
Evidence for nanoscale phase separation of stressed–rigid glasses

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2003 J. Phys.: Condens. Matter 15 S2397

(http://iopscience.iop.org/0953-8984/15/31/315)

Download details:

IP Address: 171.66.16.125

The article was downloaded on 19/05/2010 at 14:58

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/15/31
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 15 (2003) S2397–S2411 PII: S0953-8984(03)62843-2

Evidence for nanoscale phase separation of
stressed–rigid glasses

S Mamedov, D G Georgiev, Tao Qu and P Boolchand

Department of Electrical, Computer Engineering and Computer Science,
University of Cincinnati, Cincinnati, OH 452221-0030, USA

E-mail: pboolcha@ececs.uc.edu

Received 29 April 2003
Published 23 July 2003
Online at stacks.iop.org/JPhysCM/15/S2397

Abstract
Ternary (Ge2X3)x(As2X3)1−x glasses with X = S or Se are of interest because
they span a mean coordination number r in the 2.40 < r < 2.8 range
that is characteristic of stressed–rigid glasses. We have examined X = S
glasses in Raman scattering and T -modulated differential scanning calorimetry
measurements over the 0 < x < 1.0 range. Glass transition temperatures,
Tg(x), increase monotonically in the 0 < x < 0.8 range and decrease
thereafter (0.8 < x < 1) to display a global maximum near x = 0.8. Raman
scattering provides evidence of sharp modes of As4S4 and As4S3 monomers,
with scattering strength of these modes showing a global maximum near x = 0.3
and 0.5 respectively. The results suggest that at low x (0 < x < 1/2), addition
of Ge2S3 to the As2S3 base glass results in insertion of Ge(S1/2)4 tetrahedra in
the As(S1/2)3-based backbone as compensating As-rich monomers segregate
from the backbone to deliver the requisite S. At higher x (0.4 < x < 0.8),
the Ge2S3 additive continues to enter the glass in a majority (As2S3)(GeS2)

backbone and several minority nanophases including an ethane-like Ge2(S1/2)6

and a distorted rock-salt-like GeS. In the 0.8 < x < 1 range, the nanophases
grow qualitatively at the expense of the backbone as Tg values decrease and
the end-member composition (x = 1) is realized. Heterogeneity of glasses
near x = 1/2 or mean coordination, r = 2.60 derives intrinsically from the
presence of several minority nanophases and a majority backbone showing that
stressed–rigid networks usually phase separate on a nanoscale.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

1.1. Floppy, intermediate and stressed–rigid phases in network glasses

The discovery of thermally reversing windows [1] in chalcogenide glasses represents a recent
development in glass science. It has led to the recognition of self-organization in disordered
networks [1–3] with consequences overflowing to oxide glasses [4],biological networks [5] and
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electronic ones [6] including high-T superconductivity. In several binary and ternary systems,
one has observed [7–14] glass transitions (Tg) to become almost completely thermally reversing
in character over a range of chemical compositions. Specifically, the non-reversing enthalpy
associated with Tg , accessed from temperature-modulated differential scanning calorimetry
(MDSC), is found to nearly vanish for these compositions. Furthermore, these thermal
measurements complemented by Raman scattering ones have revealed that thermally reversing
windows usually open [7, 10, 14] between mechanically floppy and stressed–rigid phases of
glasses. Glass compositions in these windows define intermediate phases [1–3] that are thought
to represent stress-free (self-organized) phases of disordered networks. In select glass systems
that possess onefold coordinated atoms (such as halogen atoms that produce dangling ends)
the windows collapse to a solitary composition, and one observes [12, 13] a sharp floppy to
stressed rigid transition near a mean coordination number, r = 2.34. The latter observations
are in excellent agreement with the Phillips–Thorpe rigidity transition [15, 16] extended to
networks including dangling ends [17, 18].

These new results on elastic phase transitions in network glasses have rekindled interest
on a related issue, the microscopic origin of anomalies observed in glasses near a mean
coordination r = 2.60. Several years ago, Keiji Tanaka [19] suggested that anomalies in
physical properties (including Tg) of chalcogenide glasses near r = 2.60 may result from a
floppy to rigid transition involving a change of network dimensionality.

In recent years, new ideas to understand the structural origin of Tg have emerged from
stochastic agglomeration theory [20, 21]. In select cases the theory has predicted parameter-
free compositional trends in Tg particularly in the stochastic regime of agglomeration. These
predictions are in excellent accord with experimental results [9, 11, 12, 22, 23] and serve
to demonstrate that Tg is an intimate reflection of network global connectivity. The global
maximum in Tg in binary glasses near r = 2.60 could then result from an intrinsic nanoscale
phase separation (NSPS) of stressed rigid networks. Glass compositions at r < 2.60 could
be fully while those at r > 2.60 partially polymerized and separate into nanophases leading
to anomalies in several physical properties. Such a physical picture appears appropriate to
the case of binary Ge–Se and Ge–S glasses near the chemical threshold (r = 2.67) as was
discussed recently [22–24] from thermal and spectroscopic measurements.

In the present work we have examined the case of ternary (Ge2X3)x(As2X3)1−x glasses
that have been the subject of several previous studies [25–27]. These glasses are of interest
because, in principle, they span a mean coordination number range of 2.4 < r < 2.80 that
is characteristic of stressed–rigid networks. To estimate r, we take the coordination numbers
of S, As and Ge to be two, three and four respectively. The paper is organized as follows.
After presenting MDSC and Raman scattering results in section 2, we proceed to discuss
the underlying molecular structures suggested by these results in section 3. The principal
conclusions are summarized in section 4. The present results show that (Ge2S3)x(As2S3)1−x

glasses are partially polymerized, and consist of characteristic nanophases that contribute
to heterogeneity of their molecular structures, particularly near x = 1/2 corresponding
to r = 2.60. Nanoscale phase separation provides a better basis for understanding the
network anomalies near r = 2.60 than a rigidity transition involving a change in network
dimensionality [19].

2. Experimental details

2.1. Sample synthesis and experimental procedure

99.999% As2S3, Ge and S lumps from Cerac Inc. were used as starting materials. The materials
were reacted in evacuated (<5 × 10−7 Torr) fused quartz ampoules of 5 mm id and 1 mm
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Figure 1. MDSC scans of (As2S3)1−x (Ge2S3)x bulk glasses taken at a scan rate of 3 ◦C min−1

and a modulation rate 1/100 s for a sample at (a) x = 0 and (b) at x = 0.60. The three curves in
each panel give the total, reversing and non-reversing heat flow recorded going up in temperature
in a model 2920 unit from TA instruments. The width W of the glass transition accessed from the
reversing heat flow is 17 ◦C for the x = 0 sample, and 36 ◦C for the x = 0.60 sample.

wall thickness. The starting materials were slowly taken up to 920 ◦C, and melts homogenized
for an extended period (48 h) in a rocking furnace at that temperature. Melt temperatures
were then lowered to 50 ◦C above the liquidus, and equilibrated for a few hours before a water
quench. Samples possessed deep red colour.

Raman spectra of freshly quenched glasses were taken with a triple monochromatormodel
T64000 unit from Jobin Yvon Inc., using 647 nm excitation in a backscattering configuration.
Raman measurements of 3 week aged samples were taken with a LabRam system from Jobin
Yvon Inc. using 633 nm excitation from a He–Ne laser. Spectra were acquired at 1 cm−1

resolution. The latter results yielded significantly higher signal/noise ratios and are presented
here. Samples were aged for 1 week at room temperature prior to examination in T -modulated
DSC (MDSC) measurements using a model 2920 unit from TA Instruments Inc. MDSC
offers the advantage to decompose the total endothermic heat flow at Tg (measured in DSC)
into a non-reversing (kinetic) and a reversing (thermodynamic) component by programming a
sinusoidal T -variation over a linear T -ramp [9, 22, 23].

2.2. Temperature-modulated differential scanning calorimetry (MDSC)

Figure 1(a) displays the total, non-reversing and reversing heat flows for a glass sample at
x = 0. Noteworthy in these scans is the fact that the equipment baseline is sloping down at
higher temperatures as reflected in the total and non-reversing heat flow signals. The reversing
heat-flow signal, on the other hand, always sits on a flat baseline in this method. The step size
in the reversing heat flow permits fixing �Cp, while the inflexion point serves to define Tg of
220 ◦C. The onset and end of the glass transition as determined by a change in slope fixes the
width of the transition, W , at 17 ◦C. Figure 1(b) shows scans observed for a glass sample at
x = 0.60. In relation to the sample at x = 0, we find Tg to increase to 378 ◦C, and W to nearly
double (36 ◦C). The typical error bar on Tg is 2 ◦C and on W about 4 ◦C.

Figure 2 provides a summary of MDSC results. Figure 2(a) shows the observed Tg(x)

variation. Tg values are found to increase monotonically in the 0 < x < 0.8 range, and to
decrease thereafter (0.8 < x < 1.0) to show a global maximum of 446 ◦C near x = 0.80. The
latter Tg is close to that of GeS2 glass [18] of 508 ◦C. Widths of the glass transition, W (x),
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Figure 2. Summary of MDSC results on (As2S3)1−x (Ge2S3)x bulk glasses showing compositional
trends in (a) glass transition temperature, Tg (•), and width of Tg , W (◦), (b) the specific heat
jump from the reversing heat flow, �C p , and (c) the shaded integrated area from the reversing heat
flow signal, �Hnr .

also appear in figure 2(a) and show a global maximum near x = 0.60. For completeness, we
include in figures 2(b) and (c) trends in �Cp(x) obtained from the reversing heat flow, and
those in �Hnr(x) from the non-reversing heat flow, respectively. We find both �Hnr(x) and
Tg to show a global maximum near x = 0.8. �Cp(x) inferred from the reversing heat flow,
on the other hand, continues to increase monotonically with x . We shall discuss these results
in section 3.

2.3. Raman scattering

Figure 3 provides an overview of the observed Raman lineshapes of samples taken 3 weeks after
a water quench. Raman spectra of fresh samples were identical to these. The principal features
of these results are as follows. In the low x range (0 < x < 1/2), the observed lineshapes
reveal growth in scattering strength of eight low-frequency modes labelled ν1–ν8. These modes
are more clearly displayed in figures 4(a) and (b), that show blow-ups of the two rectangular
segments of figure 3. The narrow modes can be identified with intramolecular vibrations of
As4S4 and As4S3 monomers (table 1). In this group of modes of particular interest are the ones
ν6 and ν8 that have contributions exclusively from As4S4 and As4S3 monomers respectively.
The observed lineshapes were fitted as a superposition of eight Gaussians keeping their widths,
centroids and intensities as variables. Compositional trends in normalized scattering strengths,
I (x), reveal that concentrations of As4S4 monomers (mode ν6) and of As4S3 monomers (mode
ν8) display maxima near x = 0.3 and 0.5 respectively (figure 4(c)). We also note that feature
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Figure 3. Raman lineshapes in (As2S3)1−x (Ge2S3)x bulk glasses at indicated compositions
showing growth of sharp modes due to As4S4 and As4S3 monomers near x = 1/2. A blow-up of
the two rectangular panels highlights the sharp modes in figures 4(a) and (b) respectively.

Table 1. Raman frequencies observed in α- and β-As4S4, α-As4S3 and glassy As2S3.

α-, β-As4S4 As4S3 cryst. As2S3 glass [19]

376 375
370 370 373
355 354 352
344 340 334

268—ν8

222—ν6 217a 227
215/212 206
193 197 195
184 181
173 175
157
144 142

a The scattering strength of the 217 cm−1 mode is weak. The mode ν6 can be regarded as a signature
of As4S4 monomers.

ν9 = 375 cm−1 as a shoulder to the principal band centred near 340 cm−1 (figure 4(b)) also
grows in scattering strength with x to show a global maximum near x = 0.30. This particular
mode is ascribed to As4S4 monomers as discussed recently by Georgiev et al [28].

In the high x range (1/2 < x < 1), the observed lineshapes are altogether quite different.
The narrow modes of the As-rich monomers steadily disappear as x > 1/2. Furthermore,
near the composition x = 0.7, one observes a broad band centred near ν7 = 250 cm−1, and
modes near 344, 370 and 460 cm−1. These vibrational modes are characteristic [23, 29] of a
Ge0.35S0.65 glass, i.e. a slightly Ge-rich GeS2 glass. The three modes at 344, 370 and 460 cm−1

are assigned [30, 31] to corner-sharing (CS), edge-sharing (ES) and high-frequency scissors
(F2) modes of Ge(S1/2)4 tetrahedra. The 250 cm−1 mode represents [22, 30] a vibration of
an ethane-like Ge2S6 nanophase that segregates from the GeS2-like phase. The CS mode near
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Figure 4. Panels (a) and (b) show the nine modes labelled ν1 · · · ν9 which are traced to the
presence of As4S4 monomers, As4S3 monomers and ethane-like (ν7) units in the glasses. The
expected mode frequencies for the monomers appear as a bar chart on top. The frequencies of the
monomers were taken from [40] and [41]. (c) Compositional trends in scattering strength of ν6
and ν8 modes identified exclusively with As4S4 and As4S3 monomers respectively.

340 cm−1 in the ternary glass near x = 0.5 is rather broad in relation to that in GeS2 glass,
and most likely has overlapping contributions from modes of As pyramids and Ge tetrahedra.

Raman spectra of ternary glasses at higher x (>0.8) begin to acquire features that we
associate with the end-member composition x = 1, i.e., Ge2S3 glass [29, 31]. These features
include

(a) considerable reduction of Raman scattering as the optical gap of the glasses reduces,
thereby resulting in significant loss of resonant enhancement,

(b) appearance of broad bands near 200 and 400 cm−1 and
(c) considerable reduction in scattering strength near 330 cm−1.

These Raman lineshape features are related to the global maximum of Tg near x = 0.8. The
underlying structural changes will be discussed in the next section.

3. Discussion

We begin our discussion of the results by first reviewing the glass forming tendency in binary
As–S glasses, and then proceed to the present ternary.
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Figure 5. (a) Compositional trends in Tg for binary Asx S1−x and Asx Se1−x bulk glasses showing
global maxima near the chemical threshold of x = 2/5. Note that selenide glasses can be made
up to x = 0.6, but sulfide glasses only up to 0.45. Raman scattering in (b) Asx Se1−x glasses at
x = 0.45 and 0.57 and (c) Asx S1−x glasses at x = 0.42 and 0.44.

3.1. Glass forming tendency and molecular structure of binary As–S glasses

Since the early work of Myers and Felty [32] and others [33, 34], it has been known that bulk
glass formation in Asx Se1−x extends over a wide range, 0 < x < 0.60, but in corresponding
sulfides, AsxS1−x , it abruptly ceases once x > 0.45. Figure 5(a) reproduces compositional
trends in glass transition temperatures Tg(x) in both binary glasses. One observes a global
maximum in Tg(x) near the chemical threshold of x = 2/5. The molecular origin of the
behaviour can be traced to cross linking of chalcogen-rich chains as As is alloyed, and to the
formation of As4Se4 monomers in the former and As4S4 and As4S3 monomers in the latter
once x > 2/5 [21, 28]. Formation of monomers leads to a progressive loss of the As(X1/2)3

backbone that is reflected in a catastrophic loss of global connectivity. The rapid reduction of
Tg and eventual loss of glass formation, once x > 0.45 in the sulfides, are directly related to a
break-up of the network.

There is an important difference in the way monomers appear in binary As–Se glasses
from those in As–S ones, however. In the As–Se binary, As–As bonds first emerge in polymeric
units composed of ethylene-like As2(Se1/2)4 units, and then transform [35, 36] into As4Se4

monomers at higher x > 0.50. The view is corroborated from Raman spectra of these glasses
(figures 5(b) and (c)) that reveal sharp bands once x > 0.50. On the other hand, in the As–S
binary [28, 37] monomers grow even when x is near two-fifths. It appears that the polymeric
form of an ethylene-like As2(S1/2)4 unit with the more ionic S is chemically unstable, and
does not form. On chemical grounds, one expects the more electronegative sulfur to form
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the monomers with S lone pair electrons dressing cluster surfaces. These differences of
molecular structures between As–S and As–Se glasses have an important bearing on structure
of corresponding ternary Ge–As–S and Ge–As–Se glasses as we shall see next.

3.2. Molecular structure of As-rich glasses: region I (0 < x < 0.5)

Trivalent As in a chalcogen-rich glass forms threefold coordinated pyramidal As(S1/2)3 units
corresponding to As2S3 stoichiometry. On the other hand, tetravalent Ge forms fourfold
coordinated Ge(S1/2)4 tetrahedra corresponding to GeS2 stochiometry. Thus, when Ge2S3 is
alloyed with As2S3 glass, there is insufficient amount of S per Ge atom to form Ge(S1/2)4

tetrahedra. The electronegativity [38] difference between Ge (2.01) and S (2.56) exceeds that
between As (2.18) and S (2.56). These charge transfer effects suggest that S will first select
to covalently bond with Ge rather than As atoms to lower free energy of the alloyed network.
Thus, addition of Ge2S3 to As2S3 base glass will lead Ge tetrahedra to be formed in the
As-based backbone provided a compensating As-rich phase nucleates to deliver the requisite
amount of S. In this context, it is useful to consider the following chemical reactions that will
provide the basis to understand the molecular structure of the glasses. One of the possible
As-rich phases to nucleate consists of As4S4 monomers,

2As2S3 = As4S4 + 2S (1a)

2Ge2S3 + 2S = 4GeS2 (1b)

leading to the reaction

2Ge2S3 + 2As2S3 = As4S4 + 4GeS2. (1c)

Here reaction (1a) provides for some decomposition of the backbone to release S and the
formation of As4S4 monomer, while reaction (1b) converts the Ge sesquisulfide to GeS2 units
with the released S.

A parallel set of reactions can be expected with formation of As4S3 monomers,

2As2S3 = As4S3 + 3S (2a)

3Ge2S3 + 3S = 6GeS2 (2b)

leading to the following reaction:

3Ge2S3 + 2As2S3 = As4S3 + 6GeS2. (2c)

Reaction (2b) permits conversion of the Ge sequisulfide into the disulfide, and results in the
additive being alloyed with the base glass by reaction (2c). These reaction equations also
suggest that if either reaction (1c) or (2c) were to take place in these glasses one would expect
the former to maximize near x = 1/2 and the latter near x = 0.6. This is almost the case in
our experiments but not quite (figure 4(c)), a point we shall return to comment on later.

A perusal of the equilibrium phase diagram of the As–S binary unequivocally shows
that the only known As-rich phases (containing As–As bonds) to exist are As4S4 and
As4S3 monomers (figure 4(b)). Crystalline As4S4 exists as a molecular solid comprising
the monomers in several polymorphic phases [39, 40]. As4S3 monomers [41] have P4Se3

counterparts and consist of a cage having a triangular base of As (or P) atoms and an apical
As (or P) atom that are bridged by triads of sulfur as shown in figure 4(b) inset. Thus, the
only known As-rich phases that can form in the present ternary glasses consist of As4S4 and
As4S3 monomers. For these reasons, reactions (1c) and (2c) become central to understand the
chemical alloying process in the present ternary glasses.

The Raman spectra (figure 4(a)) provide evidence for eight sharp modes (νn, n = 1–8) that
constitute evidence in part for the As-rich molecular species formed in these glasses. Parallel
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Raman results were reported by Arsova et al [26]. The sharpness of the modes suggests that
these molecular species are decoupled from the backbone. Particularly noteworthy is the fact
that the first unit to nucleate in the glasses is the As4S4 monomer already near x = 0 [28, 42],
and its concentration maximizes near x = 0.30 (figure 4(c)). The As4S3 monomer apparently
nucleates a little later near x = 0.2, and its concentration goes through a global maximum
near x = 0.5 (figure 4(c)). The formation of these cages releases S and permits Ge2S3 additive
to alloy with the As(S1/2)3 backbone in the form of GeS2 tetrahedra. A consequence of such
alloying is that the global connectivity (as fourfold Ge replaces threefold As) of the backbone
systematically increases. The latter is reflected in Tg values that increase from 210 ◦C at
x = 0 to 446 ◦C at x = 0.8 (figure 2(a)). These results are in harmony with the structural
interpretation of Tg as a measure [21] of the global connectivity of a glass network.

The physical picture of glass structure evolving in region I is that of a backbone
consisting of GeS2–As2S3 units, with concentrations of decoupled As4S4 and As4S3 monomers
progressively increasing as x increases to one-half. If the Ge2S3 additive were to participate in
either reaction (1c) or (2c) above, one would predict As4S4 and As4S3 monomers to maximize in
concentration near x = 0.5 and 0.6 respectively (equations (1c) and (2c)). In our experiments
both reactions take place simultaneously, and if one models these reactions by comparable
reaction rates one finds that the concentration of As4S4 units displays a symmetric profile
centred closer to x = 0.3, while that of As4S3 units shows an asymmetric profile centred
closer to x = 1/2, as found in our experiments. Furthermore, our experiments also reveal
that not all of the additive takes part in reactions (1c) and (2c). Some of the additive forms
ethane-like Ge2(S1/2)6 phase in the glasses, the vibrational signature of which is the mode
ν7 = 250 cm−1 which first appears near x = 0.1 and grows rather rapidly in the glasses once
x > 1/2.

3.3. Molecular structure of Ge-rich glasses: region II (0.5 < x < 1.0)

In region II, the Ge content of the glasses exceeds the As one, and one expects the concentration
of As–As bonds (in the two monomers) to steadily decline as the concentration of Ge–Ge bonds
(in the form of ethane-like Ge2(S1/2)6) steadily increases. Results of figure 3 show that the
ethane-like phase grows in scattering strength rather rapidly once x > 1/2. If the ethane-like
Ge2(S1/2)6 nanophase were the only molecular phase to occur in the glasses, one would be
hard pressed to understand an increase of Tg in region II. For GeS2 tetrahedra to continue
to form in region II a new source of S is required. We believe that a distorted rock-salt-like
GeS nanophase formed in the glasses provides the source of S by the following decomposition
reaction.

Ge2S3 = 2GeS + S. (3)

The vibrational signature [23, 29] of this nanophase is the mode near 236 cm−1 observed in
the spectra of figure 3 as a broad band centred near 240 cm−1 (ν7).

Near the chemical composition x = 0.80, our results of figure 2(a) show Tg to
acquire a global maximum of 446 ◦C. This value of Tg is quite close to that of pure GeS2

glass of 508 ◦C [23]. The somewhat lower Tg of the ternary glass is probably due to the
presence of a small concentration of threefold As present in the backbone that lowers the
global connectivity and therefore Tg . In the present ternary, the glass composition x = 0.8
represents the most connected backbone having the largest mean r. Why does Tg(x) in the
ternary glasses decrease at x > 0.8?

As x approaches unity the concentration of ethane-like Ge2(S1/2)6 nanophase grows at
the expense of the distorted rock-salt GeS, thereby cutting the supply of S needed to promote
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growth of GeS2 phase. In Raman scattering (figure 3) modes in the 200–260 cm−1 region
become prominent. The mode at 340 cm−1 has largely contributions from ethane-like phase
as shown by recent first principles cluster calculations [30]. In this range of composition the
optical bandgap of the glasses decreases as evidenced by the loss of resonant enhancement in
Raman scattering. There is a striking parallel in compositional trends of Raman spectra of the
present glasses in the 0.8 < x < 1.0 range and those of binary Gex S1−x glasses [23, 29] in
the 1/3 < x < 1/2 range. The principal features of the microstructure consist of a growth in
Ge-rich nanophases at the expense of the GeS2-like backbone that results in a decrease of Tg .
In this range of chemical compositions, the effective global connectivity of the ternary glasses
actually decreases because the global connectivity of the Ge2S3 phase is actually lower [22]
than that of GeS2 phase due to redundant Lagrangian bonding constraints. The behaviour is
just the opposite of that one might infer from a simple substitution of x in the formula

r = (12 + 2x)/5 (4)

describing mean r as a function of x in the present ternary glasses. To summarize, the
physical picture of glass structure emerging in region II consists of a conversion of the GeS2

alloyed As2S3 glass network prevailing near x = 0.5, to become more connected as Ge for
As replacement occurs and an As2S3 alloyed GeS2 backbone emerges. The replacement is
facilitated by growth of Ge-rich nanophases in the 0.5 < x < 0.8 range. At x > 0.8, the
Ge-rich nanophases grow at the expense of the GeS2 backbone, as a phase separated Ge2S3

glass corresponding to the end-member composition, x = 1, is realized.

3.4. Structural anomalies of As–Ge–S glasses near r = 2.60

Network glasses can be generically classified in terms of their elastic response [1–3, 43] into
floppy, intermediate and stressed–rigid phases. The present glasses (2.4 < r < 2.8) belong to
the stressed–rigid phase. The glass forming tendency [44] in the As–Ge–S ternary (figure 6)
is rather extensive. The present glasses lie along the As2S3 to Ge2S3 join, and this region of
glass formation is shaded in figure 6 to illustrate the nanoscale phase separated character of
their backbones.

The structure of ternary AsyGeyS1−2y glasses lying along the bisector of the As–S–Ge
angle in the ternary composition triangle (figure 6) has been examined in recent Raman,
MDSC [45] and EXAFS [46, 47] measurements. These bisector glasses (at y = 0.20) intersect
the present ternary glasses at x = 1/2. Compositional trends in Tg(y) for the bisector glasses
have also been established [45] by MDSC, and the results appear in figure 7. In this figure
we have also projected the Tg variation in binary Ge–S [23] and As–S [48] glasses taken from
recent MDSC measurements. One observes a threshold behaviour of Tg in the binary glasses
corresponding to stoichiometric (GeS2, As2S3) compositions. In contrast, Tg values of the
bisector glasses continue to increase as a function of r, except for a glitch near r = 2.5.
The latter feature is the result of As–As bonds first appearing in the network near y = 0.17 as
revealed in Raman scattering measurements [45]. Since these bonds form in As-rich monomers
(As4S4, As4S3) that decouple from the backbone, one observes a rather striking reduction of
Tg in the narrow compositional window 0.16 < y < 0.20 due to a loss in global connectivity
of the network. At higher concentrations y, fragments of amorphous-As form as S is rapidly
depleted from the backbone as will be discussed in a forthcoming publication [45].

The delicate connectivity-related phase transitions in glasses such as rigidity transitions
assume, in general, that the underlying backbones are fully polymerized [49] and that changes
in global connectivity occur smoothly as a function of chemical composition. At low global
connectivities (such as r < 2.4), Tg values of binary and ternary glasses are found [43, 50–52],
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Figure 6. Glass forming region in the As–Ge–S ternary showing the (Ge2S3)x (As2S3)1−x join
and the GeyAsyS1−2y pathway lying on the bisector of the As–S–Ge angle that cross at x = 1/2
corresponding to r = 2.6. The brown striped region represents glasses that are phase separated on
a nanoscale. In the red region monomers based on As4S4 and As4S3 are pervasive and result in
NSPS of networks. The green striped region represents the intermediate phase.

Figure 7. Compositional variation of Tg in binary Asx S1−x (r = 2+x) and Gex S1−x (r = 2(1+x))
and ternary (Ge2S3)x (As2S3)1−x glasses (r = 2 + 3x). Note that in the binary glasses one
observes a global maximum near the chemical thresholds, while in the ternary system Tg continues
to increase as a function of r except for a window around 2.55 where nanoscale phase separation
(NSPS) occurs and forms a glitch (see text).
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in general, to increase monotonically as a function of r largely because these networks are
fully polymerized. The anomalies in physical properties of glasses near r = 2.60, as shown
here, result largely due to the fact that networks at higher r are rarely completely polymerized.
They usually consist of several nanophases. Structural changes in network glasses can produce
gross changes in their physical properties, and can mask the more subtle connectivity-related
transitions.

3.5. The special case of ternary As–Ge–Se glasses near r = 2.60 and the Tanaka transition

Ternary selenide glasses are of special interest because the nature of structural changes taking
place near r = 2.60 appears to be qualitatively different from those in corresponding sulfide
glasses. Let us first consider the case of ternary AsyGeySe1−2y glasses that reside along
the bisector of the As–Se–Ge angle in the ternary phase [43, 44, 52] diagram. In these
glasses that contain equal concentrations of As and Ge, Tg(y) values are found to increase
monotonically [10, 52] with y. Once y exceeds the chemical threshold yc = 11/20, one
expects homopolar bonds to emerge. In these selenide glasses it appears that both As–As
and Ge–Ge bonds nucleate as part of the backbone [10], thereby increasing the connectedness
of the backbone. This is confirmed by trends in Tg(y) that continue to increase even when
r exceeds 2.60. These results are in sharp contrast to the glitch observed in corresponding
sulfide glasses (figure 7) wherein Tg values decrease by 80 ◦C as y increases from 0.16 to 0.18.
A parallel situation prevails in ternary PyGeySe1−2y glasses where P4Se3 monomers decouple
from the backbone [53] and a glitch in Tg(y) is observed in the 0.20 < y < 0.23 range.

The Ge–As–Se bisector glasses are thus ideal test systems to examine the rigidity transition
proposed by Keiji Tanaka [19] because nanoscale phase separation effects are qualitatively
absent in this ternary. In these glasses, we find evidence [10, 43] of a global minimum in �Hnr

in the 2.30 < r < 2.42 range associated with self-organization [1, 43] near the Phillips–
Thorpe rigidity transition. On the other hand, Tg , �Cp or �Hnr are found to vary smoothly
near r = 2.60. We find no evidence [10, 40, 43] of anomalies in these thermal parameters that
could be identified with a rigidity transition associated with dimensional regression [19].

It is of interest to compare thermal properties of ternary (Ge2Se3)x(As2Se3)1−x glasses
with corresponding sulfide ones. Compositional trends [54] in Tg for (Ge2Se3)x(As2Se3)1−x

glasses are plotted in figure 8(a). To afford a quantitative comparison, Tg results on
corresponding sulfide glasses (figure 2) are reproduced in figure 8 as well. The overall trends
in both glass systems have close similarities displaying a global maximum of Tg near x = 0.8.
The broken curve in figure 8(a) is a scaled up version of Tg(x) of the selenide glasses by a factor
of 1.08. The scaling factor takes into account the higher chemical bond strengths of As–S and
Ge–S bonds in relation to As–Se and Ge–Se ones [43, 51, 55]. The broken curve would be
a good representation of the variation in Tg in the sulfide glasses if the global connectedness
of backbones in the two chalcogenide glasses were similar. The broken curve reproduces the
overall Tg variation in the sulfide glasses reasonably well except in the 0.1 < x < 0.6 region,
where the observed Tg values are found to be systematically lower (shaded area). The latter is
a direct consequence of formation of As-rich monomers in the sulfide glasses that lowers the
global connectedness of the remaining backbone reflected in their Tg values. Such effects are
clearly absent in the selenide glasses.

The present results also reveal that the widths of the glass transitions, W , near x = 0.6
acquire global maxima in both ternary glasses (figure 8(b)). The result suggests that W is
largely determined by structural heterogeneity of the network forming nanophases in both the
sulfide and selenide glasses. Clearly, the As-rich monomers do not contribute to W in the
X = S glasses since they no longer form part of the backbone. However, growth of Ge-rich
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Figure 8. (a) Compositional trends in Tg(x) and (b) glass transition widths, W (x), of
(Ge2S3)x (As2S3)1−x (•) and (Ge2Se3)x (As2Se3)1−x (◦) glasses compared. In panel (a) the
broken curve is a scaled up (factor of 1.08) plot of the selenide Tg values, and would display the Tg

of sulfide glasses if the global connectivity of the two chalcogenide glasses were the same. This is
clearly not the case in the 0.1 < x < 0.6 range for the sulfide glasses where decoupling of As-rich
monomers of As4S4 and As4S3 from the backbone lowers the Tg of the glasses (shaded area). The
width of Tg for both systems shows a global maximum near x = 0.6 (see text for details).

nanophases based on ethane-like Ge2{(S or Se)1/2}6 units and distorted rock-salt Ge(S or Se)
units as x > 1/2 contribute to heterogeneity of glass structure. In both systems, network
structures become structurally heterogeneous near a mean r = 2.65 that is reflected in the
increased width W of the glass transitions.

4. Conclusions

One can generically classify network glasses in terms of their elastic response into floppy,
intermediate and stressed–rigid phases. The present experiments show that stressed–
rigid glasses are generally partially polymerized into distinct nanophases. Ternary
(As2S3)1−x(Ge2S3)x glasses and their selenide counterparts over the glass forming range
(0 < x < 1) represent model examples of stressed–rigid networks spanning the 2.4 < r < 2.8
mean coordination range, and their structure has been examined in Raman scattering and
MDSC measurements. At x = 0, the network structure consists of an As2S3-like backbone
with a small but finite concentration of As4S4 monomers nanoscale phase separated from
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the backbone. As x increases to one-half or r to 2.60, the Ge2S3 additive alloys largely as
GeS2 in the As2S3 backbone with S provided by precipitation of As-rich phases of As4S4 and
As4S3 monomers. These monomers segregate qualitatively from the backbone and lower the
global connectedness of the backbone as reflected in Tg values. The latter can be seen when
results on corresponding selenide glasses are compared to those on the present sulfides. In the
0.5 < x < 0.8 range, the additive continues to alloy as GeS2 in the As2S3 backbone but this
time by precipitating a (Ge-rich) distorted rock-salt-like GeS phase as Tg values increase to
acquire a global maximum near x = 0.8. At still higher x (>0.8), the Ge2S3 additive enters
the glass network largely as an ethane-like phase leading to a rapid loss of the GeS2–As2S3

backbone and reduction of Tg values. These structure results suggest that anomalies in sulfide
glasses near r = 2.60 can be traced to nanoscale phase separation of As-rich monomers in
stressed–rigid networks.
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