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Abstract

In this paper we introduce two key notions related to understanding the ‘glassy state’ problem.
One is the notion of the ‘excitation profile’ for an amorphous system, and the other is the notion
of the ‘simple glassformer’. The attributes of the latter may be used, in quite different ways, to
calculate and characterize the former. The excitation profile itself directly reflects the combined
phonon/configuron density of states, which in turn determines the liquid fragility. In effect, we are
examining the equivalent, for liquids, of the low temperature Einstein-Debye regime for solids
though, in the liquid heat capacity case, there is no equivalent of the Dulong/Pettit classical limit
for solids.

To quantify these notions we apply simple calorimetric methods in a novel manner. First we
use DTA techniques to define some glass-forming systems that are molecularly simpler than any
described before, including cases which are 80 mol% @SL00% $Cl,. We then use the same
data to obtain the fragility of these simple systems by a new approach, the ‘reduced glass transi-
tion width’ method. This method will be justified using data on a wider variety of well charac-
terized glassformers, for which the unambiguBysfragility measures are available. We also de-
scribe a new DTA method for obtainifg,, fragilities in a single scan. We draw surprising con-
clusions about the fragility of the simplest molecular glassformers, the mixed LJ glasses, which
have been much studied by molecular dynamics computer simulation.

These ideas are then applied to a different kind of simple glass — one whose thermodynamics
is dominated by breaking and making of covalent bonds — for which case the excitation profile can
be straight-forwardly modeled. Comparisons with the profile obtained from computer studies of
the molecularly simple glasses are made, and the differences in profiles implied forvstrong
fragile systems are discussed. The origin of fragility in the relation between the vibrational and
configurational densities of states is discussed, and the conditions under which high fragility can
convert to a first order liquid-liquid transition, is outlined.
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1. Introduction

Liquids exhibit a wide variety of responses to changes in temperature and pres-
sure, ranging from very rapid to very slow. This is particularly brought out when data
are examined for corresponding states based on some appropriate scaling of tem-
perature to account for the different particle interactions [1]. These changes can be
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718 ANGELL et al.: GLASSFORMER FRAGILITIES

associated with differences in the fundamental nature of configurational excitations
which the liquid can sustain. To understand better the behavior of viscous liquids we
have recently characterized liquids in terms of their ‘excitation profiles’ which re-
flect the density of configurational states characteristic of the liquid. The excitation
of these states, with concomitant buildup of heat capacity, in the low temperature re-
gime of liquids provides a parallel with the excitation of phonons and heat capacity
in the low temperature (Einstein-Debye) regime of solids.

The upper portion of what we are calling the excitation profile was presented re-
cently [2] for a mixed LJ system as the energy of the ‘inherent structgrésé tem-
perature at which the system had been equilibrated (prior to the quench procedure
which identifies the potential energy of the inherent structure [3]). The inherent
structure energy is the potential energy of the structure to which the system has been
driven by theTSterm in the Helmholz free enerdy*E-TSwhich the system must
minimize in order to be in thermal equilibrium at the temperatuféhe lower por-
tion of the profile cannot be ‘seen’ by simulations because of the intervention of the
glass transition for the simulated system. This occurs when the structural relaxation
time for the temperature in question exceeds the computer time available for the
study [4] (currently about 10 ns). A smaller portion of this same profile was pre-
sented for the case of a one component LJ system more than a decade ago [5], when
the available time was only about 10 ps. We can complete the excitation profile pre-
sented by Sastrgt al using the value of; of the Mode Coupling theory obtained
by Kob and Andersen [6] for the mixed LJ system, and the observatioh/fha{Tk
the ground state temperature) for systems of comparable character is ~1.6 (see be-
low). This excitation profile is shown in Fig. I.
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Fig. 1 The configuron ‘excitation profile’ for a system of mixed LJ particles, based on the in-
herent structurgs energy determinations for this system obtained from assessments
using different cooling rates (see legend) and extrapolating to infinitely small cooling
rates using the observation based on data for moderately fragile liquidigTrat1.6 [8]
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The profile of Fig. 1 shows a singularity on arrival at the ground state, as is usu-
ally envisaged in discussion of the Kauzmann temperature [7]. However there is no
need for this, as will be emphasized later. The temperatuwecurs less than half-
way to the ‘top of the landscape’, in contrast to the expectation expressed by one of
us for fragile liquids [8]. Since it has always seemed natural to expect the simple
mixed atom liquids to be very fragile this is a matter for concern. We will therefore
first address the question of simple molecular glassformer behavior to see whether
the expectations of fragile behavior for LJ and mixed LJ is a valid one.

2. Simple glassformers

In this paper we give attention to two types of simple glassformers — those that
are simple by virtue of their molecular simplicity, and those that are simple by virtue
of the dominance of a single type of interaction, particularly a covalent bond.

2.1. Molecularly simple glassformers

Simply constituted glassformers are uncommon because most simple molecules
have little difficulty in finding an efficient packing which guarantees that melting at
Tm will only occur when the produdiAS needed to overcome the energetic advan-
tage of the crystal over amorphous packiitty occurs whefT is not far from the
boiling point, T,. The hot liquid is highly fluid, and crystallization on cooling below
T occurs very readily. However, there are a few molecules which happen to have
shapes and/or atomic size relations for which no very efficient packing exists, and
then the melting condition is met wh&a<Tg . The melt is then viscous &, crys-
tal nucleation is slow and crystal growth is inhibited i.e. glasses form [9]. Empiri-
cally it is found that this is common if the system meets the condigidp=2.0. The
3-atom molecule CSis on the borderline by this criteriomy/T,,=1.97, while the
four-atom molecule £1, (Ty/T,=2.09) is a ‘good’ glassformer. 15% 0§C3, in a
CS,+S,Cl, mixture proves sufficient to permit vitrification of small samples [10].

The glass transition temperatures for solutions in this system are shown in Fig. 2
which contains also the approximate phase diagram. The variatipisnlinear,
suggesting ideal solution behavior. This contrasts with the behavior in the system
CS,+toluene [11] which shows strongly curvilinear behavior over the same glassform-
ing solution range but still yields the same extrapolatgidr pure C$, namely, 92 K.

The fragilities of the pure components G&d SCl, may now be estimated in
either of two ways. Firstly the limited viscosity data available [12] may be compared
with those of other liquids onBy-scaled basis [13, 14] — which gives only qualita-
tive information but shows that both liquids are less fragile than, for instance, the
well-studied case of orthoterphenyl [13]. Secondly, the fragility can be obtained
semi-quantitatively from the reduced width of the glass transition as demonstrated
recently for molecular liquids [15], and as can be demonstrated for inorganic net-
work liquids from theT, width vs viscosity activation energy correlation of Moynihan
[16].
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Fig. 2 Glass-forming composition region and glass transition temperatures for the molecu-
larly simple system sulfur monochloride +carbon disulfid€€(5-CS). Stability
against crystallization maximizes near 50 mol%.0%e system appears to be a sim-
ple eutectic, but the endothermic effects below the eutectic temperature are unex-
plained

The cited measurements [15, 16] were made using differential scanning cal-
orimetry studies and the full glass transition width. Because,©f, $orrosivity
problems, the present measurements were made in glass tubes using differential
thermal analysis, and the transition widths are differently defined, as in Fig. 3. To
deal with this difference we use the well studied liquid toluene [14, 17] which has a
similar glass transition temperature, (117.5 K) #61$(117 K) as a fragility calibra-
tion standard. An alternative method of obtaining fragilities for molecular liquids by
DTA, will be described in a following section.

The reduced transition widths for the binanCB+CS, system are shown in
Fig. 3. They are seen to be the same for the two end members, each of which have
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Fig. 3 The reduced widths of the glass transitions in relation to solution composition in the
system gCl,+CS. The typical DTA scan through the glass transition up to crystal-
lization, and the defintion of the transition width, is shown in the insert. For fragility
calibration, the width, measured with the present setup for for the well characterized
liquid toluene, is shown on the left hand axis
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widths almost twice that of toluene. Note the presence of a symmetrical broadening
of the transitions with solution composition which reaches a maximum at 50 mol%.
We assign this to the effect of a distribution of environments, natural to any solution,
with different values ofly, rather than to any increase of fragility with mixing, and
will discuss it in a later paper [10].

The end member widths may be scaled to theFgyiragility scale (see section
2.1.1) using the value for tolueirg,=0.73 (or 73% fragile). In this way we obtain
the value ofF» (CS; and $SCl,)=0.59 or 59% fragile. This value is comparable to
that of bromobutane, 0.59 (59% fragile) [18, 19] and is considerably below the val-
ues for common fragile glassformers such as propylene carbonate 0.74, oTP 0.71
and CKN 0.75.

To the extent that the molecules £&hd S$Cl, approach LJ in simplicity, it
would then seem that LJ and mixed LJ systems should behave as moderately fragile
liquids only. That it is reasonable to compare the two can be supported by the mea-
sured change in heat capacity o€ at T, with that of mixed LJ on a per-heavy-
atom basis. For &I, the number is 18 \]Tgmol‘1 of atoms [20], while for LJ argon
and mixed LJ, measured at a temperature higher than the ‘ndgnleAC, value
is 16.5 J K mol™ of atoms. In each case the heat capacity of the glass is classical
(3 R gt-atom) atTy,.

Elsewhere [8] this heat capacity has been used together with the assumption that
there aree”™, (a~1), states per mole of heavy particles [21], to argue that the land-
scape entropy is fully excited by a temperature of T,560r somewhat above the
mode-couplingT. for fragile liquids. T, is also the dynamic crossover temperature
identified by scaling procedures of Rdssler and coworkers [22], and the Stickel tem-
perature identified by derivative data analysis by Stiekell [23] and thex-f3 bi-
furcation temperature.) Since for a bromobutane-like molecule, Tk.56ould be
close to theTl. value, it would seem from Fig. 1 that this estimate cannot be correct.
The total entropy needs to be higher. The temperature characteristic of the top of the
landscapd 1, =Et,/Kg is a strong function of the landscape entropy, so the number
of states need only exceet! by a small amount e.g.~1.5, which is within the es-
timates. Furthermore, the use of the Afl, atT, in the integral used to estimate the
TroL is probably incorrect. If part of the observ&@, is assigned to non-configura-
tional sources [24, 25] then, as noted before [8];THewill be shifted to tempera-
tures well abové and the latter will be identified more correctly with the peak in
the density of states (see section 3).

An important result of this line of thought is that the larger the valuCgfthe
more rapidly the entropy increases with temperature so the more rapidly the state
point will be ‘floated’ to the top the landscape. Thus the fragile liquids, which are
those with higher heat capacities per mole of heavy atoms, have steeper excitation
profiles, consistent with the origin of the word ‘fragility’ as a measure of the rate at
which the structure of the liquid evolves (or, rather, ‘collapses’) with increasing tem-
perature. The corresponding density of states, which is the gradient of the excitation
profile, will be narrow in energy. The same result follows from the considerations of
section 2.2, in which the steepness of the profile, i.e. the fragility, will be seen to be
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determined by a single excitation parameter. Note that the fragility has, until very re-
cently [10, 15], been defined via the behavior of the most obvious liquid property,
the viscosity, or some corresponding relaxation time. While we will continue this

practice it is important to note here its fundamental thermodynamic origin, which,

through the time-dependent fluctuations in equilibrium properties, is then reflected
in the relaxation time temperature dependence.

2.1.1. An alternative and unambiguous DTA method for single scan fragility de-
terminations

The conclusion of the previous section is that the liquid fragility is determined by
the more fundamental characteristic of the liquid, namely, its density of configuron
states. Accordingly, the latter can be determined by appropriate measurements of the
former. Therefore it is important to have unambiguous measures of the fragility. We
have argued elsewhere [19, 26] that the definitions of fragility currently in use [14,
28-31] are ambiguous, and have proposed a new measure, deskjpatednini-
mize the identified problems. Here, in Figs 4 and 5, we will demonstrate a new and
direct way to determinE,j, in a single DTA scan.

F1,2is a direct measure of the deviation of the measured system from simple ac-
tivated Arrhenius behavior with pre-exponent determined by lattice vibrations (im-
plying 1,~101*s). It compares the temperature interval abhyeeeded to reach a
relaxation time half way (in log units) between low and high temperature extremes,
with the corresponding interval in the simple Arrhenius case. Thus it involves no ex-
trapolations, and is determined in a regime where the measurement can be easily
made by dielectric, ultrasonic, or light scattering methods and where the deviation
from the Arrhenius law is near its maximum for the fragility in question.

Its determination from relaxation time plots in thgscaled Arrhenius repre-
sentation, has been illustrated in Fig. 1 of [19], and will be seen later in this manu-
script in Fig. 6 for the case of viscosity. As seen in those figurds;thealue is de-
fined by

F1/7=2(TyT1,2-0.5) (1)

(where the quantity inside the brackets is the lehgthFig. 6). Thus it must have
values lying between 0 and 1, and can also be cited as % fragile, where 100% fragile
would correspond to a first order transition from liquid to glass.

Analysis shows that for a 1% uncertainty in thmeasuremeng,» would be in
error by less than 0.05%, Ti/T were error-free. However, thig measurement is
probably the greatest source of uncertainty, in which Egsés determined by our
method within only 1%.

To determine this fragility number in a single measurement, using only a differ-
ential thermal analysis set-up for detection, we make use of the relation between the
imaginary part of a frequency-dependent response, and energy dissipation [26]. The
energy dissipated from a fluctuating field, in a material which the field is perturbing,
is a maximum when the field frequency (in radians/s) is the inverse of the most prob-
able relaxation time of the material. This is the conditioal for an exponentially
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Fig. 5 DTA scans of propylene carbonate undet?z irradiation at different field
strengths, showing growth of excitation induced thermal peak with increasing field

relaxing material, ot =1 for the non-exponentially relaxing cagé’ being the

most probable relaxation time). Therefore, during a temperature scan, the tempera-
ture differenceAT between a sample subject to irradiation @219z, and a refer-

ence sample of the same substance, will pass through a maximum when the relaxa-
tion time of the sample is 1®s. ThusT,,, of Eq. (3) is obtained as the temperature

at theAT maximum. The fluctuating field can be of electrical or mechanical origin,
though it is simpler to implement in the dielectric case and is also then less likely to
promote crystallization of the supercooled liquid.

This method of determining the dielectric relaxation time was demonstrated in
1976 by Matsuet al [32] but little utilized since. We re-apply it here, and show
also, with the help of a commercial ultrasonic agitator operating at 20 kHz, that a
similar effect can be obtained by mechanical relaxation. For the dielectric case, the
temperature at which the differential temperature is a maximum will b&; thef
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Fig. 6 Tg-scaled Arrhenius plot of viscosity data for Ge+Se melts, showing the wide range of
fragilities exhibited as the bond density is changed. Graph shows definition of the

‘steepness indexh and the preferred fragility metri€y [8, 19, 26], F12=21). Pure
Se showsn andF1; values which are not consistent, evidently due to special struc-

tures neafly
the Fy, definition, Eq. 1. For the mechanical case using 20 kHz excitation it will be

a lower temperature.
in the same scan. If the scan is conducted at 10 Kinthe value offy will corre-

spond toT;-500 g, @nd the scan will record both the temperatures needed to define
the F, fragililty. Ty, will not be affected by the scan rate in principle, since the lig-
uid is in equilibrium at this temperature, though distortion could follow from differ-
ences in heat flow. To avoid these we used, as the reference, a liquid with similar heat

capacity but loweilg, (in which case both glaggs are recorded during the scan).
The energy dissipation in Jouled sc3from an electric field of RMS voltadg,

If the reference is calorimetrically inert then the glass transition will be recorded

acting on a medium of dielectric los$is given by [32]
W stem’) = EZe"we, (2)
(whereg, is the permittivity of free space), and a quick calculation shows that volt-

ages between 20 and 200 V (still well within the linear response regime) are suffi-
cient to generate the heat necessary to detect with a standard DTA set-up.
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We used a two pen millivolt recorder and include a low noise operational ampli-
fier (earthed to the recorder) to boost the microvolt DTA differential signal. To pro-
duce up to 1200 V(rms) at 30Hz we used a FET Hartley oscillator with a one stage
buffer followed by several stages of amplification. The field is introduced either ex-
ternally to the sample via two Al foil electrodes on the outside of the sample tube (as
described in [32]), or internally via two metal electrodes attached to the thermocou-
ple sheath.

Results are illustrated for the case of anhydrous glycerol in Fig. 4. The solid line
is the DTA scan. To avoid confusion, the reference sample glass transition has been
omitted in drawing the solid line (but is shown by the dotted line). Figure 4 shows a
glass transition at 185 K and a shAfpmaximum at 242 K which is, thereforg,,
for this substance. Our ac field-induced DTA peak at 242 K is compared with the di-
electric loss peak obtained during temperature scan at a constant 100 kHz probe fre-
guency, by Morgan [33]. This frequency will give rise to a maximum loss when
logt=-5.8, close to our chosen value. The close similarity to our DTA trace is a con-
sequence of Eq. (2) for the energy dissipation. The additional curves in the figure are
reliability checks of Morgan’s early work discussed in the caption of Fig. 2 of [26].

In the case of a fragile liquid like propylene carbonateTiheenergy dissipation
peak must occur much closerTgand some overlap with thig, endotherm could
become a problem. This can be dealt with by adjusting the exciting field voltage to
provideT;,loss peaks of different magnitudes relative to the pen displacenignt at
This is illustrated for applied peak-to-peak voltages 0, 87.4 and 176.8 V, in Fig. 5.
Equation (2) shows that the heat output should vary as the square of the applied field,
though we see less than a factor of 4 differenagTin

TheF, fragilities of glyercol and propylene carbonate obtained from Figs 4 and
5 are 0.55 and 0.72, respectively. These are to be compared with values of 0.56 and
0.74 obtained from previous dielectric studies in whighas been taken as the tem-
perature at whichi=100 s [19]. This may lead to small difference from our values
sinceT, obtained at scan rates of 10 Kin from DTA or DSC tends to occur at 2—

500 s [9]. The values which would be predicted from the recardelues [28] are

0.54 and 0.73, an agreement which is quite pleasing. The combination of this
method, with the simpler but less definitive glass transition width measurement dis-
cussed in section 2.1, should make the future determination of excitation profiles for
supercooled liquids a straightforward matter.

It now remains to examine a second type of simplicity in glassformers — a sim-
plicity which has the advantage that it provides the basis for description of the phe-
nomenology by simple models which in turn permit a straightforward evaluation of
the excitation profiles for liquids of different fragility.

2.2. Excitationally simple glassformers

In this section we deal with systems in which it is reasonable to assume that most
of the thermodynamics, hence also [1] the main features of the dynamics, are deter-
mined by the breaking of well defined bonds. Then it is possible to transpose from
the strongly interacting particle lattice to the weakly interacting ‘bond lattice’ and in
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first approximation treat the bonds as independently excitable [34]. In a case like the
Se-rich Ge-Se alloys that we consider here, the two relevant bonds are of almost
equal energy, simplifying even further the treatment. Experiment will tell us that the
excitation parameters descriptive of this simple system depend dramatically on the
distribution of bonds between the particles.

2.2.1. Fragility minima in covalent glassformers

We start with an examination of a set of viscosity data for the Ge—Se system by
Nemilov [35] because they extend far enough abigvier theFy, fragilities to be
determined directly. They are shown in Fig. 6 using Thscaled viscosity plot
which has become familiar in recent years [1, 14, 36]. It is immediately clear that a
wide range of fragilities is manifested in this system as the composition changes.

The Fy, fragility [19] is assessed for the composition of maximum strength
r>=2.45, using the construction showk,4=2I) and found to be 0.24, comparable
with that of sodium disilicate. For higher and lower selenium contents, the fragility
decreases. The data for pure Se show an anbnpaigsumed due to the ring-chain
complexity of this substance.

We now confirm the trend of fragility with compaosition using the measure of the
glass transition width, as done earlier for the molecular glasses in Fig. 3. The results
are shown in Fig. 7 and confirm the trend seen in Fig. 6. The fragility for Se indi-
cated by the width measurement is consistent with the steepness index measure
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Fig. 7 Reduced width of the glass transition for Ge—Se alloys of different Ge content (i.e. dif-
ferent average bond densities><rom this work as [60]. Note maximum at expected
rigidity percolation threshold,r=2.4. 0 — DSC [60]7 — DSC;a — DTA

1 TheFu fragility assessed at log{p)=3.5, is 0.54, which is much smaller than that obtained from
the steepness indew=79 (Fig. 5), via the relatioR1/2=(m-16)/(m+16)=0.68 (7). This is unusual,
and implies a serious breakdown in the VFT equation for this substance.
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rather than the dire€t;,, measure, for the obvious reason that it is conductedlgear
where the steepness index is determined.

We could, logically, now discuss the origin of the fragility minimumrat=2.4—
2.45, in terms of the ‘rigidity percolation threshold’ described by Phillips, Thorpe,
and coworkers [37—-39]. However this has been done adequately elsewhere [10, 40].
Instead we proceed directly to a simple theoretical description of the observations in
order to show how the excitation spectrum of Fig. 1 can be reproduced, based on the
independent bond approximation.

2.2.2. The bond lattice model and the excitation profile

The number of bonds per mole of atoms depends on the chemical constitution,
via the 8-n rulerf the periodic table group number) for single covalent bond forma-
tion. Since each bond links two atoms, the number of bonds in the bond lattice is one
mole per mole of Se, and two moles per mole of Ge, these numbers setting the range
for the systems considered here. We assign an enthalpy of bond breakittganid
an associated entropy chany@’. We will be specially interested iS-, because it
determines the fragility, as will be seen. Then, treating the Se—Se and Se—Ge bonds
as equivalent in energy, the fracti®g of bonds broken at temperatures given
[34] by the usual two-state thermodynamic expression,

Xg = [1 + exgAH" - TAS)/RT] L (3)
and the associated heat capacity is
C, = (9H/T), = RAHTRT)?Xg(1 - Xg) (4)

In the simple magnetic systems for which this type of behavior was first de-
scribed,AS” is zero because the flipping of a spin causes no entropy change other
than that associated with the distribution of different spins amony #tems in the
structure. Then Egs (3) and (4) give rise to smeared out heat capacity bumps with a
maximum value of ~1 cal mdiK=% known as Schottky anomalies. Almost the same
situation appears to hold in an optimally constrained bond lattice, as will be seen.
However, in under-constrained (and also, it seems, in over-constrained systems) the
breaking of a single bond can give rise to moreaggtrthan is indicated by the
standard distribution across the bond lattice. This extra entropy is recorded as the
AS of excitation in Eq. (3)AS”may be due to a local structure degenengdptro-
duced on bond breakindS=RIny, or may be vibrational in character, arising be-
cause the excitation is accompanied by a decrease in average vibration frequency for
the quasi-lattice region containing the ‘defefi5(,=RIn(v,/v,)). The elucidation of
this physics is shown, by the present analysis, to be a crucial component of the
‘glassy state problem’.

In view of the importance of this issue, we note that in a somewhat analogous
case, the excitation of interstitial defects in crystal lattices, the generation of low fre-
guency vibrational modes accompanies defect formation, and provides a strong en-
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tropic drive to increase the defect population [40]. We suspect that a similar phe-
nomenon may be the source of the well-known but poorly understood quasi-elastic
neutron scattering intensity build-up in glassformers aligvé is, in this case, no
surprise that this intensity build-up is most striking in the case of fragile liquids,
since this must imply a larga&sS” for such cases.

WhenAS”is non-zero, the heat capacity bump is sharpened in proportiy,to
as shown in Fig. 8(a). For the case of Ge—As—Se at the bond density 2.4, the maxi-
mum heat capacity rise is only about 1 cal Tot* (Fig. 8(b)) which is the Schottky
anomaly value, correspondingA&=0. In this limit the glass transition reduces to
a problem of minor interest, a kinetically arrested Schottky anomaly. From the above

a
5 L ©ZnCl, ACp/4
AS
(= 4 r 1
O
<
§
&)
o b 4
1 b 4
100 200 300 400 500 600 700
TK
Q = 20K/min b
<r>=2.0,
gc 3
s
E
©
°
OD. 1.
q T/Tg
-1 - v
1.00 1.05 1.10

Fig. 8a — Variation of the heat capacity with temperature according to Eq. (11) for the pa-
rameter sets indicated alongside the curves. Comparison is made with the case of
ZnCl, for data obtained near the glass transition temperature and above the melting
point, and the deviation of the theoretical curve from that assumed in calculating the
Kauzmann temperature for this substance [48], is noted. The assessment assumes four
breakable bonds per mole of Za(25].

b — Excess heat capacities (over the glass values) of Ge—As—Se alloys of different aver-
age bond densities, as function of reduced temperature (scaled by the respective glass
transition temperatures). Note that the excess for the bond density 2.4, when reduced
to the value per mole of bonds (factor of 1) 2s the Schottky anomaly value at the
maximum of the heat capacity (see part (a))
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discussion, we would predict very little quasi-elastic scattering build-up digone

this case. Conversely, high heat capacity jumpk,dor Se and also for composi-
tions with >>2.4 (Fig. 8(b)) must be a direct consequence of a large constraint-
breaking entropy incrememgs” of Eq. (3).AS", in other words, determines the ex-
citation profile, hence the temperature range over which the configuron states are ex-
cited. In this case it is important to make comparisons with the excitation profile for
molecularly simple systems.

a
ke Te J\.\’XH--

ks T Ideal glass Crystal

Potential energy

Collective coordinate

Fig. 9a — The 2D representation of the energy ‘landscape’ for a system of interacting particles,
indicating the relation between crystal, liquid and ‘ideal glass’ states. The figure suggests
that the ‘top of the landscape’ falls near the mode-coupling critical temperature which is
only the case for well of depthk¥

The excitation profile obtained for the mixed LJ system and shown in Fig. | was
obtained from simulations conducted at constant volume [2]. For comparisons with
such a case we would use Eq. (3), Wit in place ofAH". The energy excitation
profile is then obtained as the productA#” and the fractional excitatiodg of
Eq. (3). Its form is shown by the plot ¥§ vs T which, in Fig. 9, is compared with
the profile obtained from the computer quench studies of Fig. 1. Considerable simi-
larity is evident, which we discuss after brief comments on how the bond lattice
model relates to liquid relaxation processes.

2.2.3 Relaxation in the liquid state

In [34] it was argued that the probability of a rearrangement of atoms, such as is
needed for a fundamental diffusive event or flow event to occur, must depend on the
presence of a critical fluctuation in the local concentration of broken constraints. In-
voking the Lagrangian undetermined multipliers treatment of constrained maxima
[42], this probability is found to be an exponential function of the fraction of broken
constraints at each temperature. This gives rise to a three-parameter expression for
the temperature dependence of the relaxation probaWi(ity

W(T) ~ exp€/Xg(T)) (5)

wheref"is a critical local broken constraint fraction axglis the overall broken
constraint fraction, determined by the two paramepéts andAS” of Eq. (3). Be-
causeXg is linear in temperature over much of the range, Eq. (5) yields the Vogel-
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Fig. 9 b — The relation between the portion of the energy landscape visited by the system most
frequently, and the temperature of the system, according to recent MD computer simula-
tion inherent structures studies [2]. To obtain the ergodic behavior at lower temperatures,
the profile has been extrapolated linearly to the tempergtuaecording to the relation
TJTk=1.6 observed for a variety of fragile liquids in laboratory stu@iieaccording
to the MD studies of Ref. [39], is 0.435 in Fig. 8(b) units. The ‘width’ of the profile
defined by the linear extrapolation of the steep part of the profile to the ground state
and to the ‘top’ respectively, is indicated by vertical dashed lines
¢ — The Eq. (3) excitation profile for parameters (in box) Ruehits which approxi-
mately match the width of the mixed LJ system profile of Fig. 8(b). For Eqg. (3), the
‘top’ of the excitation profile is only reached Btc. The general similarity of the
Fig. 8(b) and Fig. 8(c) excitation profiles can be taken to advantage to simplify the de-
scription of liquid properties which are necessarily complex in multidimensional en-
ergy landscape terminology. Note the ergodic behaviorhedfhe gradient of the ex-
citation profile gives a measure of the density of configurational states for the liquid

Fulcher equation. It turns out that the sldpé proportional to the (extrapolated)
temperature of vanishing excitation, yielding
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where the strength parametiis determined by the paramet&$’ andf", andT,

is determined solely by the paramefet”. Thus there are simple connections be-
tween the excitation profile and the relaxation time temperature dependence, i.e., the
kinetic fragility. f” requires a value of about 0.2 to give a relation between thermo-
dynamics and relaxation time which is consistent with experiment. For example, the
maximumD value will be found for the case in whids” is zero, and the slope
dXg/dT is a minimum. From [43], this is found to be 83, which require§.13.

3. Comparison of excitation profile for simple mixed LJ system
(Fig. 1), with profiles from the bond model

In section |, Fig. 1, the excitation profile was depicted as a plot of the energy of
the (mixed LJ) system, equilibrated at temperafyrihat is retained when the non-
configurational energy is suddenly removed by a procedure which assured that the
system was trapped directly in the ‘landscape’ minimum above which it was located
at the moment of quench. Repeat runs assure that, even for the small system under
study, the energy of this minimum is confined to a small band for each temperature
below the value ~1.0 in system units. The understanding is that this is the value of
energyE to which the system is driven by th& product in the Helmholz free en-
ergyA=E-TS whereSis given by the sum d&InW (W being the number of minima
to which the system has access) plus any additional vibrational entropy
AS=RIn(v,/v,) that might accompany configurational excitation.

In terms of the bond model the system is driven to a given state of configurational
excitation Kg) by exactly the same factors, and so the excitation profile should be
given directly by the equation fofs. The configurational energy for an isochoric
system would be simply th&AE" product. We can therefore make a direct compari-
son of the profile obtained by configuration space considerations on the one hand,
and by simple elementary excitations arguments on the other.

3.1. Excitation profiles and densities of configuron states

The relation between the excitation profile from simulations on mixed LJ (Fig. 1)
and that calculated using Eq. (3), with parameters chosen to give the same ‘reduced
width’ as for LJ, is shown in Fig. 9. The reduced width is the ratio of temperatures
obtained by extension of the steep linear part of the excitation profile to the ‘top of
the landscape’ of panel 2 on the one hand and to the ground statetetied other

1 We note again [34] how the bond lattice treatment in the ‘independent bond’ approximation, denies
the existence of a finite Kauzmann temperature, though shows how an operationally defined ground
state temperature (which would be fheof Eq. (6)) is obtained by short extrapolation of the
excitation profile. The double exponential equation, Eq. (5), fits transport and relaxation time data as
well as does Eq. (6) [44] without requiring a finite ground state temperature. However, it was shown
in [34] that the glass transition phenomenon in fragile liquids is significantly sharper than can be
accounted for by Eq. (10) and it is possible that cooperative effects, neglected in the zeroth order
model, may produce a genuine singularity in principle though there is yet no evidence for it. The
possibilities are illustrated in [45].
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(see the vertical dashed lines in panels (b) and (c) which delineate the ‘widths’). The
top of the landscape in panel (c) is the high temperature lin¥ig ahd corresponds

to the excitation of the full landscape entropy of approxima&edntropy units per

mole of particles [46].

The resemblance of the excitation profiles for the mixed LJ system, (panel (b))
and the simple two state model (panel (c)) is quite impressive and, we think, instruc-
tive considering their very different derivations. The implication is that any instanta-
neous collection of bond lattice excitations represents a configuration space mini-
mum, and can be ‘frozen in’ for evaluation by conjugate gradient quenching. This is
of course the starting premise in any two-state treatment viz. that the vibrational ex-
citations of the particle lattice are separable from the configurational excitations of
the bond lattice. The separability depends on the same difference in relaxation times
which makes the quenching-in of a particular configuration possible.

The Eq. (3) profile approaches the fully excited limit more gradually than does
the LJ system. There is more of a ‘shelf’ before the plunge to the configurational
ground state. This difference may be associated with the constant value assumed for
AS”. If an important part oAS” comes from the generation of low frequency modes
in the vibrational density of states (being revealed as the quasielastic scattering in-
tensity build-up in neutron scattering studies) then it is not unreasonable to suppose
that the new vibrational modes excited should become lower in frequency as the
structure becomes looser, thus accelerating the drive to full excitation as seen in
Fig. 9(b).

Note that we have had to invoke a rather large excitation entropy in order to
match the width of the mixed LJ profile defined as in Fig. 8 panel (b) AU ax
value corresponding to thisS”value is (Fig. 7) 4.8 cal mdiK~*which corresponds
closely with the mixed LJ value foAC, at the MD glass transition, namely
4.3 cal mott K™1[47] if there is only one constraint per particle. The corresponding
D value, D=B/T,) according to Fig. 6(b) of [34], should be approximately 3 for
f=1.0, c.f. D=8 nearT, for Se, the most fragile liquid in Ge—-As—-Se system. The
value 3 is characteristic of a very fragile liquid [1] as would be expected at first
thought for mixed LJ. However we have seen in section 2.1 from data on molecularly
simple systems, that mixed LJ is probably only a moderately fragile liquid and there-
fore a value oD more like 10 would be expected. Thus again a vald€ (&q. (5))
well below 0.5 is indicated. If the profile of Fig. 1 (and Fig. 9(b)) is that of a moder-
ately fragile liquid, then we must ask what is to be expected for the profiles of very
fragile liquids on the one hand, and very strong liquids on the other. Here the bond
model has simple answers if independent bonds are assumed and interesting answers
if non-random bonding is introduced. The latter case is considered in a final section.

In more fragile systems the liquid is driven to full excitation more quickly by the
presence of larger excitation entrap§” values. Also the inflection point in the pro-
file will occur at higher excitation fractions, (particularlyNg” is allowed to be de-
pendent on the state of excitation, as discussed above). Irrespective of the source of
the excitation entropy the excitation profile tells us the temperature range over which
the landscape microstates become populated hence indicates the density of configu-
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rational states. Quantitatively th3oS should be obtained from the gradient of the
profile.

Stronger liquids will be those whose excitation profiles are widely spread in tem-
perature and such liquids may pass the melting points, and even the boiling points,
of the liquids before they reach the ‘tops of their landscapes’. Thus the intermediate
liguid ZnCl,, which in fact shows the presence of thgmaximum predicted by
Eq. (4) [34], will melt while the landscape is only partly excited. Indeed, the entropy
of fusion is less thaR entropy units per mole of heavy atoms (measured value is
0.66 Rgtaton! [48]). Likewise SiQ,which melts to give the strongest liquid
known (except for glassy water), melts with much less Ehantropy units per mole
of heavy atoms (measured value is 033 atonT?).

In the fully covalent systems, this broadest density of states is realized for com-
positions with optimized bond densities><2.4, since it is at this composition that
the excitation entropy approaches zero, as we have seen earlier.

3.2. Excitation profiles and ‘crossover’ phenomena

Many workers have drawn attention to the existence of some sort of change of
mechanism in transport for fragile liquids at a temperature of aboly. [The most
direct indication of this is the familiar bifurcation of the relaxation processointo
andp-processes which is observed at a relaxation time in the vicinity 310’ s.

This occurs at the same temperature as the relaxation time divergence of Mode
Couping theory [50]. Other indicators are the break in the Stickel plot for relaxation
time temperature dependence between two apparently separate VFT domains [22,
51], the temperature of breakdown of the Stokes-Einstein equation [50] the cross-
over temperature of the Rossler-Sokolov viscosity scaling [23], and most recently,
the temperature of breakdown of the Adam-Gibbs equation [19]. For a given liquid,
all these temperatures have the same value: it falls at a valygtwit depends on

the fragility.

The position of the mode coupling thedry[2, 6] on the profile of the mixed LJ
system, Fig. 9(b) is therefore of interest. It is more than half way down to the ground
state energy, and close to the inflection point of Eq. (3) seen in Fig. 9(c). This is con-
sistent with the observations of Fischer [49] who fitted equations based on a two-
state model to the experimental data for several molecular liquids for Whied
been determined by other workers. (It is below this energy that most of the many or-
ders of magnitude change of relaxation time occur en route to the glass transition.)
Thus an interpretation of the ‘crossover’ phenomena could be given in terms of pass-
ing through the maximum in the density of states. The departure from near-linearity
in temperature of the functiokg which is the denominator of the relaxation prob-
ability expression, provides (via Eq. (5)) a rather direct explanation for the failure of
the Vogel Fulcher equation neBy This is very different from the suggestion of one
of us [46] and of Sokolov [52] that the crossover is due to arrival at the ‘top’ of the
landscape. Rather it corresponds to arrival at the upper regions of the landscape
where wells have depths less tHhan[53], and escape is therefore always possible
without activation.
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From the Fig. 9 comparison, we can then go on to describe at least qualitatively,
the energy landscape excitation profiles for chalcogenide liquids of different <
values using the fragilities measured in [43] and the Eq. (3) ‘excitation profiles’ for
the associated bond-breaking paramefgis and AS". This analysis will be pre-
sented in more detail when a study of the simple two-component system Ge-Se, cur-
rently in progress, has been completed.

3.3. Non-random bonding and liquid-liquid phase transitions

Of additional interest in the chalcogenide systems is the existence of a maximum
Ty value as Ge content increases and the system becomes severely overconstrained.
The existence of a general maximum can be deduced from the knowledge that the
diffusivity of crystalline Ge exceeds that characteristic of a substance at its glass
transition (10%?m? s at 550 K [54] so that amorphous Ge must presumably have
aTy value no higher than 550 K. (This is close to its observed recrystallization tem-
perature). The maximum has been directly observed in the case of the Ge—Se system
[55, 56] and can be associated with an effective reduction of the Ge oxidation state
towards +2 (GeSe). A4 of 550 K is reached at 35% Ge in the binary system &eSe
[56] and should be realized in any cut through the ternary system at comparable Ge
fractions. Although it has not been reported to date, this would probably be followed
by the splitting out of a pure Ge phase with about the Sgmalue. In this domain
the independent constraint-breaking assumption made in the two-state treatment we
have given must break down, and interesting analogies with the landscape interpre-
tations of polyamorphism [45] will present themselves.

In the maximally over-constrained cases, Ge and Si, first order liquid-liquid
phase transitions are believed to occur [57]. They have been observed in detail in
computer simulation studies of Si [58]. These can be explained if the bond-breaking
is taken to be cooperative in the sense of A+B regular solutions. Then a composition
with a critical point will exist, and beyond that composition the sigmoid excitation
profile of Fig. 9(c) will become an ‘S’ — shaped curve — meaning that two states of
excitation can co-exist at the same temperature. These will be the high and low den-
sity phases of liquid Si (and Ge) identified by laser fusion [57] and computer simu-
lation [58] studies, and discussed in relation to protein folding in [59].

* * *

This work has been carried out under the auspices of the NSF under Solid State Chemistry
grant no. DMR 9614531. The authors have benefited from helpful discussions with Burkhardt
Geil and Robin Speedy, and particularly Paul Madden who drew our attention to [41].
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