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Relation of structural and elastic crossover length investigated
by low-frequency Raman scattering in GexSe12x glasses
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Low-frequency Raman spectra~10 cm21–80 cm21) have been studied in the GexSe12x (0.02<x<0.40)
glasses. The Raman spectra reduced by the Bose factorI R(v), which are proportional to the vibrational density

of states, show a power-law dependence of the frequency,v, g(v)}v d̃21 in a low-frequency region. The

value d̃ is a noninteger, which suggests that these glassy systems have fractal structures. The spectraI R(v) of
Se-rich samples are classified into three regions whose vibrational properties are due to acoustic phonons,
bending fractons, and stretching fractons, whereas that of the Ge-rich samples’ two regions are due to acoustic
phonons and stretching fractons. The difference of two types of these low-frequency properties are explained
by correlation of thestructural crossover lengthj and theelasticcrossover lengthl c . The threshold of these
phenomena occurs near^r &;2.4, which may be related to the prediction of the Phillips-Thorpe constraint
theory.@S0163-1829~98!10017-6#
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Low-energy excitations in disordered materials prese
universal features such as a plateau in their low-tempera
thermal conductivity and an appearance of a Boson pea
Raman and inelastic neutron-scattering spectra. A g
many works have been devoted to attain a complete pic
of the low-energy dynamics. These important and interes
subjects, however, is not yet resolved. In this paper,
tackle this problem with Raman-scattering measureme
and the concept of fracton dynamics.1 Over the decade nu
merous investigations on dynamics of fractal networks h
been made aiming at the understanding of the nature of
dom systems.2 The extensive experimental investigations
Raman scattering from fractal structure have been carried
on aerogels.3,4 Besides studies on aerogels, low-frequen
Raman properties of disordered materials have been repo
for polymers, such as polymethylmetacrylate~Ref. 5! and
glasses, such as borate glass6 or amorphous arsenic.7 Theo-
retical works for Raman scattering from fractal structures
also vigorously made.8,9

We present the investigation of the low-frequency Ram
properties of GexSe12x glasses. The GexSe12x glasses that
show a wide range glass-forming tendency (0<x<0.42) are
easily prepared by quenching the melt in iced water. In
GexSe12x glasses, the bonding between atoms are ma
covalent, and moreover, the masses of germanium and
nium atoms are almost the same. The GexSe12x glasses are
thought to be an ideal covalent network system for study
the network structure. By changing the germanium conte
x, one can control the structure of the glass and the ave
coordination number,̂ r &54x12(12x). At small x, the
glass has a one-dimensional-like network structure ma
composed of Se chains. At the stoichiometric composit
GeSe2, the glass has layered two-dimensional-li
fragments.10 The Raman-scattering measurements w
made with a triple monochromator~Jobin-Yvon T64000!
equipped with a charge-coupled device detector. The wa
length of the excitation light was 632.8 nm of He-Ne las
and the laser power was so low that the photoinduced cha
should be avoided.
570163-1829/98/57~17!/10228~4!/$15.00
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In glassy systems, the intensity of Raman scatteringI (v)
at the frequencyv/2p is usually written in the form11

I ~v,T!5C~v!g~v!@n~v,T!11#/v, ~1!

wheren(v,T)11 is the Bose factor for the Stokes scatte
ing, g(v) the vibrational density of states~VDOS!, and
C(v) the coupling between the light and lattice vibratio
The functionC(v) can be determined by comparison of i
elastic neutron- and Raman-scattering spectra. It has b
found that C(v)}v for disordered materials of variou
types.12 This relation holds in the low-frequency regio
above the Boson peak position. By taking into accoun
relation of C(v)}v, Raman intensity reduced by the Bos
factor I R(v) is proportional to VDOS in the low-frequenc
region and is independent of temperature,

FIG. 1. The log-log plots of reduced Raman spectraI R(v) of
GexSe12x glasses in the low-frequency region. The spectrum of
Se-rich sample~a!,~b! is fitted by three straight lines, while that o
the Ge-rich sample~c!,~d! is fitted by two straight lines.
10 228 © 1998 The American Physical Society
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I R~v![
I ~v,T!

n~v,T!11
}g~v!. ~2!

We refer to a certainv dependence of VDOS,g(v)}v d̃21,
as a fracton behavior.1 The value ofd̃ , which is referred to as
spectral dimensionality, is not an integer.

Figure 1 shows the log-log plots of the reduced Ram
spectraI R of the GexSe12x glasses. For the Se-rich sampl
(x50.02, 0.15), each spectrum is fitted by three kinds
straight lines and for the Ge-rich samples (x50.33, 0.36) by
two kinds of straight lines. It is considered that the line #
represents the Debye behavior@g(v)}v2# and lines #2 –#4
correspond to the fracton behavior. The slope of line #
however, is not an integer value. It may be due to thev
dependence ofC(v) that is no longer proportional tov in
the very low-frequency region below the Boson peak po
tion.

By using the sound velocity data of these glasses,
structural correlation lengthj can be estimated from th
point at which #1 and #2~or #4) lines cross. Figure 2 show
the estimation of the correlation lengthj of GexSe12x
glasses by using the following expression:

j5Sv t /v0 , ~3!

where v t is the transverse sound velocity andv0 the fre-
quency #1 line and #2 or #4 line crosses. A shape factoS
depends on the cluster shape. For a spherical shapeS>0.8,
and 0.5 for a linear shape. In the case of a sphere,j is the
diameter, and the length for a line. Without knowing t
cluster shape, we will take a mean valueS50.65.12,13 The
data of transverse sound velocity are referred to in
literature.14 Thus obtained correlation lengthsj of GexSe12x
glasses are in the range of 10–15 Å. Above the lengthj, the
structure is regarded as homogeneous, while belowj, the
structure is considered to be inhomogeneous or fractal.

Next we consider the reason why the log-log plot of t
reduced Raman intensity is fitted by two or three strai
lines depending on the composition ratio. We shall disc
two kinds of low-frequency properties in terms of vect
elasticity.15–18 It has been pointed out that the vector natu
of atomic displacement is essential for describing the frac

FIG. 2. The estimated structural crossover lengthj of GexSe12x

glasses.
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excitation in real materials. In the vector elasticity model, t
potential energy is given by15–17

V5
1

2
a(̂

i j &
gi j @~ui2uj !•r i j #

21
1

2
b (

^ i jk &
gi j gik~du j ik !2.

~4!

Here,ui is the vector displacement of atomi , r i j the direc-
tional unit vector between nearest neighbors^ i j &, du j ik is the
change in the angle between bond^ i j & and ^ ik& due to the
displacements of atoms;gi j 51 for the bonds that are occu
pied andgi j 50 for the bonds that are empty, anda andb

FIG. 3. Schematic diagram showing the correspondence
tween length scales and frequencies~after Ref. 15!. ~a! In the case
of j, l c , vibrational excitations in a low-frequency region a
acoustic phonons and stretching fractons.~b! In the case ofj. l c ,
they are acoustic phonons, stretching fractons, and bending
tons.

FIG. 4. The spectral dimensionalities obtained by the slope
the lines (#1 –#4). Thedata of #1 are supposed to correspond
Debye behavior. The data of #2 are due to the bending fracton
those of #3 and #4 are due to the stretching fracton.
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are the bond stretching and bond bending force consta
respectively.

We suppose that two crossover lengthsj and l c indepen-
dently exist in the Ge-Se network glass as discussed in
following. The lengthj is the structural crossover length,
which was mentioned above. We take a characteristic len
of interest asL, for example the wavelength of the excit
tion. When the relation ofL.j holds, the structure is re
garded as homogeneous. A vibrational excitation wh
wavelength equalsL belongs to extended modes~acoustic
phonons!. In the case ofL,j, the structure is considered t
be fractal, and a vibrational excitation of wavelengthL is
strongly localized~fracton!. The lengthl c is theelasticcross-
over length where the bond stretching motion is energetic
favorable (L! l c) or the bond bending motion become
dominant (L@ l c). This crossover lengthl c is determined
from the ratio between the bond bending force constanb
and the bond stretching force constanta as l c}(b/a)1/2.15,16

When j, l c , the low-frequency vibrational properties a
dominated by acoustic phonon and stretching fracton
shown in Fig. 3~a!. This situation corresponds to the case
the Ge-rich samples. On the other hand, in the case oj
. l c , the bending fracton contributes to the low-frequen
vibrational properties besides acoustic phonon and stretc
fracton as illustrated in Fig. 3~b!. This relation causes th
low-frequency properties of the Se-rich samples. Acco
ingly, the origins of #3 and #4 straight lines are both due
stretching fracton modes.

As shown in Fig. 4, the spectral dimensionalities of ben
ing fractons d̃b (#2) have almost constant value, where
those of stretching fractonsd̃s (#3 and #4) linearly increas
with the germanium contents. In all cases, the relationd̃b,s
,2 holds, which is a condition where excitations are loc
ized. It is noteworthy that the relation ofd̃b. d̃s is realized
at any composition. This relation contradicts a prediction
a scaling analysis for a percolating network, which results
d̃b, d̃s .17,18 Explaining these experimental results will b
still a challenging problem. When we takeCb,s(v)gb,s(v)
5vnb,s @gb,s(v)5v d̃b,s21#, the axis of ordinates for Fig. 4
is the value of thev exponentnb,s in practice. So far, we
have taken the relation thatC(v) is proportional tov. One
possibility is that the difference of thev dependence o
C(v) causes the relation ofnb.ns under the condition of
d̃b, d̃s . For scalar elasticity, the coupling coefficient wit
out coherence is described by the following expression:

Cs~v!}v2 d̃ss/D f2 d̃s, ~5!

where D f is Hausdorff fractal dimensionality and the di
tancer in the Euclidean space corresponds tor s in the frac-
tal space (s.1).9 We consider that the increase of the val
of ns with the germanium content corresponds to the lin
increase of the value ofs with the germanium contents.

At present, we assume that the coupling coefficient for
bending motion is simply described by the following expre
sion:

Cb~v!}v2 d̃b /D f . ~6!
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Accordingly, the value ofnb holds constant under thev
dependence ofCb(v). Taking the appropriate value fors
and D f , the relation ofnb.ns and localization condition,
d̃b,s,2 hold. The difference betweenCb(v) and Cs(v)
may depend on an interaction propagating either in the
clidean space or in the fractal space.8 The experimental resul
of nb.ns , however, leaves room for a variety of interpret
tions.

Phillips and Thorpe presented the notion of the rigid
percolation in covalent glasses.19 They developed a mean
field theory for the number of zero-frequency modes in
covalent network glass. Taking into account the constra
by bond-stretchinga and bond bendingb forces, rigidity
percolation threshold exists in̂r &52.4.

For ^r &.2.4, the rigid regions percolate in the gla
~overconstrained!. For 2,^r &,2.4, the floppy regions per
colate in the glass~underconstrained! and the network can be
deformed at no cost in energy. The chalcogenide glasse
the type Ge-~As!-Se are a physical realization of rigidity pe
colation problem because of the weakness of the energy
sociated with the dihedral angle.20–25

In our experiment, the spectral dimensionality of t
bending fractons extends to^r &52.44, which gives a similar
result to Boolchand and co-worker’s claim.22 They claimed
that the rigidity threshold in Ge-Se glasses occurs at^r &
52.46. However, Wanget al.23 and Taniguchiet al.24 re-
ported that the rigidity threshold occurs at^r &52.40 or less
based on their experimental result. Wanget al. investigated
the temperature dependence of the structural change
Ge-Se glasses by Raman scattering. Taniguchiet al. investi-
gated the valence-band ultraviolet photoemission spect
copy and conduction-band inverse-photoemission spect
copy spectra of Ge-Se glasses. In our paper, taking s
experimental results into consideration, we only pointed
that the rigidity threshold in Ge-Se glasses occurs ‘‘nea
^r &52.40.

Recently, Phillips discussed the relation betweenb/a ra-
tio and the constraint theory of network glass26 to explain the
Uebbing and Sievers’ data25 for the relaxation rateg of the
H2O symmetrical stretching mode. For^r &.2.4, b bending
constraints have been replaced bya stretching constraints
which causes an increase in the concentration of thea local-
ized mode. In our experimental data in Fig. 4, the contrib
tion of the bending motion seems to vanish in overco
strained glasses, which seems to reconcile his argument

In summary, the low-frequency Raman scattering o
served for germanium selenide glasses has been discuss
terms of fracton dynamics and the notion of rigidity perc
lation. The excited vibrational modes of GexSe12x glasses in
the low-frequency region are acoustic phonon and fract
Especially, the contribution of the bending fracton to t
low-frequency region appears only in the underconstrai
glasses. We have discussed these phenomena using the
cept of the vector elasticity.

We are grateful to Professor T. Nakayama for stimulat
discussions. This work is partially supported by Grants-
Aid for Scientific Research~B! and Scientific Research o
Priority Area both from the Ministry of Education, Scienc
and Culture~Japan!.
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