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Direct Evidence for Stiffness Threshold in Chalcogenide Glasses
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Raman scattering in GexX12x glasses,X ­ S or Se, reveals that the frequency ofA1 modes of corner-
sharing GesX1y2d4 tetrahedra displays a discontinuous jump betweenx ­ 0.225 andx ­ 0.230, which
coincides with a minimum in the nonreversing heat flow at the glass transitionTg established from
modulated differential scanning calorimetry. These results constitute direct evidence for a stiffness
threshold at a mean coordinationkrlc ­ 2.46s1d, which is well described by mean-field constraint
counting procedures. [S0031-9007(97)03283-3]

PACS numbers: 61.43.Fs, 63.50.+x, 78.30.Ly
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A covalently bonded random network progressive
stiffens as its connectivity or mean coordination numb
krl increases. Networks consisting of chains (every ato
having two nearest neighbors,r ­ 2), as in elemental S
or Se, are mechanically floppy because the number
nearest-neighbor bonding constraints [1] per atoms­2d
are less than 3, the degrees of freedom per atom. T
reverse is the case for networks composed of tetrahe
units sr ­ 4d, such as those of elemental Si or G
which are thus intrinsically rigid. In random networks
enumeration of mean-field atomic constraints due to bo
stretching and bond bending forces as a function of me
coordinationkrl reveals [1,2] that the number of zero
frequency (floppy) modes per atom extrapolates linea
to zero whenkrl increases to 2.40. Thus at a critica
mean coordinationkrlc ­ 2.40, the number of constraints
per atom sncd equals [1] the degrees of freedom pe
atomsndd, and mean-field theory predicts [2] the onset
rigidity. In the macroscopically rigid regionskrl . krlcd,
numerical simulations [3] in random networks show th
elastic constantssCd display a power-law behavior with
krl, i.e.,C , skrl 2 2.4dp with p ­ 1.40.

These simple and elegant ideas on mean-field atom
constraints in random networks have attracted particu
attention in glass science. Experiments on chalcogen
glasses not only display evidence of a threshold beh
ior in the electronic [4], thermal [5], vibrational [6,7],
and structural [8,9] properties whenkrl approaches 2.40
with one exception [10], but the glass forming tenden
itself appears to be optimized [1,11] when the netwo
becomes mechanically critical, i.e.,nc ­ nd. In spite
of these developments, understanding of the physical
ture of the stiffness transition, in network glasses, has
mained largelyqualitative. In this Letter we report Raman
scattering and temperature modulated differential scann
calorimetry measurements (MDSC) in binary GexS12x and
GexSe12x glasses which provide direct evidence for th
stiffness threshold nearkrlc ­ 2.46s1d in both glass sys-
tems with the local elasticity displaying the anticipate
power-law behavior in the rigid regime. The shift of th
stiffness transition to a value slightly larger than the mea
field value of 2.40 may be generic for IV-VI glasses, and
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shown to be associated with floppiness of chalcogen ch
segments in which the bond-bending constraint at chalc
gen sites is intrinsically broken.

The binary GexX12x glass systems, withX ­ S or Se
form homogeneous bulk glasses over wide compositio
s0 , x , 0.43d and have been the subject of previous R
man [12–14] and Mössbauer [8] spectroscopic investig
tions from which details of glass molecular structure ha
evolved. These glass systems are attractive also beca
stoichiometric chemical compounds occur at compositio
sx ­ 0, 1y3, 1y2d far removed from the anticipated stiff-
ness thresholdsx ­ 1y5d. We have synthesized about 4
glass compositions starting from 99.9999% elemental G
Se, and S, sealed in evacuateds,5 3 1027 Torrd silica
ampoules in the desired molar ratio. Melts were homog
nized at 1000±C for at least 48 hours and then equili
brated at about 50±C above the liquidus for an additiona
24 hours before quenching in water. As a check on gla
compositions, we measured glass transition temperatu
Tgsxd using a TA Instrument Model 2920 MDSC and
the results (Fig. 1) showTg ’s to increase monotonically
with x. Micro-Raman measurements performed in

FIG. 1. Tg of GexS12x glasses (top) from DSC measuremen
taken at a 20 Kymin scan rate, and of GexSe12x glasses
(bottom) from MDSC measurements at a scan rate of 3 Kymin
and a modulation of61 Ky100 sec.
© 1997 The American Physical Society
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backscattering geometry, using a triple monochroma
(ISA, Inc. Model T64000) equipped with a microscop
attachment and a CCD detector, showed the glass sam
to be homogeneous on a scale of a few microns.
Joule-Thompson refrigerator (MMR Technologies, Inc
Model 2300) was used for low-T measurements. Figure 2
displays Raman spectra observed at selective Ge-Se (
S) glass compositions taken using,1 mW of 647.1 nm
(514.5 nm) exciting radiation and a CCD detector.

The A1 symmetric stretch of corner-sharing (CS
GesX1y2d4 units gives rise [13,14] to modes at abou

FIG. 2. Raman scattering at selected glass compositions
indicated binaries displaying growth ofA1 mode of CS
tetrahedra at the expense of corresponding chain and/or r
modes with increasing Ge content. A typical spectrum is t
result of a 10 s integration time and 10 accumulations with
CCD detector. No smoothing of the data was performed.
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200 cm21 for X ­ Se, and at about340 cm21 for X ­ S
glasses. We have closely followed the mean frequen
nsxd of these A1 modes by least-squares fitting th
observed line shapes, and the results are reproduce
Figs. 3(a) and 3(b). We find thatnsxd increases linearly
[12] in the0.10 , x , 0.225 composition range, displays

FIG. 3. (a) A1 mode frequency of CS GesS1y2d4 units and
(b) GesSe1y2d4 units, (c) relative changes in nonreversing he
flow DHnr sTgd (filled circles) and specific heat changeDCrev

p
(open circles) from MDSC measurements, and (d)A1 mode
frequency of Sen chains or rings (filled circles) and mode
linewidth (open circles), each studied as a function of G
concentrationx in indicated binary glasses. The lines draw
through data points are to guide the eye.
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a discontinuous jump betweenx ­ 0.225 andx ­ 0.230,
and then increases superlinearly at higherx. To charac-
terize the superlinear variation, we have fitn2 using the
following power law [3]:

n2 2 n2
c ­ Askrl 2 krlcdp . (1)

In Eq. (1), the mean coordination of the binary glass
krl ­ 2s1 1 xd, since Ge and the chalcogen atomsX
are, respectively, 4- and 2-fold coordinated.nc is the
Raman shift corresponding toxc ­ 0.23 or krlc ­ 2.46.
The powerp, obtained by plotting logsn2 2 n2

c d against
logskrl 2 krlcd (see Fig. 4), isp ­ 1.29s3d and p ­
1.33s1d for the S and Se glasses, respectively, at 78
At 300 K, somewhat lower valuesp ­ 1.21s2d andp ­
1.20s3d, respectively, are obtained.

In MDSC measurements, one can decompose the to
heat flow atTg into a reversing component (that follows
the programmed sinusoidal heating rate) and a nonreve
ing one. Results on Ge-Se glasses for the nonrevers
heat flow DHnr sTgd and the specific heat changeDCrev

p
(deduced from the reversing heat flow) are included
Fig. 3(c). Remarkably, whileDCrev

p remains largely con-
stant,DHnr shows a well-defined minimum nearx ­ xc

which coincides with the abrupt increase innsxd.
The addition of Ge to a Se or S glass serves to cro

link chains of chalcogenXs­S or Sed atoms, promoting
formation, first of CS, and then of edge-sharing (ES
GesX1y2d4 units at the expense ofXn chains, thereby
compacting [9] the network and accumulating intern
strain. Thus increasingx simulates an external pressur
on the network as is corroborated by the similar chang
they both produce on the Raman spectra of the chalcog
rich glasses [12]. In the processS8 monomers, which
are stable at lowx, open up to form part of the network
backbone [12,14]. This is clearly seen from the extinctio
of the sharp modes ofS8 units at 158, 218, and474 cm21

FIG. 4. Plot of logsn2 2 n2
c d against logskrl 2 krlcd gives the

powerp describing the superlinear variation of elastic constan
in the rigid region for Ge-S and Ge-Se glasses. To avo
interference from Ge2S6 units that contribute a mode nea
340 cm21, glass compositions near GeS2 are excluded in the
analysis ofp.
4424
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both with increasingx [Fig. 2(b)], and with application
of hydrostatic pressure [12] to a Ge0.15Se0.85 glass, for
example. A similar indication of the opening up of Se8

rings to form Sen chain segments occurs in the Ge-S
glasses nearx $ 0.19. Raman activeA1 stretch [14] of
Se8 rings at 250 cm21 and of Sen chains at235 cm21,
although partially resolved at lowx, merge into a broad
mode (at255 cm21) with increasingx, until at x * 0.19,
the mode centroid abruptly redshifts by,4 cm21 and
further broadens [Fig. 3(d)]. [S8 and Se8 rings present in
binary AsxX12x glasses (X ­ S or Se) at lowx s,0.10d,
also open up withx as network strain accumulates and th
rings become extinct [14] whenx approaches 0.27(0.20)
for X ­ SsSed.]

The A1 mode of GesX1y2d4 units is a symmetric breath-
ing motion of the 4 chalcogens about the central Ge atom
The scalefor the underlying mode frequencyn is set by
the Ge-Se or Ge-Sbond-stretching force constant and the
mass of the chalcogen. The bridging angle between CS
tetrahedra about the chalcogens [15] deviates frompy2 by
about 10±, so thatmode frequency changesin the glasses
derive fromintertetrahedral couplings. The smallness of
the frequency shifts suggest that theA1 mode is weakly
coupled to a few nearby tetrahedra. This is consistent wi
calculations [15] of the inverse participation ratio of theA1
mode inab initio molecular dynamics. Furthermore, since
CS tetrahedra represent the majority component of the n
work aroundx , 0.2, their vibrational behavior becomes
a sensitive gauge of the overall network connectivity i
a global sense. The abrupt blueshift of theA1 mode fre-
quencynsxd at xc ­ 0.23 shown in Figs. 3(a) and 3(b),
constitutesdirect evidencefor theonset of rigidityin both
the glass systems investigated.

Additional support for our interpretation derives from
two other observations; (1) the powerp characterizing the
nonlinear variation ofn2sxd at x . xc, and (2) the nonre-
versing heat flowDHnrsxd minimum atx ­ xc. (1) Since
n2 2 n2

c is largely a measure of network elasticity on a
local scale, its variation withkrl would be well described
by the numerical experiments of Ref. [3] which include
short-range forces only in simulating the elastic behavio
of random networks. The measured values ofp in the
two glass systems decrease with temperature due to
harmonic effects [16]. The mean value ofp ­ 1.31s3d
at T ­ 78 K (Fig. 4) in the two glass systems should be
fairly close to theT ! 0 K value. It compares well with
the numerical prediction [3] ofp ­ 1.40. In contrast bulk
elastic constants [10] do not display such a power-law b
havior because long-range interactions become importa
[8] at long wavelength. They also alter the functional de
pendence of elastic constants onkrl. (2) A minimum in
DCtot

p at the stiffness threshold was inferred earlier [5
from DSC measurements, and understood to be the co
sequence of a strong resistance of the network to stru
tural degradation (minimum fragility) upon heating acros
Tg. The present MDSC results highlight that the minimum
fragility at the stiffness threshold [5] actually derives from
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a minimum inDHnr , while DCrev
p remains nearly constant

[Fig. 3(c)] at about0.02 calygy±C. The DHnr variation
with krl [Fig. 3(c)] mimics the activation energyEa skrld
for stress relaxation withkrl in chalcogenide glasses [17].
These results suggest that whenkrl ­ krlc, structural re-
laxation of the glass network proceeds with minimal en
thalpic changes because the miniscule network stress
uniformly spread when the network is mechanically criti
cal snc ­ ndd.

The smallbut systematicshift of krlc ­ 2.46s1d from
the mean-field value,krlc ­ 2.40, suggests an additional
significant feature of network dynamics, namely, th
breaking of certain constraints. The floppy chalcoge
chain segments connecting the rigid tetrahedral (ES a
CS) units must respond to the network stiffening atx .

0.20 by locally distorting [as revealed by an abrupt in
crease in the width of theA1 mode of Sen chain Fig. 3(d)].
We speculate that thebond-angle constraintat chalcogen
atoms in such chain fragments isintrinsically broken.
For a network possessing a fraction,m2yN, of 2-fold
coordinated atoms with broken bond-angle constraint, t
stiffness threshold is given [18] by

krlc ­ 2.4 1 0.4sm2yNd . (2)
An approximate value [19] ofm2yN ­ 0.08s2d can be de-
duced from a random network model [13] of both thes
glass systems and leads tokrlc ­ 2.43s1d from Eq. (2)
in reasonable accord with present Raman result of 2.46
and the earlier [8] Mössbauer spectroscopy result. Mo
reliable estimates ofm2yN will result from inelastic neu-
tron scattering [9] and molecular-dynamic simulations [15
in future and permit a more stringent test of ideas intro
duced here.

In summary, the present Raman scattering and MDS
measurements on binary Ge-S and Ge-Se glasses reve
stiffness threshold at a mean coordinationkrl of 2.46(1),
which can be understood well in terms of mean-fiel
constraint theory if the bond-angle constraint at chalcog
atoms in distorted chain fragments is considered to
broken. These ideas would be expected to extend to oth
IV-VI glass systems (Ge-Te, Si-S, Si-Se). Furthermor
one would expect that in ternary glass systems, such
IV-V-VI glasses (Ge-As-Se), as the content of the grou
V element in the alloy glasses increases, the concentrat
of floppy chalcogen chain segments would decrease a
vanish at the composition As2Se3 sm2yN ! 0d to lower
the stiffness threshold from 2.46 to 2.40.
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