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Temperature-modulated differential scanning calorim@#ipSC) measurements on &g _, glasses show
glass transitions to bthermally reversingin character in the composition window 0228<0.27. Raman
scattering shows a trimodal distribution of vibrational modes, identified with corner-si@®)gedge-sharing
(ES), and Se-chain modefCM). In the floppy region, 8&x<0.19, these modes are symmetric and are
characteristic of aandom networkIn the transition region, 0.20x<<0.27, the ES and CM split into doublets
suggesting appearance of extended range structural correlations. In the percolatively rigidxe@@7, the
CS mode in addition to the ES and CM also splits into a doublet indicating growth of substantial medium range
structure. The large compositional width (020<<0.27) associated with Raman elastic thresholds coincides
with the thermally reversing window from MDSC.

. INTRODUCTION T=T.=2.40. 2

The nature of the floppy to rigid transition in network M. F. Thorpé recognized that a normal mode analysis of
glasses continues to be one of the central issues in glassmdercoordinated networks<Tr.) yields zero-frequency or
science that could impact other areas of condensed-mattibppy mode solutions, whose number per atbetuals
science. Unlike many other transitions encountered in phys-
ics which occur either as a function of temperature or pres- f=ng—n;. (3)
sure or an external field, the stiffness transition manifests . o .
most directly in the elastic behavior of a network as a funcIn @ mean-field theory, the variation btvith network con-
tion of connectivity or mean coordination number)( Nectivityr is linear, and rigidity onsets whdrextrapolates to
Changes in network connectivity of glasses in the laboratory€0 asr increases to 2.40. Subsequently, more realistic
are achieved by compositional tuning a binary or a ternarynodel variations off (r) emerged from numerical simula-
glass system. Compositional changes lead inevitably t&ons on atypical(diamond networks and showedi(r) to
changes in glass molecular structure. Understandably theréecrease linearly with atr <2.40 and to vary exponentially
fore the stiffness transition has structure-related conseatt>2.40. More recently, numerical simulations on 2D ge-
guences, notédin microscopic measurements near|y a de-neric networks containing a million atoms or more have be-
cade back. The physics of the transition itself has stimulate§ome feasible using an integer algoritfiffior 3D networks,
broad interest. It is widely believed that the glass formingsuch simulations on atypical networks reveal that the stiff-
tendency of melts are optimized in the vicinity of the stiff- ness transition occurs close to the mean-field value at
ness transition. It may provide a means to understand the 2.385. A variety of experiments on inorganic glasses have
origin of glass forming tendency in inorganic glasses, in or+evealed® anomalies near a mean coordination of 2.40. Of
ganic polymers and in biological macromolecules where difthese experiments elastic constafitand low-frequency vi-
ferent types of forces come into play and serve as mechaniclrational density of states measuremgHthave been par-
constrainté to freeze in disorder as melts are cooled. ticularly insightful in elucidating aspects of the stiffness tran-

Historically, ideas on the stiffness transition evolved insition. The existence of a solitary stiffness transition in
1979 from attempts to develop a microscopic thémfyglass  glasses near=2.40, however, has become a matter of some
formation, and application of percolation thedty describe  recent discussions. J. C. Phillips has recently sugg'steat
onset of rigidity. J. C. Phillips suggested that for a covalentlyeffective medium theories of disordered solids are likely to
bonded network constrained by bond-stretchiig and  be poor approximations near phase transitions, and that there
bond-bending 8) forces, the glass forming tendency will be may actually be two stiffness transitions. In the face of these
optimized when the number of constraints/atom)(equal interesting ideas, it becomes essential to establish those ge-
the degrees of freedonn{). Enumeration ofx and 8 con-  neric features of experimental results that are model indepen-
straints for a three-dimension&8D) network showed that dent to understand the nature of the stiffness transition in
the condition glasses.

The binary SiSe _, glass system represents an attractive
prototypical 1V-VI glass system in which mean-field theory
Nc=Nq D would predict the stiffness transition to occur near the glass
compositionx~0.20 corresponding to.=2.40. The four-
is satisfied when the mean-coordination numB@rgf a net-  fold coordination of Si and twofold coordination of Se in
work acquires a critical value 2.40: these glasses has been verified by neutron diffrat%iand
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Sek-edge x-ray fine-structure measuremerithe glass sys- tubings used to synthesize the samples. For scanning calori-
tem has been the subject of Raman scattéfiffand IR  metric measurements, glass samples were transferred to her-
absorptiont” Si?° solid-state nuclear magnetic resondfice metically sealed Al pans, in a glove box using dry dés as
(NMR), in addition to differential scanning calorimetfy —an ambient. For MDSC measurements, Al pans and lids were
(DSO) and Molar volume measuremehtsis well. The mo-  thoroughly dried by heating in a vacuum line, prior to her-
lecular structure of these glassesxat: has been modeled metically sealing the samples in a dry nitrogen ambient using
both in terms of a stochastic random netwdtland in terms  a glove box.
of a cross-linked edge-sharir§S)-chain network* Given The three polymorphs af-SiSe were synthesized as fol-
the wealth of these structure results, theS8j_, binary lows. The high-temperatuigt) phase was obtained by cool-
glass system appears to be particularly attractive for the prang homogeneous Sigenelts to 800 °C and retaining them
posed stiffness transition studies. Our interest in this binanat that temperature for a week. A different process was em-
also stems from the fact that we have recently exanflittesl  ployed to obtain the metastable medium-temperatung
onset of rigidity in a companion IV-VI glass system, the and low-temperaturét) phases. The starting elemental chips
GeSe _ binary. It is of interest to compare and contrastin the desired ratio were thoroughly crushed to a fine pow-
results on these two binaries and to establish features of elader, first separately and then mixed together in the desired
ticity and glass structure that are common as well as differratio. The mixtures were sealed in evacuated quartz ampules
ent, results that are likely to have a bearing on the physicafter several purges with He gas. The mt phase was obtained
nature of the stiffness transition in glasses. by slowly (10 °C/h bringing the mixture up to 525°C and
Our present Raman-scattering studies complemented btaining it at that temperature for several weeks. The It
temperature modulated differential scanning calorimetryphase was obtained by a parallel heating process, except the
measurements reveal that there are two stiffness transitiorimal temperature of the mixture was held at 400 °C for a
in the SjSe_, binary glass system; transition 1 at  week. Reaction of the elements to produce the desired poly-
=X.(1)=0.20(1) corresponding to a mean coordination ofmorph could be monitoreth situ by periodically recording
2.40, and transition 2 at=x.(2)=0.270(5) corresponding Raman spectra of the samples in the quartz tubings. The It
to ar=2.541). Transition 1 represents the onset while tran-phase and the stoichiometric glass appeared reddish-brown,
sition 2 the completion of rigidity in a percolative sense.while the mt and the ht phase yellowish-orange in color.
Furthermore, the optical elastic measurements show that
transition 1 appears second order while transition 2 first or-
der in nature. The consequences of these observations in re- ~ B. Glass transitions and nonreversing heat flow

lation to the stiffness transition in ChalCOgenide glasses are Glass transition temperatur§§ were established using a
discussed. o . _Model 2920 temperature modulated differential scanning
The paper is organized in five sections as follows. Detailgalorimeter(MDSC) from TA Instruments, Inc. In contrast
of sample synthesis and characterization by Raman scattefg 3 DSC, in an MDSC scan, one programs a sinusoidal

ing and modulated differential scanning calorimeéfDSC)  temperature variation superposed on the lifBaamp. This
appear in Sec. Il. Raman line-shape deconvolution proceyermits deconvoluting the total endothermic heat flow near
dures used and the ensuing vibrational spectroscopy resulige glass transition into a reversing and a nonreversing
are presented in Sec. lll. The |mpllcat|0ns of the Vlbratlonalcomponenﬁo The reversing Component tracks the sinusoidal
spectroscopy results on glass molecular structure, and thevariation, and is ascribed to thermodynamic specific heat
nature of the stiffness transition in the Si-Se binary are dischanges in a sample upon heating. On the other hand, the
cussed in Sec. IV. The principal conclusions of this work arenonreversing heat flow component is ascribed to kinetic pro-

summarized in Sec. V. cesses and the enthalpic changes accompanying structural
reorganization of the glass network as it softens rigar
Il. EXPERIMENT Typical MDSC scan rate conditions used were as follows.

The linear temperature ramp was programmed to have a
slope of 3°C per 60 sec, while the sinusoidal temperature
99.9999% Si chips and 99.9999% Se chips from Ceracyariation to have an amplitude of 1°C and a time period of
Inc. were weighed in the desired proportion and reacted irt00 sec. Figures 1-3 provide examples of MDSC scans of
evacuated (%10’ Torr) quartz tubings at 1100 °C for typi- present glasses; Fig. 1 represents an MDSC trace taken at
cally 5-7 days with intermittent mixing. Melt size was kept low x (x=0.15), Fig. 2 at mediumr (x=0.22), and Fig. 3 at
at 2 g ateach composition. Quartz tubings of 5>-mmi.d. and ahigh x (x=0.333). At each composition, we establishEg
6-mmo.d. were baked at 900°C and pumped down to Zand AC, from the reversing heat flow using the inflection
X 10" 7 Torr prior to vacuum encapsulation of the starting point of the endotherm to define tiig. Thus, even though a
materials. Melt temperatures were then lowered o  glass transition is typically 30 °C wide, the inflection point
+50°C and the melts equilibrated for several hours at thean reproducibly localize the transition to less than 2°C.
lower temperature prior to a quench in cold water. HEre Note that the shape of the total heat-flow endotherm changes
represents the liquidus temperature, and value$,oiere  with glass composition due to the kinetic heat-flow compo-
taken from the known phase diagrii’of the Si-Se binary. nent. On the other hand, the reversing heat-flow component
Si,Se _, glasses are known to be moisture prone and givef the endotherm always displayed a characteristic steplike
out a rather unpleasant odor due to formation gbélin a change atT,. At all glass compositions the nonreversing
humid ambient. For this reason, the micro-Raman measurdweat-flow peak occurs asprecursorto the softening transi-
ments on the glass samples were performed in the quartion (T4) as can be seen in the Figs. 1{&mpare nonre-

A. Sample synthesis and handling
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FIG. 1. MDSC scan of a §is5 g5 glass showing the heat flow FIG. 3. MDSC scan of a SiS@lass displaying a sizeableH

(total), deconvoluted into the nonreversing and the reversing hea“1 an overcoordinated glass which results’l’@"?pbeing nearly 22 °C
flow. The presence of a sizeable nonreversing heat flow in thi?ess tharT, . See Fig. 1 caption and text for details
g- . .

undercoordinated glass shifts the apparent glass tran§’|§%’r(ac-

cessible from the heat flowio a lower value by 8 °C in relation to MDSC in glass science studies derives from ttid, term

the T4 deduced from the reversing heat flow. Excursions along pos

tive y axis represent endothermic processes.

versing heat-flow and reversing heat-flow sgafggure 4a)

that appears to be correlated to the stiffness transition as we
shall discuss later.
The glass transitions deduced from the total heat-flow

provides a summary of4(x) variation in the present binary
glasses. One finds that tfig(x) variation is monotonically

increasing withx and the slope T, /dx increases remarkably

scans will henceforth be labeled a§* and these afford a
means to compare the present MDSC results with previous

; 00— — 0.10
atx>0.31. We also note that, atx=0.34 is larger than at 300 ¢ siSe,, | ‘ ' ]
. . C X -X 4
x=73 with the slopedT,/dx decreasing sharply once>3. 450 F o T, from Rev. Heat Fiow 1008
The smoothTy(x) variation of Fig. 4a) _h_as al_so proved Fo 400 F O 4Cp - 0.08
be a useful check of glass compositions in synthesis of ~ b 10.07
sampl O 350 3 ~
ples. = 006 ©
The MDSC scans of Figs. 1-3 also reveal a sizable non- £ 300 i 8
reversible heat flowAH,,) in glasses at low (undercoor- B e 1005 8
dinated and at highx (overcoordinated with a minimum in e 1004 5
AH,, occurring in the midk region (near optimal coordina- 8 200 | 1003
tion). In Fig. 4b), we have plotted the nonreversing heat- 150 £ 1002
flow AH,(x) variation, and find that it displays a broad and 100k i
nearly flat minimum that begins sharply neai(1)=0.20 : ;°'°1
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FIG. 2. MDSC scan of a §b,S& 75 glass showingrg™ and T,

Temperature (°C)

FIG. 4. (8 Ty(x) and AC(x) variation and(b) AH,(x) as a

function of Si concentration in binary SjSe,_, glasses. Note that

approach each other as the nonreversing heat-flow endotherify(x) andACy(x) vary monotonically withx, while AH,(x) dis-
(AH,) decreases qualitatively when the network becomes optiplays a threshold behavior, a broad and deep minimum in the
mally coordinated. 0.21<x<<0.26 composition range.
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500 ] C. Raman-scattering procedure

B LN

: T,* from Total Heat Fl ] ,

450 F 2 T from Rev. B m?ww 3 Spectra of the glasses were taken with a Model T64000
[ 9 : k

triple monochrometer system from Instruments S.A.

400 equipped with a charge-coupled devi&CD) detector and a
O as0f microscope attachment. The magnification of the microscope
- : objective was 80X yielding a spatial resolution of 1zgh.
§ 300 £ The 647.1-nm line from a Kfrion laser was used to excite
s : the scattering, and light was detected in a back scattering
2 250 : configuration. In our experiments, we used 1.25 mW of laser
E 200 [ power on a glass samplencapsulated in a quartz tyb®
= £ excite the scattering. At this low power level, the glass
150 ¢ sample temperature was established to be 27C from the
100 E Raman Stokes-anti-Stokes scattering intensity fatihen
we increased the laser power level to 2.25 mW, the sample
50 temperature increased to 6B °C. Larger signals could be
500 N obtained from the glass samples at the higher laser power but

400 - g #:::‘;3:::“;"; shapes of the glasses, suggesting possibly, the presence of
L photostructural effects. For these reasons, Raman-scattering

=] measurements were performed consistently at 1.25 mW of
x ] incident laser power at all glass compositions.

The triple monochrometer system was calibrated using a
1 Ne discharge lamp which revealed three atomic transitions at
_' 84.38, 146.38, and 299.63 cthin the CCD spectral window
(10-390 cm?). The window was kept unchanged through-
] out the measurements. In fact, the stability of the spectrom-
] eter system was tracked periodically by recording Ne spectra
] during the course of the Raman measurements. The entrance

app . . .
O T, from Total Heat Flow f: we also noticed subtle changes in the observed Raman line

300

200 [

Temperature (°C)

100 |

i ) ] slit width was kept at 5Qum (0.78 cm'Y) for recording the
e Ne calibration lines and at 2Q@m (3.12 cm %) for recording
015 020 025 030 035 spectra of the glasses. Spectra of the glasses were averaged
Si composition over nine accumulations, each lasting 9 sec. A minimum of

three locations on a glass sample were studied. Each spec-

FIG. 5. (a) Tg"(x) andTy(x) variation in SiSe_ glasses de-  trum was least-squares fit to a superposition of appropriate
duced from MDSC measurements reveallf§f{x) <Ty(x) when  number of Gaussians to extract mode-centroij (node
nonreversing heat-flow processes occur in undercoordingted \yidth () and mode-normalized scattering streng#f) (us-
<X(1)] and overcoordinatefk>x.(2)] glasses(b) Tg"(x) cor- ing a software package called Labcalc marketed by Galactic,
relates well with previoudq results from DSC measurements of |- \ye were unable to detect spatial variations in the Raman
Johnsoret al. (Ref. 13 and M. Tenhoveet al. (Ref. 17 atindi- |1 shapes of our glass samples that would suggest presence
cated SiS  glass compositions. of inhomogeneities due to incomplete alloying.

DSC results on these glasses. @ff° variation[Fig. 5b)] is
in good agreement with the work of Tenhowetrall’ and _ _ _
Johnsoret al® The presence of kinetic heat-flow processes F19ure 6 provides representative spectra of the glasses

can cause apparent shifts in fﬁg)pfrom the actual . . This taken at lowx, mediumx, and highx, respectively. _Starting
is more clearly seen in Fig (8, where we compareg {HEPP at x=0.15, spectra of the glasses broadly consist of three
(8, »

. modes, centered approximately at 210, 225, and at 260,cm
andTg on SiSe -, glasses from our MDSC measurements.yhich have been identified previousy'® and will hence-

The sudden jump iTg"™ whenx increases to 0.20 can be forth be labeled as C&orner sharing ES (edge sharing
traced toAH,,— 0. Likewise, the deviation betweel, and  and CM (chain modg respectively. We generally observed
TP at x>x.(2) grows[Fig. 5a)] as AH,, increasedFig.  the scattering strengths of the CS and ES modes to increase
4(b)], but it is much smaller than the jump neay(1). The at the expense of the CM as the Si conterf the glasses
kinetic heat flow is also related to sample history. For ex-increased in the 0.¥5x<<0.333 range. Furthermore, at
ample, a second MDSC scan»at 0.15 taken immediately =0.19, the ES mode, the CS mode, and CM each displayed
following one on a virgin glasgthat has relaxed at room increasingly asymmetric line shapes which could be de-
temperature for daysreveals a significantly smaller nonre- convoluted into doublets as will be discussed in detail later.
versing heat flow, understandably because relaxation prdsplitting of the ES mode from a broad unimodal band into a
cesses in such undercoordinated glasses are slow, as d#wublet becomes conspicuous at compositior®.265. We
cussed elsewher8 For these reasons, MDSC measurementslso noted that the scattering strengths of the high-frequency
were taken on virgin glass samples that had relaxed at roomomponent of the ES mode, the bond bending mode at 70
temperature for weeks. cm?, and the bond-stretching doublet feature at 350 tm

D. Compositional dependence of Raman spectra
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FIG. 7. Raman scattering in the ht, mt and It polymorphs of
c-SiSe compared to that in Sigalass. Note that all polymorphs
show mode of ES tetrahedra near 245 ¢énMode of CS tetrahedra
are observed in the mt and It crystalline phases and the stoichio-
metric glass.

::;i have been synthesiz&8The Raman and & NMR of the
0.23 three SiSg polymorphs have been report&tiThe crystallo-
graphic structure of the mt and It phases has yet to be solved,

e L to the best of our knowledge. The Raman-scattering and
NMR results on the mt and It polymorphs reveal unequivo-
cally presence of CS, in addition to ES, tetrahedra.

We confirm the existence of the mt and It phase of
c-SiSe. In Fig. 7 we compare Raman spectra of the three
polymorphs of crystalline SiSewith the stoichiometric
g-SiSe. These results are generally in agreement with the
0.20 earlier report of A. Pradadt al?* The comparison unequivo-
0.13 cally shows that the high-frequency member of the ES mode
0.18 in the glass almost coincides in frequency with fyemode
017 of the ht-crystalline polymorpti at 245.58 cm? but deviates
0.16 somewhat from the ES mode either in the (@89.86 cm})

0.15 or the It phasg241.97 cm?) of c-SiSe. Furthermore, the
NP N R B Ayg mode at 80 cm! in the ht crystal has an analog at 70

100 200 300 cm tin the glass. The weakly excitéBh, andB3, phonons
Raman Shift (cm™) at 345 and 355 cit in the ht c_rystaﬂi4 also have doublet
counterparts centered at 350 chin the glass spectrum. On

FIG. 6. Raman scattering in Sg_, glasses revealing growth the other hand, the CS-mode feature in the glass has coun-
in scattering strength of the (Sig»), CS and ES modes at the terparts in the It and mt SiS@olymorph?® In particular, the
expense of Se CM with. Note that modes are symmetric at law ES to CS mode scattering strength ratio in the It phase and
(lowest panglbecome asymmetric at mediun(middle paneland  the stoichiometric glass appear superficially similar. The
split at highx (top pane). presence of a large number of lattice mod#80 cm ! and

below) in the It and mt phases is akin to those encountered in
each progressively grows asincreases tc. These modes 2D form of GeSeg, and these results are suggestive of crystal
will be shown to be signatures of a specific cluster which westructures possessing large unit cells. It is likely that in these
shall return to discuss in Sec. IV. SiSe crystalline polymorphs, chains of CS tetrahedra occur
which are laterally coupled by dimeric ES units as in 2D
form of GeSe. In Ref. 21 we provide a comparison of the
present Raman results with tRé&si NMR resulté* on SiSe

The structure of only one of the crystalline polymorphs,glass and the crystalline polymorphs of SiS&/e shall re-
the high-temperaturént) phase of SiSghas been analyz€d.  turn to discuss the implications of these results on the struc-
It is indexed on an orthorhombic cell in tiE> space group ture of the stoichiometric glass in Sec. IV.
and consists of infinitely long parallel chains of edge-sharing For completeness it would be appropriate to mention that
Si(Sey,), tetrahedra running parallel to the crystallographic in glasses ax>3, a different mode is observed at 200 ¢in
axis. Recently, two other polymorphs, a mt and a It phaseThis mode is not observed in either the stoichiometric glass

Counts (arbitrary units)

Counts (arbitrary units)

E. Raman spectra of stoichiometric SiSgglass and crystals
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FIG. 8. Raman-scattering line shape in indicated glass deconvo
luted in terms of three Gaussians reveals an excellent fit.

or the crystal ak=%. This mode has been attributédo the
appearance of face-sharing,&e ) tetrahedra in the Si-
rich glassesX>3) and will henceforth not be discussed fur-
ther.

Counts

S Gaussian Fit

IIl. DECONVOLUTION OF RAMAN LINE SHAPES IN

GLASSES
A. Region I: Composition region 0.15<x<<0.19 1001
In the low Si concentration range, Raman line shapes in ; ! |
the glasses can be well reproduced as a superposition of thre 200 " 20 300
. . e . ave numbers (cm™ ")
symmetric Gaussians. In least-squares fitting the line shapes,
we kept the mean frequency), full width at half maximum FIG. 9. Raman-scattering line shape in g 355 glass de-

(I'), and intensity(l) of a mode as variable parameters. Suchconvoluted in terms of threé&op panel and five (bottom panel
profiles are suggestive of cross linking of quasi-one-Gaussians with no restrictions on line-shape parameters. Note that
dimensional Sgchains by Si atoms, to fornsolatedcorner  the misfits on the central- and high-frequency modes present in the
sharing and bi-tetrahedral edge-sharing units iraadom  three Gaussian fit are removed in the five Gaussian fit.
fashion Figure 8 provides an example of a line-shape decon-
volution at a glass composition &t=0.15. Fits of a similar to the same quality of fits as measureddy and appear to
quality are realized up to a Si concentrationxef 0.18. change systematically with compositigras we shall discuss
in Sec. llID. In this compositional range, the splitting of the
, ES and CM into a low-frequency and high-frequency com-
B. Region If (0.19<x<0.22 ponent smoothly extrapolates to the result at bovand at

At higher Si concentrations, a deconvolution of the spechigh x.
tra in terms of three Gaussians appears to become inad- In region Il, spectra of the glasses suggest a transition
equate. This is illustrated in Fig. 9 which shows a deconvofrom a random network at the low enat£€0.19) to a net-
lution of the line shape for a glass &t=0.22, in terms of  work in which structural correlations begin to appear on a
three (top panel as well as five Gaussiaribottom panel  scale of two or three tetrahedra at the high exe 0.22). As
with no restrictions on the line-shape parameterd’(l) for  we shall see later in Sec. IV the first of two stiffness transi-
each of the Gaussians. The misfits on the peaks of the ES afidns (transition 2 marking the onset of rigidity occurs near
CM, and the high-frequency shoulder of the CM is transparx=0.20.
ent in the three-Gaussian fit. These misfits can be almost
eliminated by adding two more Gaussians to the fit; a com- )
panion to th)(/a ES a?"nd a companion to the CM. In a five- C. Region IIl (0.23<x<0.333
Gaussian fit, we found that the least-squares refinement At higher Si concentrations a five-Gaussian fit to the ob-
places the companions on the high-frequency side of the maerved line shape can be improved upon by requiring an
jority mode. None of the line-shape parameters were kepadditional Gaussian for the CS mode as the line shape be-
fixed in the least-squares refinement. comes increasingly asymmetric. Figure 10 shows Raman

The five-Gaussian deconvolution is sufficient to accounispectrum of a glass at=0.25 which is analyzed in terms of
for the observed line shape in the 0<19<0.22 composi- three and six Gaussians. Figure 11 shows a Raman spectrum
tional range. The principal justification for the choice of five of a glass atx=0.30, analyzed in terms of three and six
Gaussians in the fit is that the unrestricted fit parameters lea@aussians. In region lll, each of the modes clearly requires
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FIG. 10. Raman-scattering line shape in g, -5 glass de- FIG. 11. Raman-scattering line shape in g:55& 7o glass de-

convoluted in terms of threéop panel and six (bottom panel  convoluted in terms of threéop panel and six (bottom panel
Gaussians with no restrictions on line-shape parameters. The leaggaussians, with no restrictions on line-shape parameters. Note the
squares refinement places the companions of the CM and ES mod@gowth in scattering strength and splitting of the ES and CS modes.
on the high-frequency shoulder but the companion of the CS mode
on the low-frequency shoulder of the majority modes. examined range 0.¥5x<0.33 appear in Fig. 12. As ex-
pected the CM scattering strengdfy/A extrapolates to zero
doublets. In region Ill the CM companidminority mode is  asx increases tg. In making the plot of Fig. 14, the majority
placed by the refinement on the low-frequency shoulder ond minority mode strengths for each of the modes were
the main modemajority). This is in contrast to the ES and added together. A particularly noteworthy feature of this plot
CS modes, where the companions are placed by the refingicludes adiscontinuouschange in theA,/A ratio for the
ment on the high-frequency shoulder of the majority mode.CM and ES at the compositioxn=0.265 in the middle of
region lll. At x=0.27, the increase in scattering strength of
ES chain is precipitous and derives largely from a decrease
in scattering strength of CM. Also noteworthy is the fact that
no discontinuities manifest at the boundaries between the
A. Raman-scattering results and mode assignments regions that could be an artifact of data reduction.

IV. DISCUSSION

We have identified the rationale for the fitting procedure
(Secs. IllA—Q used to deconvolute Raman line shapes in
the three compositional regions. In this section we shall now The plots of Fig. 13 provide th& dependence of line-
summarize the results of this analysis and discuss mode ashape parameters related to the CS mode and include the
signments. At each composition, we have analyzed at leashode frequency.{x) [Fig. 13a)] the normalized scattering
three sets of spectra to look for consistency before averagingtrengthA./A [Fig. 13b)] and the linewidthI'(x) [Fig.
the results. The result of this analysis is summarized in Figsl3(c)]. In region Ill, the CS mode splits into a majority and
13-15 which provide global compositional trends in modeminority mode, with the low-frequency component (%%
parameters, and suggest specific mode assignments whiodpresenting the minority mode and the high-frequency com-
will serve as a basis to discuss glass structure in Sec. IV Bponent (C89") the majority mode. These compositional

The normalized scattering strength ratidg/A of the CS  trends suggest that the majority mode in region | represents
(n=1), ES (1=2), and CM f=3) as a function okin the  Si atoms cross-linking chains of Sehile the minority mode

1. Majority and minority CS modes
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with the floppy character of undercoordinated, Sleains that
the CS unit serves to cross link. Furthermore, the population
of the minority CS mode increases withonly at x>0.26
[see Fig. 18)] supporting the proposed assignment that the
mode is related to the appearance of ES chains in the net-
work (Fig. 12. It is, of course, unreasonable to imagine that "E
in region Il the proposed majority CS mode assignment of S
region | continues to be signature of Si-tetrahedra cross- a I—=
linking Se, chains, when the concentration of the latter spe- | l ° ]
cies (Fig. 12 decreases dramatically. In regions Il and III, 8 | L o o
and particularly ak>0.27, the character of this mode under- I o Se '\0 rFy
®
I ! ]

0.9_1"‘ | A ‘['lv [.' Tcé_ 224: i ¥ i' 1 E
L ] it 3
0.8 ?HM | = EBS > 22 ™ I N
: \ } 4 Se ] 20 | |
7E | ] 218 | ‘}'ﬂ > I
T 2 I |
S 2af I
RPY:
210
208 |
206 F
204
0.30
0.25
| . : L s L . I l, - . | : . L r
0.0 [
0.15 0.20 0.25 0.30 0.20
Si composition .
0.15 [
FIG. 12. Mode scattering strengtk, /A(x) of the CS(@®), ES <8 C
(M), and CM(A) as a function ok showing a precipitous growth of 0.10 ]
ES tetrahedra at the expense of, 8bainsx=0.27. - | 1
0.05 F x> X (2> g
largely represents CS Si-atoms cross-linking chains of ES - | | ° ]
units. Note that the minority mode has a narrower linewidth 0.00 |- | | 2
(~7 cm ) than that of the majority CS mod@4 cm ). " (b) l l
The larger linewidth of the majority CS mode is in harmony — - : . :
| |
I

10 : I—>‘4—H—><—'—'—-

[

goes a change, and we suggest that it then represent chains of 6

CS tetrahedra in the network. The reduction in mode line- (c) I L
width [Fig. 13c)] and concomitant growth in the scattering R — et bt
strength of the majority CS mode are in harmony with such 0.15 0.20 0.25 0.30

an assignment. A summary of mode assignments appears in Si composition

Table I.

FIG. 13. Raman line-shape parameters associated with the CS
mode: top paneb(x), middle panelA;(x)/A, and bottom panel
I'(x). The CS mode splits into a majority and minority mode in

The plots of Fig. 14 providex dependence of line-shape region IIl. Continuous lines demarcate the three regions while the
parameters related to the ES modes. Mode frequencies of thgoken lines indicate the threshold(1) andx.(2) Si composi-
majority and minority ES mode appear in Fig.(&4 their  tions. The error bars on mode frequencies afel cm* and rep-
normalized scattering strength ratios in Fig.()4 while  resent the size of the data points.
their linewidths appear in Fig. 1d). Perhaps the most sig-
nificant feature of these compositional trends is the modea mode frequency somewhat lower than the minority ES
frequency variatior{Fig. 16a)] which reveals that the mi- mode frequency, is thought to result from Si tetrahedra
nority ES mode (E®") acquires a frequency of 245.3 ¢ present in ES chains that are more distant from each other
asx— 3. This mode frequency almosbincideswith theA; than the OOP chains, such as the in-phdB¢ ES chains.
mode frequency in the ht Sigphase(Fig. 7). These results Such ES chains form elements of the cross-linked chain clus-
suggest that SiSeglass consists, at least partially, of frag- ters originally proposed by J. Griffithst al'* Gladden and
ments of the out-of-phag®OP) ES chains as present in the Elliott? found such a cluster to contribute at least partially to
ht phase ot-SiSe. Nearx— 3, the majority ES mode with the structure factor of a glass &at=0.32 in their computer

2. Majority and minority ES modes
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TABLE I. Summary of Raman mode assignments igS8j_, glasses at &x<§ suggested from present and previous reports.

Mean
Mode frequency Lowx (region ) medium and high (regions Il and I1)
gghigh® 245 cm't atx— 3, mode frequency coincides with that Af,
mode ofc-SiSe; A; mode of “out-of-phase” ES chains
(OOP chainsforming elements of CLCC
ES°W 236 cmt bi-tetrahedral ES units cross linking peculiar to glassAy mode of “in-phase” ES chains
Se, chains (IP chaing as elements of CLCR
CShion 214 cm't A, mode of CS tetrahedra formed as  chains of CS units forming part of CLCR
cross links of Sgchains
cgow? 206 cm ! Minority mode; appears at<0.25; mode of CS units
formed as cross links of ES chains
CMhigt? 270 cm't Minority mode; appears at>0.19; Se-Se stretch mode

of Se pairs and/or 3-Se chain segments present at cross
links of ES chains
CM'ow 258 cmi't Se, chain moden>3, A; mode of scattering strength diminishes drasticallyms%
disordered chains

8UJnbold modes are minority modes.

modeling studies. Note that linewidths of the majority ESgeneral, larger than the minority CM linewidfRig. 15c)].
mode are in general larger than linewidths of the minority ESThe mode frequencies, mode linewidths, and mode-
mode. The OOP chaingninority ES modg are more com-  scattering strengths for the majority CM in the present
pactly assembled motifs than IP chaimsajority ES modg  glasses have analogies in,Ge, _, glasses, and these results
and the narrower width of the former chains is a reflection ofgre persuasive to suggest that the majority CM represents an
their more uniquely defined packing geometry. The geoma symmetric stretch mode of disordered Se chains. The
etry of the IP chains is less restrictive, and such chain fragminority CM manifests ak>0.20, and we tentatively iden-
ments cross linked by chains of CS tetrahedra are likely t‘?ify it with Se dimers and possibly Se trimers present at the

form elemgntfs ﬁf lmedidum rarTge z)rfde;r of the glasseé% al cross links of ES chains with CS units. In the proposed mod-
>0.27, and of the It and mt phase ©fSiSe as suggest els of the cross-linked chain-clustéZL.CC) and CLCR, Se

29q; P
by the *Si NMR resuits on these crystalline polymorphs. atoms serve to bridge between CS and ES units. It is likely

<0A;3|)0V¥hexm(§-'01ri5t<xE<Sorﬁgzje ?rned urgr? Cdi:ausma)\(re(gillr?i?():(antl that for the more distant and therefore loosely packed IP
Iowér (b' 3 cmff) th)z:m their valuesqneaf—>l [Fi f4(a)] ychains, Se dimers and/or trimers instead of Se atoms serve to
y o9 je offidge ES and CS units. Such short Se chain segments may

At low x, the majority mode probably represents a mode OheIp provide strain relief as bridges. Such chain segments are
isolated bi-tetrahedral ES units, i.e.,&g5)g UnNits, serving identified with the minority CM in the spectra of the

to cross link Sg chain segments. At medium, these bi- )

tetrahedral ES units become cross linked by CS units, nucle>xS@-x glasses. _

ating a cross-linked chain-ringCLCR) structure. This view We have summarized in Table I, the mode assignments
is corroborated with the near halving of the majority modeSuggested by the compositional trends in Raman mode fre-
linewidth [shown in Fig. 14c)] with x in the 0.15<x<0.30  duencies, widths, an(_:i scattering strengths |n.the present glass
range. One expects mode widths of isolated ES units jn SeSystem. The underlying eigenvectors are briefly commented
chains to be larger because of the intrinsic floppiness of th&Pon in the remainder of this subsection. _

chains. Formation of CLCR leads to a more connected struc- TheA; mode of CS mode involves a symmetric stretch of
ture, and the narrower mode widths are a consequence of tii@e four nearest-neighbor Se atoms along the tetrahedral
underlying ring structure. The ES chains comprising the?ond directions with the central Si cation remaining
CLCR structure grOW in concentration Wlbh and this re- Stat|0nary|: “°For an ISOlated CS Un|t, the mOde n ques“on

sults in a packing problem, reflected in an increase in mod#olves only the Si-Se bond-stretching force constant and it
width and molar volumég asx>0.30. largely determines the frequency of the mode to be about

210 cm 1. Such a mode in a network glass of CS tetrahedra
is not expected to be entirely localized on a tetrahedra be-
cause of intertetrahedral couplings. The Se bridging angles
The plots of Fig. 15 provide th& dependence of line- are close to but not exactly 90°. Thus presence of intertetra-
shape parameters of CM. For the CM, we had noted that thkedral couplings will delocalize the mode, broaden it, and
majority mode frequency (CNF" is, in general, higher than also increase the mode frequency with increasing connectiv-
the minority mode (CN?") frequency. The normalized scat- ity of the network. In fact, the success of Raman scattering as
tering strength ratios of the majority and minority CM appeara probe of local elasticity in a network glass crucially rests
in Fig. 15b), and as expected both strengths extrapolate ton the presence of these intertetrahedral couplings.
nearly zero ax— 3 when the chains are fully cross linked.  In contrast to the eigenvectors of the Raman active
We also find that the linewidth of the majority CM is, in mode of CS units, those of th; mode of ES units involve

3. Majority and minority chain modes
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FIG. 15. Raman line-shape parameters of Se chain OB,
E§1owing top paneb(x), middle panelA;(x)/A, and bottom panel
o A o . I'(x). The chain mode splits into a majority and minority mode in
F(X.)' The ES mode splits into a m‘F’IIO”ty and minority mode in regions Il and Ill. The error bars on mode frequencies afel
regions Il and lll. See text for details. The error bars on mode

. . ; : cm ~ and represent the size of the data points.
frequencies are-0.1 cni * and represent the size of the data points. P P

FIG. 14. Raman line-shape parameters associated with the
mode: top paneb(x), middle panelA,(x)/A, and bottom panel

displacement41° of the Se atoms at right angles to the two- the more isolated or molecular character of chains present in
fold axis of a tetrahedral unipr the axis of ES unijsand is  a glass in relation to those in the crystal.
therefore not a pure bond-stretching mode.

The A; mode of helical chains of Se as in trigonal Se is a
symmetric breathing mode in which Se atoms displace nor-
mal to the chain axi4’ In a glass, chains are distorted and  The richness of the Raman scattering line shapes in the
the A; mode, although broadened, continues to have thglasses, and particularly their variation with changes in glass
same microscopic origin. ThA; mode in a Se glas&50 composition as small adx=0.01, as seen presently, pro-
cm b is significantly upshifted in relation to that inSe  vides crucial insights on the evolving molecular structure.
(236 cm ) and, at least one vil¥?’ attributes the shift to  Glass structure in the chalcogenides has had its share of con-

B. Glass molecular structure evolution with connectivity
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troversies, and the present binary is no exception. A stochashe stoichiometric glass. One possible interpretation of these
tic random networks model description of these glasses waesults is that the mt-crystalline phase consists largely of
developed by SugHi to account for the Raman spectra CLCR’s, while the lt-crystalline phase consists of CLCC
across the whole composition range:@<%. On the other structures, a speculation that could be checked by solving the
hand, a specific molecular fragment consisting of chains ofrystal structures of these phases. The structure of the sto-
ES SiSe,,), tetrahedra cross linked by CS ones was pro4dchiometric glass thus has features of not only the ht- but also
posed by J. Griffithet al1* to account for the observed Ra- the It- and mt-crystalline phases.

man modes in the glasses. The latter model has also found The optical band gaf4(x) variation withx in the present
support in attempts to develop computer models ofxan glasses reveals a sharp incréasem 2.30 to 3.35 eV ax
=0.32 glass, to account for the observed elastic neutrofficreases in the narrow composition range 0.325-0.340, and
structure factor. These structure factor resfillso found the color of the glasses changes from a gray-blagk (
little support for a stochastic random networkxat 0.32. <0.32) to orangd0.33 to yellow (0.34. In the same com-

In region |, it appears that chains and rings of Se are crosBosition interval glass transition temperatufig$x) increase
linked by Si atoms in a random fashion by isolated CS unit&t a higher ratg¢Fig. 4@]. A first-principles theoretical at-
and by isolated bi-tetratedral ES unfisig. 16a)]. Indeed, tempt to understandy changes with network connectivity
deconvolution of Raman line shapes in terms of three symfor random networks has now been made by Kerner and
metric Gaussians is a very good representation of the dafdicoulaut®® Clearly, changes in optical and thermal proper-
and suggests that a stochastic random network description &S accompany evolution of substantial medium range struc-
these glasses at<0.19 is a reasonable descriptith. ture in these glasses, providing perhaps one of the more

With increasingx, and particularly in regions Il and I, striking changes in structure with composition ever docu-
line-shape deconvolution in terms of three Gaussians bemented in a chalcogenide.
comes rather inadequate, suggesting appearance of extendedGiven the richness of the present Raman results, it would
range structures, such as the CLCR and CLCC structurdde of interest to carry forward a program of molecular-
emerge as illustrated in Figs. (5 and 16c). In the rings  dynamic simulatior¥ and to supplement in a more quanti-
(CLCR) in-phase ES chains are cross linked by chains of Cative fashion the present molecular structure description of
units while in the clusteCLCC), out-of-phase ES chains SikSe _ glasses. Such studies should also provide important
are cross linked by CS units. The majoritsninority) CS  insights into the molecular origin of the onset of rigidity in
mode represent signature of CLGRLCC) medium range Steps.
structures as illustrated in Table I. The majoritpinority)

ES modes likewise also provide signature of CLER.CC)
structures.

In region Ill, perhaps the most striking feature of the Ra- The CS-, ES-, and CM-mode frequency variation with
man results is the discontinuous jumpat0.27 followed by  glass compositiony.{(X), ve{X), andvs{x) plotted in Figs.

a precipitous growthX>0.27) in scattering strength of ES 13(a), 14(a), and 1%a) are reproduced in Fig. 17 to facilitate
tetrahedra at the expense of Se chain mdudéth relatively —a comparison. In this section we shall analyze these varia-
little change in scattering strength of CS tetrahgdi@ this  tions and show that the observed trends provide evidence for
composition range evidence for growth in concentration oftwo stiffness transitions, an onset pointxat x.(1) labeled
CLCC structures occurs. In the Raman spectrum, one oltransition 1 and a completion point atx.(2) labeled tran-
serves growth in scattering strength of both the 70- andition 2.

240-cm ! modes(counterpart of the Ag modes of ht Si$e ES units forming part of a chain are overcoordinated (
along with the 345 and 350-cm doublet (counterpart of =2.67) and comprise the rigid regions of the network.
B,y andBzq modes of ht SiSg. In fact, the frequency of the Se,-chain fragments possessing=2, on the other hand,
minority ES mode in SiSgglass actually coincides with that comprise the floppy regions of the network. CS units play a
of the A; mode frequency in the ht-Sig@hase. These re- dual role; such units when cross-link ;Sehain fragments
sults taken together constitute evidence for CLCC structur@robe the dynamics of these floppy chains, on the other hand
of the out-of-phase ES chains as found in the ht phase avhen CS units form part of a chain of CS tetrahedra or
c-SiSe populated in the stoichiometric glass. cross-link ES chains these probe the dynamics of these rigid

There are, however, other vibrational features of SiSefragments. For these reasons, the mode frequency variation
glass that resemble those of the mt and It phase of,SiSef ES and CM, provide directly the optical elastic response
consisting of CLCR structures. For example, in both thesef the rigid and floppy regions in $g _, glasses. On the
crystalline polymorphs modes of CS tetrahedra occur wittother hand, mode frequency variation of CS tetrahedra dis-
varying concentration ratios of ES to CS tetrahedra. In thiglays a richer structure because of the dual role displayed by
respect, the®*Si NMR results on the SiSepolymorphs are  such units probing both the rigid and the floppy regions.
far more quantitative, and reveal directly the concentrations There are several general features that become transparent
of Si tetrahedra having zer&(0); one,E(1); or twoE(2); from the global trends shown in Fig. 17. The elastic response
edge-sharing nearest neighbors as illustrated in Fig®)46 (mode frequency squargdf the CM remains always sublin-

(c). Thus onlyE(2) signatures appear in the htSj%es one  ear inx across the connectivity range investigated. On the
would expect based on the infinitely long ES chains presentther hand, the elastic response of ES tetrahedra which is
in the known crystal structure. In the mt and It polymorphs,independent ofx at x<x.(2), displays a superlinear re-
observed ratios oE(2):E(1):E(0) equal 2:2:1 and 1:1:0, sponse ak>Xx.(2), unambiguously identifying the compo-
respectively, which may be contrasted to ratios of 1:2:1 insition X.(2) above which the network has become percola-

C. Stiffness transitions in SjSe _, glasses
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(c)

FIG. 16. Molecular structure of $e _, glasses suggested by Raman-scattering measurements. The ball and stick models illustrate
aspects of short- and medium-range structure@alow x, (b) mediumx, showing a CLCR structure, ar@) high x, showing a CLCC
structure. See Table | for additional details.

tively rigid. But perhaps the most revealing elastic response&.(1)<x<x.(2), but a superlinear one thereafter, at
comes from the CS units that reveal distinct kitgsange in ~ >x.(2). It is transparent that $8g _, glasses are rigid in a
slope at x=x,(1) and =x.(2). We observe a sublinear percolative sense only at>x.(2) and are floppy atx
variation in the optical elasticity in the transition region <x.(1), with a rather wide transition regiofix.(1)<x
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FIG. 18. Local elasticity in the transition regior,(1)<x

'?g 240 fomt %1 <x.(2) is well described by a sublinear power law gf
S . ‘L ! ] =0.71(10).
) ptr— | —21 S -
> 28 I | II i m 3 that numerical simulatio$®? of elastic response of a bond-
236 3 | | ] depleted diamond lattice reveal a flat response or zero slope
- 1 in the floppy region as there are no restoring forces. In such
[ [ | ] simulations changes in connectivity are brought about by
234 3 | | ] cutting bonds between C atoms with no change in bonding
F(b) [ L type. In the present experiments, however, changes in con-
?g ( nectivity are brought about by chemical alloying, i.e., intro-
L i ' i ' ] ducing fourfold coordinated Si atoms for twofold coordi-
L ‘ ] nated Se atoms. Such alloying also produces growth of the
270 F h chemically more stable Si-Se bonds at the expense of Se-Se
i bonds. The small slopgv.{x)/dx in the floppy region is of
chemical origin and results from presence of the more stable
— 265 heteropolar bonds in the network at the expenses of homopo-
E [ lar ones with increased connectivity.
‘-; [ At x=0.20, the average slogk.J/dx increases by a fac-
> 260 tor of 3. The mode scattering strength variat{étigs. 13b)

255 [

I
l
x(1) 4>
|

and 15%b)] reveals that neax=0.20, CS units cross-linking
chains of Se increase sharply with Furthermore, near

x(2)->| x=0.20, the scattering strength of the minority Qllimer
I(c) | and trimer links between ES and CS ujpitso increases
260 [l | I A with x. These results suggest that rigidity is nucleated in
0.15 0.20 0.25 0.30 small CLCR structures of the type shown in Fig(lh)6 We

Si composition

identify the compositionx=xX.(1)=0.20 as representing
transition 1, the onset of the stiffness transition in the present

FIG. 17. Raman mode frequency variation of CS tetrah@dm  glasses corresponding to a change in sldpg,/dx. The
pane), ES tetrahedramiddle pane), and CM (bottom panglas a  compositionx.(1) correlates well with the onset of a sharp
function ofxin Si,Se _, glasses. See text for details. The error barsreduction in the nonreversing heat flow in corresponding
on mode frequencies are0.1 cm ! and represent the size of the glassy liquids[see Fig. 4b)]. As the glass composition in-
data points. creases tx=0.20, network stress reduces because the net-

_ ) o work becomes mechanically criticHEq. (1)]. The underly-
<X(2)] over which a mechanical stiffening of the network jhg enthalpic changes associated with different molecular
occurs. configurations accessible to the network as the glass melts
acquire a minimum. These considerations are responsible for
the broad minimum iMH,, in the 0.26<x<<0.26 composi-

Glass compositions at<<0.20 are considered to be gen- tion range.
erally floppy since Sechain fragments comprise the major-
ity phase at low Si concentrations. In regiorvl{Xx) varies
linearly with x, and one observes mild slope dv.{x)/dx We identify the rigid region in the present glassesxat
=0.12cm *at. %Si. It would be instructive to recall here >x.(2)=0.270, where the elastic response of ES units and

1. Floppy region

2. Rigid region
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CS units displays a superlinear variation on mean coordina- 4.0 FrrrTreTTT T T T T
tion number. In Fig. 1®), we note that both the majority (©) Rigid Region: Edge Sharing ]
and minority ES-mode frequencies,{x), display a power- 35[ Majority Mode 2
law behavior for the underlying local elasticity at-0.27. [
We have deduced this power law the usual way by plotting
logio(v2s— v2) against logdT—T¢(2)], and obtain

p(ES°Y)=1.33(10) andp(ES"9" =1.43(10) for the major-

T

30F  pEs'™)=1330.10)

Nﬁ ]
% ]
ity and minority modegFig. 19, respectively. In this com- "'3 25 .
position region, the ES modes are signatures of rigid regions 2 @ ]
of the network which consist of CLCC and CLCR structures u,e 20k L h
eluded to earlier. In such structures, dimeric and trimeric ES S 't ]
chains are cross linked by CS units or CS chains as illus- [ ]
trated in Figs. 16) and 16c). iy 7]
It is comforting indeed to see that several numerical [ ]
simulationg!?2 of elasticity in networks constrained hy Y1) NN U NS R SR I E
and g forces reveal a power law=1.5 or 1.4 for the varia- -15 14 13 12 11 10 09 -08
tion of the elastic constants in harmony with the present Log,,(r-r)
results. These numerical results suggest that the composition
X=X(2)=0.27 thus marks the completion of the stiffness 4 T
transition that was initiated at=x.(1)=0.20, and label [ (b) Rigid Region: Edge Sharing
X:(2) as transition 2. i Minority Mode
We now comment on the observedyx) variation atx i |
>X:(2). In general, CS tetrahedra occur in three structural ~ .1 |
entities in the present glasses. Such tetrahedra crossalink “g 3r p (ES"™™) = 1.43(0.10)
Se, chains,(b) out-of-phase ES chains in the CLCR struc- ;
ture, and(c) in-phase ES chains in CLCC structure. Thus “a
while units in(a) represent the floppy part of the network, < |
units in (b) and (c) represent the rigid part of the network. u,e PR .
Since the concentrations of these uni®, (b), and (c) S A
changes systematically with the underlying local elasticity
vﬁs(x) variation reveals subtle changes. For example, we L
observe a dual power lafjFig. 19a)], a lower powerp, :
=1.15(10) neax=x.(2), but ahigher power ak>0.29 of 1 et
pr,=1.62(10). Atx>0.29, contributions to the local elgstic- 34 (a) Rigid Region: Corner Sharing |
ity due to the floppy Sesegment decrease remarkaliiyg. i Majority Mode
12) and the optical elasticity measurements sample the rigid 32 o |
phase of the network yielding the anticipated higher power [ o
law. & 30 -1
g X
N' .8 |- =1, -
3. Transition region 5 2 | Pr 115020 |
In the transition region, i.ex.(1)<x<X.(2) between the ;2 26 7
onset and completion of rigidity, the present results on 9 i Py =1.62(020)
Si,Se _, glasses reveal that the local elasticity vaseslin- 241 —
early with a reduced power lawp,=0.71(10). The power 22 _ ]
law p, was obtained by plotiing lag v2(x)—v3(1)] “l ]
against logr—r.(1)] in Fig. 18. The present Raman re- DY) N IS I IO S
sults also reveal that as viewed by CS mode frequency varia- -1.8 -1.6 44 12 -1.0 0.8
tion, transition 1 is clearly second orderiin On the other Log,(r-r.)

hand, ES-mode frequency variations, both for majority and

minority modes[Fig. 14@)], reveal that transition 2 is first FIG. 19. Local elasticity in the rigid region starts daj with a

order in nature because of a small but sudden jump in modgower lawp, =1.15(10) and acquires a power lg{=1.62(10) at

frequency neak=0.27. This is a delicate result and is local- x>0.29 for corner sharing mode. Parallel results for the majority

ized on the rigid regions comprising the CLCC and CLCRES mode(b) show a power lawp(ES®")=1.33(10) for the major-

structures. In a generic sense this result is reminiscent of thity mode and(c) a power lawp(ES"") =1.43(10) for the minority

intrinsically heterogeneous character of a glass on a molecurode.

lar scale and the power of Raman scattering to probe the

rigid and the floppy regionsxdependently measurements, shows a deep and flat minimum in the tran-
There are two other observations on these glasses that asiion region. In this composition range, the rigdL.CC and

directly correlated with our Raman stiffness results. First, theCLCR structuresand floppy(Se, chaing fragments of the

nonreversing heat flonAH,(x), deduced from our MDSC backbone are finely dispersed. This results in a minimum of
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network stress and minimal entropic changes when the glagsansitions: the onsetof the stiffness transitioftransition 1
softens upon heating 0, resulting in the broad minimum in  occurs neax=x,(1)=0.20 orr (1)=2.40 and a comple-
AH,(x). These trends mimic the activation energies fortion of the transition(transition 2 at x=x.(2)=0.2275 or
stress relaxatiorE5(1) in chalcogenide glasses reported byTr.(2)=2.46. In the GgSg _, binary both transitions 1 and 2
Bohmer and Angelf® These observations conform to the appear to be second order in character as viewed by the CS
Phillips glass conditiofiEg. (1)] which expresses a mechani- mode frequency variation. Thus transition 1, in both binary
cal critical point of the system. Specifically, these observaglass systems, occurs neatl)=2.40 close to the predicted
tions suggest that networks in the transition region occupynean-field value. Transition 2, on the other hand, appears to
the lowest(globa) minimum of the energy hypersurface and be upshifted in(r) by differing amounts in the two glass
that energy barriers between local minima get smaller as ongystems. It is quite likely that these differences stem from the
approaches the global minimum of the energy hypersurfaceinderlying molecular structures of the glasses and these
The concept of an energy hypersurface has been invdked ideas will be developed in forthcoming publications.

describe the nonergodic behavior of glass formation from Recent numerical simulatioffson organized networks
melts. The second correlation occurs with molar volumes ohave shown two rigidity transitions, one ag(1)=2.375
these glasses reported by Johnsol?® that show a broad from a floppy to an unstressed rigid phase, and a second one
minimum in the transition region. These results taken to-atr.(2)=2.392 from an unstressed rigid to a stressed rigid
gether reveal that in the transition region, fine dispersions ophase. Although the numerically predicted elastic thresholds
floppy and rigid regions coexist not only minimizing net- (r.(1),r.(2)) are lower than the experimental oné@s(1)
work strain but also leading to the most compact packing. In=2.40, r(2)=2.54), nevertheless, the numerical results
the transition region the glass structure evolves in a revergrovide insights. The simulations show that real glasses near
ible fashion always trapped in the lowest energy state of théhe rigidity transitions are organized at some level and not
energy hypersurfaceAH,,—0). random networks, and that the intermediate phiasél)

In general, in percolation models of rigidity, elasticity <r<r,(2)] may be characterized by a stress-free backbone.
power lawp>1.4 are expected. To obtain a valpe 1, one  And it is possible that the thermally reversing character of
must invoke large scaléor long-range fluctuations such as glass transition in the intermediate phase is a manifestation
are discusséd in equilibrium-scaling theory. BecauseH,,  of the stress-free nature of the backbone.
is so small in the transition region, it is reasonable to com-
pare our fitted value ob;=0.71(10) with the smallest value V. CONCLUSIONS
obtainable by finite-size scaling, which is 2d=3. The . ) )
value p,=0.71(10) is much below 1.4 to be understood in Raman-scattering measurements opS8i , glasses in
terms of short-range percolation models. These ideas afi€ Se-rich compositions,<0Ox< 3, reveal modes of CS and
consistent with the notion that in the transition region theES Si(Sey,), tetrahedra and of Gechain modes which are
backbone consists not only of rigid and floppy fragments thapymmetric Gaussians at low(x<0.19). At higherx, the
are strain free 4H,,—0) but also have a long coherence line shape of thesg modes becomes asym_metric, and each of
length (p<1). these modes requires at least two Gaussians for a deconvo-

As a final comment in this section, it would be pertinentlution. Global variation of mode parameters such as fre-
to mention that optical elastic constants?) in glasses ob- guency, scattering strength, and linewidth as a function of Si
tained from the present Raman-scattering measurements préencentration suggest a change in molecular structure from a
vide a local elastic response of the backbone. These resulf chain network randomly cross linked by ES and CS tet-
permit one to establish which of the building blodS, ES, rahedra at low, to a network largely consisting of ES chains
or Se chainsforms part of the percolatively rigid backbone Cross linked by CS tetrahedra, &s-3. Mode frequency
as the connectivity increases above a threshold. Such resulgriation of the majority CS mode provides evidence of two
are to be contrasted to bulk elastic constants on glasses déansitions in local elasticity; transition 1 at=x.(1)=0.20
duced from ultrasonic echoes or Brillouin scattering. TheoOr '¢(1)=2.40 marking the onset of rigidity and transition 2
latter involve long-wavelength excitations and provide elas-at X=X(2)=0.265 orr(2)=2.53 marking the completion
tic constants that are a global average over the glass. And f@f rigidity. These results correlate well with the nonreversing
that reason not surprisingly where results are avaifableheat flowAH,(x) measurements deduced from temperature
(Ge-Se glassesulk elastic constants are found to be struc-modulated DSC which reveal a broad minimum in the tran-
tureless. We are not aware of bulk elastic constant results o$ition regionx.(1)<x<x.(2) and a progressively increas-
the Si-Se binary. ing value of AH,, as the network gets either floppy

<Xc(1) or rigid x>x.(2).
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