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T-modulated differential scanning calorimetry measurements on byl&8ejs, glasses show that the glass
transition temperaturdy(x) variation atx<0.12 is linear with a slop&l T /dx=4.1°C/at.% As, and the
nonreversing heat flomAH,(x) almost vanishes in the 0.2d)<x<0.37%1) composition range. These ther-
mal results analyzed by agglomeration theory and constraint theory suggest that in addition tg,As(Sies,
quasitetrahedral SeAs(Sg,); units also serve to crosslink Sehains a1x<§. The results also suggest that
rigidity onsets at .(1)=2.29(1) and the transition to the stressed rigid phase occugé2t=2.371), below
the chemical threshold at,= 2.40 (or x=2).

Since the pioneering scanning calorimetry work of Mey-the intermediate phaselt is also an unusual result for its
ers and Feltyin 1967, the molecular structure of /&g _,  onset atr(1)=2.29, significantly lower than the mean-field
glasses ak< 2 has been widely described as a random netvalue of 2.40 for the observ&d® onset of rigidity in several
work of Se chain fragments crosslinked by pyramidal IV-VI glasses. V_Vg have used constraint counting algorithms
As(Se,); units. The close parallels in the glass transitionto analyze the rigidity onset at(1), andstochastic agglom-
temperaturél 4(x) and the liquidus temperatufig(x) varia- ~ €ration theory to analyze thedependence of y(x). These
tion with x, and in particular the local maximum near thermal results require that S&s(Se»); units in addition

2, corresponding to the stoichiometry ofAs,Se; (iso- to pyramidal As(Sg,); units constitute the building blocks

=2, i
morphic toc-As,S,; orpimeni have lead to the idea that the Of ASS&— glasses ak<s. . . .
Glasses were synthesized by reacting stoichiometric

crosslinking process saturates xasncreases to? when a AS.S th isit tof S As t i

network of corner-sharing pyramidal units is realized in the Séit%n\g”in tah;eg:u;(ig %ncr)::gg Tr?eosrtar?ing ﬁ:tlezr?a(l:so?f_
glqss. Orpiment pOssesses a sheetlike structure with S.he .999% purity from Cérac Inc. .were reacted at 700 °C for
built o_fdllemembereqt rllngﬁhformr:ed from 6 cotrnei-shqung72 h in evacuated fused quartz ampules with periodic shak-
pyramida $(372)3 units: ough numerous structure In- ing. Melts were equilibrated at 50 °C above the liquidus prior
vestigations have been repqﬁe?i for the stoichiometric "5 \vater quench. The glasses were relaxed for several
glass_é<=g), nons_t0|ch|ometr|c glasses have received lesgygeks prior to examining them in a model 2920 MDSC in-
attention. Notable in the latter are two reports. One report ORt-yment from TA Instruments, Inc. All scans were taken at

the entropy of viscosity activation of melt§,(x) by
Nemilo\® displayed distinct steps near0.15 and 0.40 cul-
minating in aglobal minimumof S, in the 0.25<x<0.38
composition range. Her8, represents the slopgE,/dT,
where E, is the activation energy for viscosity. Second, a
comprehensive low- specific heat investigation performed
by Brand and Lineysef showed aglobal minimumin the
Debye term bT®) to the specific heat in the 0.2%<0.35
composition range.

We have performedi-modulated differential scanning
calorimetry (DSC measurement§MDSC) on AsSe _,
glasses over the glass forming range0<0.7. In this

Rapid Communication, we show that glass transitions be-

in the 0.2%X)

come almost completely reversing

<0.37(1) concentration range. We identify the thermally re-

versing window with theintermediate phaséhat separates
the floppy glassesx0.29) from the stressed rigid ones
(x>0.37). The onset of rigidity at;(1)=0.29(1) or a mean
coordination numbenm (1)=2+x.(1)=2.291), and the
extension of the stress-free rigid state up t62)=2.37(1)

is a remarkable result for the large widthr =0.08(1)] of
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3°C/min ramp rate and 1 °C/100 s modulation rate. Figure 1
reproduces a typical scan of a glass sampl&=a0.45 in
which the total heat flow rateH,) is deconvolutet! into a
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FIG. 1. MDSC scan of AgSe;; glass showing deconvolution of
theH, into H, andH,,. See text for details.

R9228 ©2000 The American Physical Society



RAPID COMMUNICATIONS

PRB 62 RIGIDITY TRANSITIONS AND MOLECULAR . .. R9229
T T T T T T 120
200 _Asxse1-x (a) n= 0
100 } J/ y '
160 [ stochastic, d\ _ -7.7 C/at.%ﬁs 7/ |
o Q o % v |
< 120 chemical threshold ~ 4 | (a)
> (Xct) - el |
- 1 S4.1°C/at %As
80 ) |
< 40 ¢ |non-stochastic
<=——— stochastic -~
40 2 ‘ . |
' ' 0.00 0.05 0.10 0.15 0.20
T T
1.4 [As Se, | As fraction (x)
1.2 r
2 10}
©
L 08+
=
Z 06t
I
< 04+t
0.2+
0.0 ' (b) (@
ASxSé1.xi S 5‘;' ( " (c) FIG. 3. () T4(x) variation in AsSe _ glasses at lovx show-
— 50 | scan rate: 5°C/min T ing a linear regime(b) pyramidal As(Sg-)5 unit, (c) quasitetrahe-
3} dral Se=As(Se;,); unit.
o
D 40/ ) . _
= relation to theH, endothermFig. 1). Even though the ther-
2 mal history of our glass samples and those of Wagne'*
= 30 , were qualitatively different, thd,s deduced from theH,
o scan rate: 37C/min . . 9 .
% modulation {ate: 1°CHops | LB endotherms in both investigatiomstually coincide Tys de-
20 i duced in MDSC from théd, endotherm are largely immune
o , , , , from the state of relaxation of a glass.
00 04 02 03 04 05 06 07 Stochastic agglomeration thedty*provides an attractive

framework to analyze the observég(x) trends in the low

As content range. The theory identifi€g with the tempera-
ture at which covalent agglomeration processes between lo-
cal structural units are frozen. Thus, a Se chain-glass net-
variation. The(AA) data points are taken from Ref. 12, tt@) from  Work stochastically crosslinked by three-fold coordinated As,
Ref. 1, while the(®) are the present results. The compositign ~ should result in a linear increase of [Fig. 3] with the

=£ corresponds to the chemical threshold defined by the stoichifollowing slope:

ometry of orpiment. The smooth curves through the data are merely
to guide the eye.

As fraction (x)

FIG. 2. Summary of present MDSC results on8g _, glasses
showing (&) T4(x) variation, (b) AH(x) variation, (c) ACy(x)

dTg/dx=To/In(r as/T so)

. - 3
reversing component{;) that tracks the temperature modu- =To/In(z)

lations and a difference ternd;,—H,=H,, that does not. (1)
The area under the shaded curve in Fig. 1 represents the .
nonreversing heat flondAH . Frequency corrections to the Heré To=40°C or 313 K represents the glass transition of
AH,, term were made the usual w&yThe T, was estab- the Se glass anid,g,I 5. designate the coordlnan_on nL_Jrr_]bers
lished as the inflection point of the reversing heat flow rate®f As and Se. It has recently been shdithat if a finite
H. endotherm. fraction » of the pnictide atoms were also four-fold coordi-
r ) ) .
Figure 2 provides a summary of the MDSC results on théqatGd asina S—eAs(Sq,2)3 local unit, Eq.(1) acquires a
present glasses, where the obserVTg(ix) variation is dis- more general form:
played in panela), the AH,(x) variation in panelb), and 3
the changes i€, at Ty, ACy(x) from theH, endotherm in dTy/dx=To/In(z (1= 7)), @
panel(c). The presenly(x) results are in excellent accord and the slope decreas¢Big. 3@]. The observedT 4(x)
with the MDSC results reported by Wagnetal,'? and in  variation in the present binary displays a linear regime, 0
reasonable accord with the DSC results of Meyers andcx<0.12, with a slopel T, /dx of 4.1 °C/at.% As. At higher
Felty! The consistently lower values dfs in the DSC  x the slope decreases and a mold plateau sets in the 0.15
measurements are not surprising since tigseare deduced <x<0.20 range, before increasing agairxat0.20 to show
from the H, endotherm, which is displaced to low&rin a local maximum inf; atx= 0.42. To quantitatively account

=7.7°Clat.% of As.
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Thermally reversing windows were recently repoftéd
(a) in the Si-Se and Ge-Se binary glasses, and the two endpoint
compositiong x.(1) andx.(2)] were found tocoincidewith
thresholds in local elasticities inferred from Raman mode
frequencies. The power-law variation of local elasticityxat
>X(2) in the Raman scattering measurement was supported
by numerical simulation® and unambiguously showed such
glasses to begid. The linear variation of mode frequencies

! at x<x.(1), on theother hand, suggested that such glasses
06 07 arefloppy. In analogy to these results, we must conclude that
glasses in the present binaryxat x,(1)=0.29(1) ardloppy
(b) while those atx>x.(2)=0.37(1) are rigid.

The near vanishing~0) of the AH,,, term in thex.(1)
<x<X.(2) range also constitutes evidence that glasses in
this compositional window arstress-freeThe interpretation
of the AH,,, heat-flow term was recently inferred by compar-
ing the results of theAH,, term in MDSC experiments
with the relaxation of arexternal stressn flexural studie®
in the AsGeSe _,, ternary. The activation energflyE(x)
for an external stress to relax, and thel,(x) term showed
strikingly parallel compositional trends, and in particular
B (¢ global minimathat onsetand extendto identical glass com-

I
|
|
|
I S &8 positions. These results suggest that while the flexural stud-
' < ies probe relaxation of aexternal stressthe AH, term
| provides a measure @ftrinsic network stressGlasses in the
} intermediate phase possess a backbone that is rigid but
} / stress-free. This interpretation is independently suggested by
10 P . . . recent numerical simulatiofisin self-organized networks
00 01 02 03 04 05 06 07 that show the existence of two transitidispne from a
As fraction (x) floppy to an unstressed rigid phgse(1)] and a second one

from an unstressed rigid to a stressed rigid pHas€2)].

FIG. 4. (@) Activation entropy of AgSe_, melts taken from  The presence of floppy modésould not solely contribute
Ref. 6.(b) Molar volumes of AgSe _, glasses taken from Ref. 17. to the AH, term since the heat flow term proliferates in the
(c) Coefficient of the cubic term of the loW-specific heat taken rigid phase where floppy modes vanish.
from Ref. 7. All appear to be correlated to the thermally reversing |n the Se-rich region, if undercoordinated (Sain (.
window compositions. =2, r=2) fragments and optimally coordlnatedcéis r

=2.4) As(Se),)3 pyramids were thaole building block®f
for the observed slope of 4.1 °C/at.% As, we obtgii 0.3  the AsSe _, glasses, then rigidity would be expected to
from Eq. (2). The analysis of th& y(x) results[Fig. 3@] onset close tx=% or r=2.40, when the network largely
provides the first indication that at low a finite and mea- comprises the corner-sharing pyramids as suggested by nu-
surable fraction of As atoms in Se glass are four-fold coormerical simulationé® Such a result is incompatible with a
dinated Fig. 3(c)]. The result may be contrasted to a value ofrigidity onset atr =2.291), and theobserved slope T /dx
7=0.5 observed in the chemically isovalent P-Se binaryof 4.1 °C/at.% As neax— 0. This result brings out a recur-
glasses by NMR>'® The observedry(x) variation is con-  ring theme in glass science which is that glasses differ from
sistent with a stochastic crosslinking of Sghains by three- their crystalline counterparts in subtle ways, and the present
and four-fold coordinated As atoms up #~0.15, and a binary glass system appears to be no exception. The onset of
nonstochastic one at>0.15, as extended range structuralthe thermally reversing window at.(1)=2.291), when
correlations evolve. The signature of this structural changanalyzed by constraint theory, independently suggest that in
apparently also manifests in thg,(x) variation, which  addition to Sg chains and As(Sg); pyramids[Fig. 3(b)]
shows a sharp step near0.15, as shown in Fig.(4). guasitetrahedral SeAs(Sg,)5 [Fig. 3(c)] must also consti-

The central result to emerge from the present work istute building blocks of the Se-rich glasses as shown next.
the existence of a thermally reversing window that onsets It is instructive to enumerate the mechanical constraints
at x=X,(1)=0.29(1) and extends up tox=x.(2) associated with the quasitetrahedra=2es(Sq,) 5 unit [Fig.
=0.371), asshown in Fig. 2Zb). Before discussing these 3(c)]. For this unit the number of average constraints/atom
results, it may be relevant to note that the thermally reversingn.) equals 3 even though its mean coordination nuntber
window coincideswith a global minimurfi in S, [Fig. 4@], =2.2857, i.e., less than the magic number of 2.40. This is
a local minimum in molar volumés[Fig. 4b)], andaglobal due to the terminal nature of the double bonded Se, for
minimum in the cubic terrhto the lowT specific heatFig.  which only bond-stretching constraints need be considered
4). Glass compositions in the window are indeed quitesince it is onefold coordinated. Indeed, a binary As-Se
special. glass network composezkclusivelyof such quasitetrahedral
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units would be rigid(optimally constrainedn.,=3) at a  acoustic vibrations from structural heterogeneities intrinsic
compositionx=3 or 0.2857. This may be seen directly from to a network glass. For glass compositions in the thermally
Eq. (3) below: reversing window, since the backbone is thought to be self-
_ organized and stress-free, one may indeed expedi tioef-
r=2.40-0.4(ny/N), 3 ficient to show a global minimum, as illustrated in Figcy
which represent§ realization of rigidity onset, i.en.=3, In both floppy and the rigid glasses, such structural hetero-
for a glass network possessing a finite fractiop/N of  geneities can be expected to increase as network stress accu-
one-fold coordinated atoms. For the quasitetrahedral unitulates, and not surprisingly, the coefficient acquires a
[Fig. 3(c)], there areN= 3.5 atoms in a formula unit, includ- larger magnitude. Glassy melts in the thermally reversing
ing one terminal Se(;=1).Takingn;/N= 3%, Eq. (3) is  window also appears to be exceptional as well, as sugdested
satisfied exactly at =2.2857 or at a glass composition by the global minimum of the activated entrofy,. These
=2 in the present binary. Currently, there is no direct ex-results constitute evidence for an Arrhenius-like thermally
perimental evidence for four-fold coordinated As sites inactivated viscosity in the window for which the activation
As,Se _ glasses that we are aware of, although in principle energyE, remains nearlyl independent, thus leading to a
Raman scattering, nuclear quadrupole reson&@N@R), and  minimum in S,=dE,/dT. Furthermore, one may regard
diffraction experiment can provide the evidence. It may begjasses in the thermally reversing window to be strong and
pertinent to mention that in corresponding sulfide glasseg,ose gytside the window to be fragile, a classification for-
there are two report§?°to suggest the existence of foqr—fol_d mally introduced’ on the basis o8, variation.
coordinates SAs(S;») 3 units. The challenge here derives in In conclusion, the present MSSC measurements show

part from the fact that there are no model crystalline COMyp ot the thermally reversing window in A8g_ glasses oc-

pounds in which such local units apparently occur. And thisCurs in the composition range.(1)=0.29(1)<x<x.(2)

brings us to our final comment, namely that the fourfold:0_37(1)_ The rigidity onset atr(1)=2.291), substan-

coordinated As unit probably represents a IBwrolecular tially below the usual mean-field value of 2.40, is suggestive

structure that is populated in the glasses, when melts arge sourfold coordinates A$ Se=As(Sa,)s] in addition to

structurally arrested at a lower density than in correspondinghre(_}fold coordinated A$As(Sey,)s] as building blocks of
crystals. the Se-rich glasses. These ideas can motivate spectroscopic

The co_efﬁmentb(x) of the T* term in the IO.WT specific and diffraction measurements of local structure in these
heaf provides a measure of the excess vibrational mSdes eqlasses in the future

a glass in relation to the Debye term in a crystal. Thes
excess vibratiorf§ also contribute to the scattering at the  This work was supported by NSF Grant No. DMR-97-
boson peak, and are identified with strong scattering 001289. LPTL is UMR 7600 of CNRS.
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