
Russian]

3. Malinovsky V. K. Fiz. Tverd. Tela. 41
(1999) 805 [in Russian]

4. Roling B., Ingram M. D., Lange M., Funke
K. Phys. Rev. B 56 (1997) 13619

12

10.

11.

12.

13.

Mikhailov M. D., Tveryanovich U. S.,
Turkina E. U. Chemistry of glasses and
alloys. St.-Petersburg University Press
(1998), 143p. [in Russian]

Bondarev V. N., Zelenin S. V. Fiz. Tverd.
Tela. 45 (2003) 790 [in Russian]

Carini G., Federico M., Fontana A.,
Saunders G. A. Phys. Rev. B 47 (1993)
3005

Theodorakoulos N., Jickle J. Phys. Rev. B
14 (1976) 2637

Nemanich R. J. Phys. Rev. B 16 (1977)
1655

Tatsumisago M., Torata N., Saito T.,
Minami T. J. Non-Cryst. Solids 196 (1996)
193

Bondarev V. N., Zelenin S. V.
Elektrokhimiya. 39 (2003) 501 [in Russian]
Frenkel Ya. I. Selected works, v. 2. USSR
Academy of Science publishing (1958),
598p. [in Russian]

Landau L. D., Lifshitz E. M. Statistical
physics, part 1. Moscow, Nauka (1976),
584p. [in Russian]

Ukr. J. Phys. Opt. V6. Nel



