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Direct Evidence for Stiffness Threshold in Chalcogenide Glasses
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Raman scattering in G&,_, glassesX = S or Se, reveals that the frequencyAaf modes of corner-
sharing G€X;,,), tetrahedra displays a discontinuous jump between 0.225 andx = 0.230, which
coincides with a minimum in the nonreversing heat flow at the glass trandiijoastablished from
modulated differential scanning calorimetry. These results constitute direct evidence for a stiffness
threshold at a mean coordinatign). = 2.46(1), 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

A covalently bonded random network progressivelyshown to be associated with floppiness of chalcogen chain
stiffens as its connectivity or mean coordination numbeisegments in which the bond-bending constraint at chalco-
(ryincreases. Networks consisting of chains (every atongen sites is intrinsically broken.
having two nearest neighbors,= 2), as in elemental S The binary GeX,_, glass systems, with = S or Se
or Se, are mechanically floppy because the number dbrm homogeneous bulk glasses over wide compositions
nearest-neighbor bonding constraints [1] per atea2) (0 < x < 0.43) and have been the subject of previous Ra-
are less than 3, the degrees of freedom per atom. Thman [12—14] and Mdssbauer [8] spectroscopic investiga-
reverse is the case for networks composed of tetrahedréibns from which details of glass molecular structure have
units (r = 4), such as those of elemental Si or Ge,evolved. These glass systems are attractive also because
which are thus intrinsically rigid. In random networks, stoichiometric chemical compounds occur at compositions
enumeration of mean-field atomic constraints due to bondx = 0, 1/3, 1/2) far removed from the anticipated stiff-
stretching and bond bending forces as a function of meaness threshol@x = 1/5). We have synthesized about 40
coordination(r) reveals [1,2] that the number of zero- glass compositions starting from 99.9999% elemental Ge,
frequency (floppy) modes per atom extrapolates linearlyse, and S, sealed in evacuateds X 1077 Torr) silica
to zero when(r) increases to 2.40. Thus at a critical ampoules in the desired molar ratio. Melts were homoge-
mean coordinatiofr). = 2.40, the number of constraints nized at 1000C for at least 48 hours and then equili-
per atom (n.) equals [1] the degrees of freedom perbrated at about 5TC above the liquidus for an additional
atom(n,), and mean-field theory predicts [2] the onset 0f24 hours before quenching in water. As a check on glass
rigidity. In the macroscopically rigid regiof{r) > (r).), = compositions, we measured glass transition temperatures
numerical simulations [3] in random networks show that7,(x) using a TA Instrument Model 2920 MDSC and
elastic constant$C) display a power-law behavior with the results (Fig. 1) shoW,’'s to increase monotonically

(r),i.e.,C ~ ({ry — 2.4)? with p = 1.40. with x.  Micro-Raman measurements performed in a
These simple and elegant ideas on mean-field atomic

constraints in random networks have attracted particular 600 : :

attention in glass science. Experiments on chalcogenide I

glasses not only display evidence of a threshold behav- 500 | ° i

ior in the electronic [4], thermal [5], vibrational [6,7], I ®  GexSeix ©

and structural [8,9] properties whén) approaches 2.40 400 °  Gedix o ° o i

with one exception [10], but the glass forming tendency  _ ! o e

itself appears to be optimized [1,11] when the network g 300 | 00690 o* _

becomes mechanically critical, i.en, = ny. In spite Ky ] o ©° .o°

of these developments, understanding of the physical na- 200 } ..a' i

ture of the stiffness transition, in network glasses, has re- | o®

mained largelyjualitative In this Letter we report Raman 100 } o« ° _

scattering and temperature modulated differential scanning !

calorimetry measurements (MDSC) in binary,Ge-, and 0 , s , e

Ge.Se _, glasses which provide direct evidence for the 0 10 20 30 40

stiffness threshold nedr). = 2.46(1) in both glass sys- Ge Compoaosition (%)

tems with the Ioc;al 'elast|C|'ty' dlsplgylng the an_t|C|patedF|G- 1. T, of GeS,_, glasses (top) from DSC measurements
power-law behavior in the rigid regime. The shift of the ., o721 % o0 Kmin scan rate, and of G8e_, glasses

stiffness transition to a value slightly larger than the mean¢pottom) from MDSC measurements at a scan rate of/ B
field value of 2.40 may be generic for IV-VI glasses, and isand a modulation of-1 K /100 sec.
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backscattering geometry, using a triple monochromato200 cm™! for X = Se, and at abo®40 cm™! for X = S

(ISA, Inc. Model T64000) equipped with a microscope glasses. We have closely followed the mean frequency
attachment and a CCD detector, showed the glass sampleér) of these A; modes by least-squares fitting the
to be homogeneous on a scale of a few microns. Aobserved line shapes, and the results are reproduced in
Joule-Thompson refrigerator (MMR Technologies, Inc.,Figs. 3(a) and 3(b). We find that(x) increases linearly
Model 2300) was used for loW-measurements. Figure 2 [12] in the0.10 < x < 0.225 composition range, displays
displays Raman spectra observed at selective Ge-Se (Ge-

S) glass compositions taken usirgl mW of 647.1 nm 348 ——
(514.5 nm) exciting radiation and a CCD detector. - (a) -
The A; symmetric stretch of corner-sharing (CS) 346 |- GexS1-x .
GeXi/2)4 units gives rise [13,14] to modes at about = r o T=78K / .
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Raman shift (cm-1) FIG. 3. (a)A, mode frequency of CS G8,), units and

(b) GESa /»)4 units, (c) relative changes in nonreversing heat

FIG. 2. Raman scattering at selected glass compositions iflow AH,(T;) (filled circles) and specific heat changeC
indicated binaries displaying growth ofi; mode of CS (open circles) from MDSC measurements, and £d) mode
tetrahedra at the expense of corresponding chain and/or rinigequency of Sg chains or rings (filled circles) and mode
modes with increasing Ge content. A typical spectrum is thdinewidth (open circles), each studied as a function of Ge
result of a 10 s integration time and 10 accumulations with aconcentrationx in indicated binary glasses. The lines drawn
CCD detector. No smoothing of the data was performed. through data points are to guide the eye.
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a discontinuous jump betwean= 0.225 andx = 0.230,  both with increasingx [Fig. 2(b)], and with application
and then increases superlinearly at higkerTo charac- of hydrostatic pressure [12] to a E€Sess glass, for
terize the superlinear variation, we have it using the example. A similar indication of the opening up ofsSe

following power law [3]: rings to form Sg chain segments occurs in the Ge-Se
) ) glasses near = 0.19. Raman actived; stretch [14] of
ve = v, = A(r) = (). (1) S rings at250 cm™!' and of Sg chains at235 cm™!,

although partially resolved at low, merge into a broad
¥node (at255 cm™!) with increasingx, until atx = 0.19,
the mode centroid abruptly redshifts by4 cm™!' and
further broadens [Fig. 3(d)]. S and Seg rings present in

: . _ binary As. X,_, glassesX = S or Se) at lowx (<0.10),

2 _ 2

The powerp, obtained by plotting log= — v¢) against 454 gpen up with as network strain accumulates and the

log((r) — (r)c) (see Fig. 4), isp = 1.293) and p = yinqq hecome extinct [14] whex approaches 0.27(0.20)
1.33(1) for the S and Se glasses, respectively, at 78 K¢ ™y S(Se.]

At 300 K, somewhat lower valugs = 1.21(2) andp =
1.20(3), respectively, are obtained.

In Eq. (1), the mean coordination of the binary glasse
(r) =2(1 + x), since Ge and the chalcogen atoids
are, respectively, 4- and 2-fold coordinated, is the
Raman shift corresponding tq = 0.23 or (r). = 2.46.

The A; mode of G&X| /)4 units is a symmetric breath-
ing motion of the 4 chalcogens about the central Ge atom.

In MDSC measurements, one can decompose the 0§y scalefor the underlying mode frequenay is set by
heat flow at7, into a reversing component (that follows o 5a_se or Ge-Bond-stretching force constant and the
f[he programmed sinusoidal heating rate) and a NONreVergsass of the chalcogenThe bridging angle between CS
ing one. Results on Ge-Se glasses for the nonreversiN@irahedra about the chalcogens [15] deviates frofa by
heat flow AH,,(7,) and the specific heat changeC’,™ 55,4t 10, so thatmode frequency chang@s the glasses
(deduced from the reversing r:eevat flow) are included irygrive fromintertetrahedral couplings The smaliness of
Fig. 3(c). Remarkably, whild C}* remains largely con- o frequency shifts suggest that the mode is weakly
stant, AH,,; shows a well-defined minimum near= x. ¢y pled to a few nearby tetrahedra. This is consistent with
which coincides with the abrupt increasesifx). calculations [15] of the inverse participation ratio of the
. The qddltlon of Ge to a Se or S glass serves 10 CrosSsy e inab initio molecular dynamics. Furthermore, since
link ch_alns (.)f chalcoge (=S or Sg atoms, promoting  cg tetrahedra represent the majority component of the net-
formation, first of CS, and then of edge-sharing (ES)york aroundr ~ 0.2, their vibrational behavior becomes

GelX/2)s units at the expense af, chains, thereby , gensitive gauge of the overall network connectivity in
compacting [9] the network and accumulating internaly global sense. The abrupt blueshift of themode fre-

strain. Thus increasing simulates an external pressure uencyr(x) at x. = 0.23 shown in Figs. 3(a) and 3(b),

on the network as is corroborated by the similar Chang(':‘gonstitutesjirect evidencdor the onset of rigidityin both
they both produce on the Raman spectra of the chalcogeq;q glass systems investigated.

rich glasses [12]. In the process monomers, which
are stable at low, open up to form part of the network
backbone [12,14]. This is clearly seen from the extinctio
of the sharp modes & units at 158, 218, andi74 cm™!

Additional support for our interpretation derives from
two other observations; (1) the powgrcharacterizing the
"onlinear variation ob2(x) atx > x., and (2) the nonre-
versing heat flonA H,,;(x) minimum atx = x.. (1) Since
v? — »2 is largely a measure of network elasticity on a
4.0 ; ‘ ' ' local scale, its variation witkr) would be well described
] by the numerical experiments of Ref. [3] which include
short-range forces only in simulating the elastic behavior
of random networks. The measured valuespah the
two glass systems decrease with temperature due to an-
harmonic effects [16]. The mean value pf= 1.31(3)
atT = 78 K (Fig. 4) in the two glass systems should be
fairly close to thel — 0 K value. It compares well with
the numerical prediction [3] g = 1.40. In contrast bulk
elastic constants [10] do not display such a power-law be-

I . ' havior because long-range interactions become important
1'91 80 ' 1.40 ' 1.00 ' -0.60 [8] at long wavelength. They also alter the functional de-
pendence of elastic constants 6. (2) A minimum in
AC)" at the stiffness threshold was inferred earlier [5]
FIG. 4. Plotof logr* — »?) against log(r) — (r).) gives the  from DSC measurements, and understood to be the con-
powerp describing the superlinear variation of elastic CO”Stan.t%sequence of a strong resistance of the network to struc-
in the rigid region for Ge-S and Ge-Se glasses. To avoi - e . .
interference from Gg£S¢ units that contribute a mode near ural degradation (minimum frag!llty) upon heatlng_ across
340 cm™!, glass compositions near Ge@re excluded in the 7T,. The present MDSC results highlight that the minimum
analysis ofp. fragility at the stiffness threshold [5] actually derives from
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