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Frequency behavior of Raman coupling coefficient in glasses
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The low-frequency Raman coupling coefficientC(n) of 11 different glasses is evaluated. It is shown that the
coupling coefficient demonstrates a universal linear frequency behaviorC(n)}(n/nBP1B) near the boson
peak maximumnBP . The frequency dependence ofC(n) allows us to separate the glasses studied into two
groups: the first group has a frequency independent contributionB;0.5, while the second one hasB;0. It
was found thatC(n) demonstrates a superlinear behavior at very low frequencies. This observation suggests a
vanishing of the coupling coefficient when frequency tends to zero.
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I. INTRODUCTION

One of the most interesting topics in solid-state physic
the nature of the low-frequency~0.1–3 THz! collective vi-
brations in glasses. While these frequencies are in the ra
of acoustic excitations, there is experimental evidence
the vibrations are not pure acoustic plane waves and t
density of vibrational statesg(n) does not follow the Debye
behavior (}n2, wheren is the frequency!. A maximum in
g(n)/n2 that appears at some frequencynBP is usually
called the boson peak. Vibrations around the boson peak
be studied by several experimental techniques: lo
temperature specific heat and thermal conductivity,1 inelastic
neutron2 and x-ray3,4 scattering, infrared absorption,5 and Ra-
man scattering.6 In the case of the low-frequency Rama
spectroscopy, the density of vibrational states appears in
light scattering spectrum via the so-called light-vibrati
coupling coefficient,C(n)7

I ~n!5C~n!g~n!
n11

n
, ~1!

whereI (n) is the Raman intensity for the Stokes side of t
spectrum andn is the Bose factor.

Knowledge of C(n) and an understanding of its fre
quency dependence have significant importance for the t
of low-frequency vibrations. First of all, knowledge ofC(n)
provides a relatively simple method to extract the vibratio
density of states from a Raman experiment. Second,
light-vibration coupling coefficient contains information o
the vibrational wave function7 and, therefore, can be used
a test of different models.

Two classical models suggested for the description
C(n) lead to different predictions:~i! Shucker and Gammon7

assumed that vibrations are localized on a distance m
shorter than the light wavelength and predictedC(n)
5const, while ~ii ! Martin and Brenig8 have demonstrated
that a polarizability disorder mechanism applied to sligh
damped acoustic waves leads toC(n);n2 behavior at low
frequencies and a peak at higher frequencies, related
correlation length of the polarizability fluctuations. It wa
shown that quasi-plane acoustic waves with finite mean
pathl will also contribute to the low-frequency Raman spe
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trum with C(n);n2, when l 21}n4 ~Refs. 6 and 9! or with
C(n)5const, whenl 21}n2 Refs. 9 and 10.

There are a few challenges for experimental evaluation
the true vibration coupling coefficient: Very-low-temperatu
data for both Raman spectra andg(n) should be used in
order to avoid a quasielastic contribution~fast relaxation!
~Refs. 6 and 11!; it is not obvious whether all vibrations a
one frequency contribute to the Raman spectra with the s
C(n), or there are different kinds of vibrations and ea
contributes with its ownC(n). A comparison of the low-
temperature low-frequency Raman spectra of glasses
the totalg(n) obtained from low-temperature specific heat
inelastic neutron data has demonstrated that the coupling
efficient appears to vary nearly linearly with frequency.12–16

However, this comparison did not consider the possibi
that two different kinds of vibrational excitations could c
exist around the boson peak. Although most of the author
present accept the idea that the vibrations around the bo
peak are strongly hybridized and cannot be easily separa
the question is not yet completely settled. This question
came especially important in the light of the results of hyp
Raman scattering experiments.17 The existence of difference
in the behavior of THz spectra in Raman and hyper-Ram
scattering experiments was interpreted as evidence of the
existence of two types of vibrational excitations. Also, the
are theoretical approaches describing the THz dynamic
glasses as the coexistence of two different types of vibrati
in this spectral range~for example, Refs. 18 and 19!. In this
case, the Raman coupling coefficient can lose its good ph
cal meaning.20 One of the strong arguments in favor of th
existence of a single type of vibrational excitation could
the universal behavior ofC(n) for glasses with various
structures. This universality suggests that the two hypoth
cal types of vibrations are interrelated.

A detailed analysis performed for silica glass has sho
that C(n) varies linearly with frequency,

C~n!5A~n/nBP1B!, ~2!

in the range 10–50 cm21.21 This result was interpreted in
Ref. 21 as evidence that the coupling coefficient extrapola
©2002 The American Physical Society05-1
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TABLE I. References used forC(n) calculation in the present work@for Raman data, neutron scatterin
data, specific heat dataCP(T)#, previously publishedC(n), and the boson peak position, defined as
position of maximum ofg/n2, for different glasses.

Glass Raman Neutron CP(T) C(n) BP position@cm21#

1 SiO2 25,26 21,27 28 12,21 33.5
2 B2O3 29 30,31 18 18
3 (Ag2O)0.14(B2O3)0.86 32 32 22.5
4 Se 13 33 34,35 12
5 As2S3 13 36 14 16.5
6 CKN 37 38 39 20.5
7 GeSe2 40 41 41 10
8 GeO2 42 42 27
9 PC 10 11
10 PS 43 31,44 12 11.5
11 PMMA 45 31 46 12.5
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to a nonvanishing value in the limitn→0. However, it was
shown in Ref. 22 that the coupling coefficient demonstrate
superlinear behavior just below 10 cm21, i.e., the observed
linear behavior cannot be extrapolated to zero frequenc
would be very important to know whether this behavior
general also for other glasses.

The present contribution analyzes the frequency beha
of the coupling coefficient in a broad set of different glass
strong and fragile, covalently and ionically bonded, low m
lecular weight, and polymeric. It is shown that all glass
demonstrate the linear behavior ofC(n) @Eq. ~2!# around the
boson peak frequency. One of the most striking results is
there are two groups of glasses. One has a freque
independent contributionB with a universal value;0.5,
while the second group of glasses hasB'0. An interpreta-
tion of the results is proposed and a correlation with lo
temperature thermal conductivity is found.

II. COUPLING COEFFICIENT EVALUATION

The density of vibrational states must be known in ord
to extract the Raman coupling coefficient@see Eq.~1!#. It has
been shown6,11,23that relaxationlike processes give a signi
cant contribution to the Raman spectra andg(n) at frequen-
cies below the boson peak even at temperatures as low a
K. Thus, experimental data obtained atT below 50 K should
be used for extracting vibrationalg(n). Two experimental
techniques provide information ong(n): inelastic neutron
scattering2 and measurements of low-temperature spec
heat.1 The latter has a few advantages:~i! the number of
glasses for which specific heat data are available is m
larger than the number of glasses for which inelastic neu
scattering data are available;~ii ! the density of states calcu
lated from low-temperature specific heat data correspond
a very low temperature, where usually no neutron data
available. While in the past only a phenomenological ana
sis was available for extraction of the coupling coefficie
from comparison of the specific heat and Raman data~for
example, Refs. 13 and 24!, recently it was shown that th
integral equation for the specific heat temperature dep
05420
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dence can be solved numerically and therefore the densit
vibrational states may now be obtained from heat capa
measurements.22

By using published data for the low-frequency Ram
spectra, inelastic neutron scattering data, and the l
temperature specific heat we have collected the coupling
efficient for 11 glasses of different types: strong, covale
glasses (SiO2 ,B2O3,As2S3 ,GeO2,GeSe2), binary covalent
glass (Ag2O)0.14(B2O3)0.86, covalent glass of medium fra
gility ~Se!, fragile, ioncally bonded glass~CKN!, and poly-
mer glasses: polystyrene~PS!, polycarbonate~PC!, and poly-
methylmethacrylate~PMMA!. The references used for thes
glasses are shown in Table I. Table I also presents value
nBP for various glasses defined as the position of the ma
mum in the curveg(n)/n2.

More details of the coupling coefficient calculation, fig
ures for the frequency dependence of the coupling coe
cient, comparisons between different data, or ways of ca
lation are presented in the supplied material.47 Figure 1
shows the most striking result that two glasses with extre
fragilities–SiO2 and CKN—show a very similar frequenc
behavior in the low-frequency part of the Raman spectrum
can be described by the linear behavior near the frequenc

FIG. 1. Frequency dependence of the coupling coefficientC(n)
for SiO2 ~circles! and CKN glasses~triangles correspond to densit
of states evaluated from specific heat data; lines are for densit
states from inelastic neutron scattering!. Dashed lines are descrip
tions by linear dependence.
5-2
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FREQUENCY BEHAVIOR OF RAMAN COUPLING . . . PHYSICAL REVIEW B66, 054205 ~2002!
the boson peak maximum. This observation is important
cause the density of vibrational states at the boson pea
SiO2 exceeds the Debye level by;4 times @i.e., g(n) is
dominated by the excess vibrations# while in CKN the excess
vibrations are only;0.4 of the Debye level. Nevertheles
C(n) appears to be very similar.

III. GENERAL FEATURES OF C„n…

The results for the coupling coefficient shown in the fi
ures of Ref. 47 indicate that the frequency behavior of
coupling coefficient can be considered in three freque
ranges: significantly below the frequency of the boson p
maximum,nBP ; aroundnBP ; and significantly abovenBP .
We compare data for various glasses with the frequency
scaled tonBP .

A. Linear dependence ofC„n… near nBP

A linear behavior ofC(n) for frequencies near that cor
responding to the boson peak maximum can be seen fo
the glasses. This linear behavior can be described by Eq.~2!.
The constantB characterizes the relative contribution of tw
additive terms in Eq.~2!. Figure 2 presents a plot ofC(n) for
seven glasses@SiO2,B2O3,Se,CKN,(Ag2O)0.14(B2O3)0.86,
PS,PC# plotted against scaled frequency@amplitudes of
C(n) were normalized nearn/nBP51#. For clarity, only data
above 0.5nBP are presented in this figure. Clear differenc
in C(n) of the different glasses are observed at high frequ
cies. However,C(n) tends to a master curve~universal fre-
quency dependence! at frequencies below;1.5nBP . The
universal behavior shown by the dashed line presents
dependence

C~n!}n/nBP10.5. ~3!

The linear frequency dependence describes well the beha
of C(n) found experimentally starting from the frequen
;0.5nBP . The high-frequency limit of this behavior varie
from 1.5nBP for SiO2 and Se up to about 4nBP for the PC
glass.

FIG. 2. Frequency dependence of the coupling coefficientC(n)
for glasses: SiO2 , B2O3, Se, CKN, (Ag2O)0.14(B2O3)0.86, PS, and
PC, vs scaled frequencyn/nBP . Only region above 0.5nBP is pre-
sented. Numbers of lines correspond to the numbers in Tab
Triangles are (Ag2O)0.14(B2O3)0.86; circles are CKN data. The
dashed line is a fitC(n)}n/nBP10.5. The inset shows the low
frequency part ofC(n) in detail.
05420
e-
in

e
y
k

is

all

s
-

he

ior

However, there exists another group of glasses that d
not follow the frequency behavior highlighted in Fig. 2. Th
results for the other four glasses~PMMA, As2S3 , GeSe2 ,
GeO2) are presented in Fig. 3. HereC(n) for these glasses
can be well described by a simple linear dependence with
constantB in Eq. ~2! having a value of zero.

Thus, all the glasses analyzed here are separated into
groups: those withC(n)}n/nBP10.5 near the boson pea
maximum~Fig. 2! and another group withC(n)}n ~Fig. 3!.
In the following we will refer to these two groups with th
designation of ‘‘type-I’’ and ‘‘type-II,’’ respectively.

B. Low-frequency behavior of C„n… „nË0.5nBP…

At least four glasses (SiO2, Se, PS, CKN! demonstrate a
superlinear frequency dependence in this spectral range.
low-frequency portions ofC(n) for these glasses are pre
sented in Fig. 4 on a log-log scale together with the funct
C(n)}n/nBP10.5. The coupling coefficient varies superlin
early below some frequency;0.5nBP , deviating strongly
from the extrapolation of linear behavior~Fig. 4!. The cross-
over frequency of a transition to superlinear behavior appe
to be;0.3nBP for SiO2 and;0.5nBP for Se, PS, and CKN.

It is remarkable that these systems have significantly
ferent microstructure and fragility. This suggests that the

I.

FIG. 3. Frequency dependence of the coupling coefficientC(n)
for glasses: PMMA~dotted line!, As2S3 ~triangles!, GeSe2 ~solid
line!, and GeO2 ~circles! vs scaled frequencyn/nBP . The dashed
line is a fit C(n)}n. The inset shows the low-frequency part
C(n) in detail.

FIG. 4. The low-frequency part of the coupling coefficientC(n)
for glasses: SiO2 ~solid line!, Se~triangles!, PS~squares!, and CKN
~circles! in logarithmic scale. The dashed line isC(n)}n/nBP

10.5. The dotted line isC(n) for the corrected Raman spectrum
B2O3 glass as explained in the text.
5-3
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perlinear frequency behavior forn,(0.3–0.5)nBP may be
general for various glasses. The fact that we did not obse
the superlinear frequency behavior ofC(n) in other glasses
can be explained by two reasons: either the experime
data are not extended to low enough frequencies or they
measured at temperatures that are not low enough and
presence of the fast relaxation at low frequencies masks
true vibrational behavior. The importance of the relaxat
contribution even at temperature as low asT515 K can be
demonstrated in the case of the B2O3 glass. Indeed, from
Fig. 1 of Ref. 29 it is evident that the fast relaxation is n
negligible atT515 K and dominates forn,3 cm21. Since
the spectral shape of the fast relaxation spectrum in B2O3
does not depend on temperature,29 we can subtract it from
the Raman spectrum atT515 K using the spectrum of th
fast relaxation determined in Ref. 29. The Raman spect
of B2O3 glass corrected in this way~by adjusting amplitude
of the relaxational spectrum at the lowest points of the sp
trum in Fig. 1 of Ref. 29! gives the coupling coefficien
shown by the dotted line in Fig. 4. This revised coupli
coefficient depicts the superlinear behavior atn,0.5nBP .

C. High-frequency behavior of C„n… „nÌ2nBP…

Figures 2 and 3 show no universal behavior of the c
pling coefficient in this frequency range. It varies from su
linear to strongly superlinear behavior for different glasse

IV. DISCUSSION

The observation of the superlinear behavior of the c
pling coefficient below some frequencyn,(0.3–0.5)nBP is
very important. It has been shown thatC(n) for acousticlike
vibrations should increase;n2. This prediction was ob-
tained in the framework of different model approximatio
~see, for example, Refs. 6,8 and 9!.

Based on their experimental observations, the author
Ref. 21 suggested that the linear behavior ofC(n) can be
extrapolated to the limitn→0 andC(n50) has a nonvan-
ishing value. The results of the present work show that
extrapolation is not correct and the character of the
quency dependence changes at lowern, corresponding to the
expectation thatC(n)→0 whenn→0. However, the exist-
ing experimental data do not allow one to establish the ex
frequency dependence, and this topic still requires furt
investigation.

At higher frequencies,C(n) demonstrates the univers
linear behavior for type-I glasses~Fig. 2!. The glasses in this
class vary significantly in structure, fragility, and ratio of th
excess vibrations to the Debye level. There are many mo
that assume two different kinds of vibrations coexisting
frequencies around the boson peak: propagating and lo
ized or quasilocal. For example, in the framework of the s
potential model48 it is assumed that propagating waves ha
a Debye-like density of states and do not contribute to
Raman spectra, while excess vibrations are localized
haveC(n)5const. The ratio of the excess vibrational de
sity of states to the Debye level around the boson peak is;4
in SiO2 and;0.4 in CKN ~Ref. 39!; i.e., it differs up to 10
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times. In that respect, the observed universality ofC(n),
obtained using the total density of vibrational states~Figs.
1–3!, supports an alternative idea that all vibrations arou
the boson peak are hybridized and cannot be separated
propagating and localized.

In order to explain the observed universality ofC(n),
significant theoretical work should be done. A simple mod
implying that the boson peak vibrations combine propert
of both localized and extended excitations was propose
Ref. 47. According to this model, the relative contributio
to C(n) of a frequency-independent term and a term prop
tional to frequency reflect the relative weights of the loc
ized and extended parts of the boson peak vibration.
result of Fig. 2 means that at the boson peak maximum
ratio of the localized and extended parts is the same for th
glasses in the framework of Ref. 47.

However, the frequency-independent contribution toC(n)
for some of glasses is negligibly small~Fig. 3!. We do not
have a clear explanation for the observed difference an
remains a challenge for future investigations. At present
only show another hint that the peculiarity of type-II glass
may be related to weaker localization of the boson peak
brations ~at least this is expected from the model47!. This
difference between two types of glasses has to show u
vibration transport properties. Figure 5 presents the ther
conductivity of SiO2, PS, Se, GeO2, PMMA, and As2S3
glasses~data from Refs. 49–51!. The first three glasses ar
type-I and the next three are type-II. It is convenient to co
pare the pairs of glasses in which the two members of
pair have closely similar chemical nature but belong to d
ferent classes, for example, SiO2 and GeO2, PS and PMMA,
and As2S3 and Se. It appears~Fig. 5! that glasses of differen
type~but of a similar chemical nature! have comparable ther
mal conductivity at higherT but type-II glasses have highe
thermal conductivity at the plateau. It is known that the p
teau region in thermal conductivity corresponds to cond
tivity by vibrations around the boson peak. Thus, this co
parison reveals weaker localization of the boson pe
vibrations in type-II glasses and supports the above spec
tions. However, the question is far from settled and furth
investigations are needed in order to provide a microsco
explanation of the difference between the two types
glasses.

There are no universalities in the frequency depende

FIG. 5. Thermal conductivity of SiO2 ~solid line!, GeO2 ~dotted
line!, PMMA ~open circles!, PS ~solid circles!, As2S3 ~open tri-
angles!, and Se~solid triangles!. Data are taken from Refs. 49–51
5-4



d
it
b

ca

pe

ni
e
en
o

er-
e

ase

on

p-
01-
cial
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of C(n) for n.2nBP . The high-frequency vibrations depen
strongly on a particular atomic organization of a glass,
microstructure. A relation to peculiar microstructure may
the reason for different behaviors ofC(n) in this frequency
range.

V. CONCLUSION

The Raman coupling coefficientC(n) is analyzed for a
large number of glasses strongly different in their chemi
structure and fragility. It is demonstrated thatC(n) has a
universal linear frequency dependence near the boson
maximum:C(n)}n/nBP1B, with B;0.5 for one group of
glasses andB;0 for the second group. The observed u
versality suggests that the vibrations around the boson p
have some universal properties for glasses with differ
structure. It is found that the difference in the behavior
o

e

i

ux
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C(n) in the two groups of glasses correlates with the obs
vation of different behavior of thermal conductivity in thes
two types of glasses. It is also shown thatC(n) has a super-
linear behavior at frequencies below;(0.3–0.5)nBP . A
sharp rise in mean free path of the vibrations with a decre
in n may be the reason for this fast decrease inC(n). No
universality is observed at higher frequencies~above
;2nBP), suggesting that the particular atomic organizati
of glasses is important in this spectral range.
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30E. Pérez-Enciso, M.A. Ramos, and S. Vieira, Phys. Rev. B56, 32
~1997!.

31G.K. White, S.J. Collocott, and J.S. Cook, Phys. Rev. B29, 4778
~1984!.

32G. Tripodo, G. D’Angelo, G. Carini, A. Bartolotta, A. Fontana
and F. Rossi, J. Phys.: Condens. Matter11, A229 ~1999!.

33W.A. Phillips, U. Buchenau, N. Nu¨cker, A.-J. Dianoux, and W.
Petry, Phys. Rev. Lett.63, 2381~1989!.

34J.C. Lasjaunias and R. Maynard, J. Non-Cryst. Solids6, 101
~1971!.

35R.C. Zeller and R.O. Pohl, Phys. Rev. B6, 2029~1971!.
36V.K. Malinovsky, V.N. Novikov, and A.P. Sokolov, Phys. Lett. A

153, 63 ~1991!.
37N.V. Surovtsev, J.A.H. Wiedersich, V.N. Novikov, E. Ro¨ssler, and

A.P. Sokolov, Phys. Rev. B58, 14 888~1998!.
38M. Russina, F. Mezei, R. Lechner, S. Longeville, and B. Urb

Phys. Rev. Lett.84, 3630~2000!.
39A.P. Sokolov, R. Calemczuk, B. Salce, A. Kisliuk, D. Quitman

and E. Duval, Phys. Rev. Lett.78, 2405~1997!.
40S. Sugai, Phys. Rev. B35, 1345~1987!.
5-5



p

i,

l,

d

J.

n,

N. V. SUROVTSEV AND A. P. SOKOLOV PHYSICAL REVIEW B66, 054205 ~2002!
41W.A. Kamitakahara, R.L. Cappelletti, P. Boolchand, B. Halfpa
F. Gompf, D.A. Neumann, and H. Mutka, Phys. Rev. B44, 94
~1991!.

42G. Carini, G. D’Angelo, G. Tripodo, A. Fontana, A. Leonard
G.A. Saunders, and A. Brodin, Phys. Rev. B52, 9342~1995!.

43V.N. Novikov, A.P. Sokolov, B. Strube, N.V. Surovtsev, E. Duva
and A. Mermet, J. Chem. Phys.107, 1057~1997!.

44B.V. Lebedev, N.N. Smirnova, N.K. Kozyreva, A.I. Kirlin, an
V.V. Korchak, Dokl. Akad. Nauk SSSR270, 129 ~1983!.

45N.V. Surovtsev, A. Mermet, E. Duval, and V.N. Novikov,
05420
, Chem. Phys.104, 6818~1996!.
46A. Mermet, N.V. Surovtsev, E. Duval, J.F. Jal, J. Dupuy-Philo

and A.J. Dianoux, Europhys. Lett.36, 277 ~1996!.
47N.V. Surovtsev and A.P. Sokolov, cond-mat/0206295~unpub-

lished!.
48D.A. Parshin, Phys. Solid State36, 991 ~1994!.
49C.C. Yu and J.J. Freeman, Phys. Rev. B36, 7620~1987!.
50J.E. Graebner, B. Golding, and L.C. Allen, Phys. Rev. B34, 5696

~1986!.
51D.G. Cahill and R.O. Pohl, Phys. Rev. B35, 4067~1987!.
5-6


