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The understanding of glass forming ability requires quantitative information on the
stable and metastable phase equilibria of binary and multicomponent systems, par-
ticularly as a function of composition and temperature. This paper discusses the
success of the use of Gibbs free energy curves for the supercooled liquid relative to
the stable crystalline phases to describe glass forming ability. Applications are
reported for the systems GeSe,-Se, Sb,Se;—Se and GeSe,-Sb, Se; for which
experimental minimal quenching rates are available. A strongly associated regular
solution model for the liquid phase gives a predicted behaviour consistent with
experimental data. The method is intended to apply to glass forming liquids both

in equilibrium with a solid and in a supercooled state.

1. Introduction
An important part of the applied research on
semiconductor glasses has been directed towards
ternary or quaternary chalcogenide alloy
glasses. However, direct observation of chemical
short range order by diffraction methods in these
alloys is hindered by the high degree of com-
positional disorder. As a consequence, the mech-
anisms responsible for glass-forming ability
(GFA) and thermal stability are poorly under-
stood.

A feature shared by all glass-forming melts is
a negative heat of mixing, indicative of preferen-
tial interaction between unlike constituent
atoms. This behaviour suggests that, in the
liquid, some of the atoms are free while other
atoms associate into small groups or complexes
with a composition near to that of the minimum
of the heat of mixing [1-10]. A complex may be
considered as a molecule A,B,. It differs, how-
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ever, from a real molecule because it is likely to
be formed by a group of bonds between atoms
rather than by a group of atoms [11]. A rapid
quench of the melt freezes the liquid structure
and is supposed to fix a definite chemical short
range order in.the glass.

From the thermodynamic point of view the
eutectic crystallization of a melt at a given tem-
perature is driven by the affinity, which measures
the Gibbs free energy difference between the
liquid and the crystalline phases at that tem-
perature. At the eutectic temperature the mini-
mum value of the affinity occurs at the eutectic
composition. This is the basic thermodynamic
argument backing the experimental observation
that eutectic compositions are in general good
glass-formers. However, it is also a general fact
that actually the best glass-forming com-
positions are slightly shifted from the eutectic in
many systems.
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To give some insight to the experimental
results on GFA in the GeSe,—Sb,Se;—Se system,
we derive simplified expressions for the Gibbs
free energy of the liquid phase of this system.
The molten alloys are assumed to form strongly
associated regular (SAR) solutions [10]. The
binary interaction parameters between the com-
plexes and their degree of association are
deduced by fitting calculated phase diagrams to
experimental ones. No ternary interaction par-
ameter is introduced and miscibility in the solid
state is neglected. The temperature, T, at which
the entropy of the liquid phase equals that of the
stable crystalline material is calculated as a func-
tion of composition by making reasonable esti-
mates of the heat capacity difference between
liquid and crystalline phases. Affinities of the
binary alloys to undergo eutectic crystailization
are calculated in terms of composition at dif-
ferent temperatures. The affinity curves are com-
pared with the experimental minimal quenching
rate (MQR) needed to avoid crystallization on
cooling the melt from the liquidus temperature.

2. Theoretical résumé

The goal of this study is to discuss and make
reasonable predictions on GFA in a simple ter-
nary system like that limited by three simple
eutectic type binaries and having a ternary eutec-
tic. Only the main equations are summarized
here since details of the underlying theory and
model calculations are well established and
given elsewhere [10].

The liquid phase is formed by A,B, and/or
A,C, complexes in thermodynamic equilibrium
with the (uncombined) A, B and/or C atoms
(later we will specifically take A = Se, B = Ge,
C=5Sb, p=s=2, g=1, r=23). The
relationships between the atomic fractions x; of
the elements (i = 1, 2, 3) and the mole fractions
x; of the different species (j = A, B, C, A,B,,
A, C,) are

Xa = x;—[p—x(p+gqg- 1)]xA,,B,,
~[r—=x(+s— 1)]xA,C:
xg = X —[qg— x(p+qg— 1)]XA,,B,,

— X+ s — Dxpc,
Xe = X3+ x3(p+q— 1)XA,,B,,
(1)

—[s = x3(r + s — Dlxac,
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For a SAR-solution it holds that
Xaxh = Xpp, Kiand x,xt = xac Kj (2)

with the ideal equilibrium constants K}, K} inde-
pendent of composition.

In the subternary system A-A B, —A,C, the
solid phase may contain only pure A, A B, and/
or A,C, crystals. That is, we may assume a negli-
gible solubility range. The mole fractions y, of
the different crystalline phases (X = A, A B,,

A,C,) are
Ya =

1 - Yap, = Yac,
5X,

IMB T gx — o + ) + an — 1)

- 4x;3
g(sx; — rx; + x3) + sx,(1 — p)

)

Yac,
Vieland’s equation for the liquidus boundary

of pure compound X can be written as
AG*" = — RTInTly &)

where AG*~" is the Gibbs free energy of melting
of the compound X at the temperature T and Iy
an activity product given by

HA = a,
- afal
AB, — ;
P afay
a; @
oo = : (5)
AC, 5
Ly a?:ragkx

with g, (i = 1, 2, 3) the activities of the elements
in the liquid state relative to pure liquid (x; = 1)
at the same temperature and af the value of g; at
the X stoichiometry.

A ternary system exhibiting a strong tendency
for chemical ordering in both the glassy and the
liquid state will be treated as a SAR-solution.
Consequently, the following approximate
expressions for the activity products hold

_ 2 2
II, = x,exp {[aleAqu + t3yac,

+ (o2 + o3 — aza)J’A,,BqJ’A,c,]/RT}

X
A B,
) x*

AB,

exp {[o, 04 + “23ygx,cs
+ (2 + 03 — %43)¥avac,J/RT}

XA,C

s 2 2
——exp {[oya + ®3Vam,
x

ATCS

+ (s + ay — d]2)yAqu]/RT} (6)



where «; are the interchange energies for the i~/
main species with the following correspondence
1-A,2-AB,3->AC,.

The molar Gibbs free energy of the liquid
solution is

G" = x,G'+ x,G) + ;G + x, RTIn q
+ x, RTIn a, + x; RT In a, N

where G/ is the molar Gibbs free energy of pure
liquid i at temperature 7. It is related to the
Gibbs free energy, G?, of pure compound X by

G) — Gy = AG**
PGy + qG3 — Gip, = AGHPt
— RT In a¥a}’
rGY + 5G) — Glo = AGMTT
— RT In af¥ a¥ ®)
The gram-atom Gibbs free energy of the solid
mixture of crystalline phases is
G5 — yaG3 + J’AquGRI,Bq + Yac,Ghe,
Ya+ (P + @yap, + (r+ )yac,
)

The Gibbs free energy difference between a
liquid and a solid mixture of the same average
composition, or affinity, 4(T, x) = G~ — G°,
can be expressed in terms of the Gibbs free
energy of melting and the activity products,
using Equations 3 and 8, as

;)/X[AG’HL + RT In I1]

A(T, x) =
( ) ya + (p + Q)YA,,Bq + (r + yac,

(10)

At the ternary (or binary) eutectic tem-
perature, T, there is equilibrium between the
liquid (of eutectic composition xz) and all the
crystalline phases. Hence Equation 4 is satisfied
for all X, and the affinity, Equation 10, vanishes.
Nevertheless, as the liquid composition deviates
from xg, the affinity increases and crystallization
of the supercooled liquid will occur if the affinity
is large enough. At temperatures lower than 7%
stable equilibrium between liquid and crystalline
solid is no longer possible and the affinity
remains positive in the whole liquid composition
range. Nevertheless, A(7, x) still drives the
eutectic crystallization of the supercooled liquid

TABLE I Melting temperatures and enthalpies of

fusion of the components

X T AH Reference
(K) (kcal mol ')

Se 493 1.4 [13]

GeSe, 1013 4.2 [13, 14]

Sb, Se, 888 12.85 [13]

(primary crystallization of, let us say, solid A,
will be driven by the difference between the
chemical potential of 4 in the liquid solution
and in pure solid A).

Equation 10 can be used until the glass tran-
sition temperature, T,, is reached. In 1948
Kauzmann [12] guessed that the glass transition
had to occur above the temperature 7T at which
the entropy of the supercooled liquid, S*, equals
that of the stable crystalline phases, S°, as it
would be absurd to have S* < §*(what is called
an “entropy catastrophe”). The temperature T
may be obtained from the following relation

0A
(‘a—T)T=TS =0

In order to perform that calculation the thermo-
dynamic properties of the supercooled liquid
have to be extrapolated at high undercooling.

In the following the relevant features on phase
diagram calculations, ‘“ideal” glass transition
temperature, T, free energy curves and affinity
criteria of glass formation will be discussed for
the systems GeSe,~Se, Sb,Se;—Se and
GeSe,—Sb,Se;. In all cases the possible type of
complexes has been inferred from X-ray diffrac-
tion and spectroscopic results in liquid and
glassy alloys. The thermodynamic input data
used for the calculations are the melting point
and the enthalpy of fusion of each crystalline
phase, reported in Table I. The Gibbs free ener-
gies of the crystalline phases have been taken
from Mills [13]. The values of K], K} and a,,, a,;,
a3 have been adjusted to obtain good agreement
of the calculated phase diagrams with the exper-
imental ones reported in the literature.

(11)

3. Results

3.1. The GeSe,—Se system

We assume the existence of GeSe, complexes in
the liquid phase. This assumption is supported
by a wide variety of experimental results
on liquid and glassy alloys. Mainly, magnetic
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Figure 1 Calculated phase diagram and Ty curves for the
GeSe,—Se system. + Experimental phase diagram data after
Ipser et al. [20]. @ Experimental glass transition tem-
peratures after Bordas ez al. [21].

susceptibility measurements on liquid Se-Ge
mixtures show that the introduction of ger-
manium into liquid selenium causes a linkage of
chains via four-fold coordinated germanium
atoms [15]. Neutron diffraction studies on liquid
GeSe, indicate that the strong covalent bonding
between unlike atoms in the solid state still
remains on melting [16]. Radial distribution
studies on Ge,Se,_, glasses have shown that in
the range 0 < x < 0.4 the germanium and
selenium atoms are respectively four- and two-
fold coordinated giving rise to a network struc-
ture with GeSe,, tetrahedral units [17-19].

The calculated phase diagram is shown in the
upper part of Fig. 1 together with the exper-
imental points. The best fit is obtained taking for
the liquid solution K| = 1072 and o), =
0.17 kcalmol~'. In order to get a rough estimate
of Ty as a function of composition we assume a
constant molar heat capacity difference between
each liquid and crystalline component (Se and
GeSe,) and evaluate AC, by taking Ty ~ T for
both components. That gives ACY = 6.5cal
mol 'K 'and AC®? = 3.6calgat™'K ' The
calculated T curve is shown in the lower part of
Fig. 1. The points reported there are exper-
imental T, data. Another estimation of the AC,
value can be obtained from the variation of heat
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Figure 2 Gibbs free energy curves of supercooled alloy melts,
G" and of crystalline phases, G* for the system GeSe,-Se.

capacity in the glass transition region. A change
in C, across the glass transition region of 2.0 to
45calgat "K' on Ge,Sb,Se,_, , glasses in
the range 0.10 < x < 0.35, 0.05 <y < 0.15
has been reported [22]. These measurements
make our assumption quite realistic for GeSe,
but not for Se. The polymeric nature of liquid
selenium, neglected here, has certainly to be
taken into account to obtain more reliable esti-
mates on AC,.

The Gibbs free energies of the liquid and solid
phases, G- and G°® respectively, are plotted at
two different temperatures in Fig. 2. Enthalpy
values are referred to those of pure elements
(germanium and selenium) at 298.15K. At
550K the Gibbs free energy of the liquid equals
that of the solid for a composition with
~20at % Ge. However, the stable state for a
sample with that global composition will be a
liquid solution with ~ 10at% Ge in equilib-
rium with GeSe, crystals (as can be found by
constructing the common tangent to both the
liquid and solid curves). At 350K the Gibbs free
energy of the crystalline phases is lower than
that of the liquid solution in the whole com-
position range. As the difference between G* and
G* is positive, it exhibits a minimum at a given
composition, and there the undercooled liquid
can easily become a glass by quenching.



350K
05
¥ 450K
o
k=]
=z
0.0
J 550 K T 102
© ol =
| i - , §
\ 7 100 =
A\ e o
\\ -7 g
R prat 102
\‘ e
0.1 0.2 0.3
Se Atomic fraction germanium  GeSe;

Figure 3 Calculated Gibbs free energy differences G- — G°
(solid lines) for the system GeSe,—Se. Experimental minimal
quenching rate (dashed line) after Bordas et al. [21]. Arrows
indicate the affinity minima.

In fact, AG = AH — TAS, so that glass
formation is favoured by a great negative value
of H* — H® and a positive value of S — S5.
From the value of Kj needed to obtain a good
agreement between the calculated phase dia-
gram and the experimental one it is evident that
chemical ordering is very important in the neigh-
bourhood of pure GeSe, stoichiometry
(33.3at % Ge). This ordering minimizes the
enthalpy of the liquid mixture and will promote
liquid GeSe, as the best glass former in that
system. But to the ordering effect one has to add
the mixing effect, which maximizes entropy and
finally the best glass former composition will be
that corresponding to the minimum of the
affinity. The affinity as a function of com-
position at three different temperatures is
presented in Fig. 3. At 350K the affinity mini-
mum corresponds to 4.5at.% Ge and it shifts to
5.0at % Ge when the temperature increases to
500 K. To correlate the minimum of the affinity
with GFA, experimental data on the MQR
needed to obtain glasses in this system are also
plotted in the lower part of Fig. 3. There is only
a qualitative agreement between the location of
the affinity minimum and the compositions that
have the lower values of MQR and, as expected,
they are not far from the eutectic.
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Figure 4 Calculated phase diagram and Ty curves for the
Sb,Se;—Se system. + Experimental phase diagram data
after Meyers and Berkes [24]. @ Experimental glass tran-
sition temperatures after Bordas [27].

3.2. The Sb,Se;—Se system

Evidence of atomic association in the liquid
phase, as measured by X-ray diffraction, has
been reported [23] for liquid Sb,Se,. Further-
more, a highly associated model with Sb,Se,
complexes gives an activity for selenium in good
agreement with experimental results for liquid
mixtures [10}. In order to reproduce both the
phase diagram [24] and the activity values [25],
the best fit is obtained by taking a SAR-solution
model [26]. The experimental phase diagram of
this binary system is shown in the upper part of
Fig. 4 together with the computed one. The
values used for the calculation are those tabu-
lated in Table I and K} = 107%, a;; = 0.9 kcal
mol~'. In the lower part of Fig. 4 are reported
both the Tg curve and the experimental glass
transition temperatures, 7,. A value of
AC™* = 4.7calgat™'K~' has been intro-
duced in order to calculate Ty.

The Gibbs free energies of liquid and solid
phases at 350 and 550K are plotted in Fig. 5.
They have been calculated taking the enthalpy
referred to pure elements (antimony and
selenium) at 298.15 K. The affinity as a function
of composition is presented in the upper part
of Fig. 6 at three different temperatures. The
Gibbs free energy difference between liquid and
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Figure 5 Gibbs free energy curves of supercooled alloy melts,
G" and of crystalline phases, G* for the system Sb,Se,~Se.
crystalline Sb,Se; is significantly higher than
that of pure selenium at all three temperatures.
The gram-atom entropies of fusion of Se and
Sb,Se, being very similar, that comes mainly
from the very different values of the melting
temperatures of Se and Sb,Se,. Then the
lower value of the affinity occurs for pure
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Figure 6 Calculated Gibbs free energy differences G* — G*
(solid lines) for the system Sb, Se,~Se. Experimental minimal
quenching rate (dashed line) after Bordas [27].
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Figure 7 Calculated phase diagram and Ty curves for the
GeSe,-Sb, Se, system. + Experimental phase diagram data
after Bordas et al. [28]. @ Experimental glass transition
temperatures after Geli et al. [29].

selenium at normal undercooling conditions
(between liquidus and glass transition tem-
peratures). There exists a narrow glass-forming
region where minimal quenching rates are
known [27]. The experimental data are plotted in
the lower part of Fig. 6, and confirm that GFA
decreases with increasing Sb,Se, content.

3.3. The Sb,Se;—GeSe, system

The experimental phase diagram of the binary is
shown in Fig. 7 together with the computed one.
We assume the existence of Sb,Se, and GeSe,
complexes taking, naturally, the same values for
the melting temperatures, enthalpies of fusion
and K], K} than in the preceding calculations.
We need, however, a new interaction parameter
ay; = — 1.5kcalmol™'. The “ideal” glass tran-
sition temperature, Ty, has been calculated as a
function of composition and is plotted in the
lower part of Fig. 7 together with the exper-
imental data on glass transition temperature, T,,
for air-quenched glasses of the system.

The Gibbs free energies of the liquid and solid
phases are presented, at four different tem-
peratures, in Fig. 8. As expected because of the
similarity of the melting temperatures of both
components, the Gibbs free energy difference
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Figure 8 Gibbs free energy curves of supercooled alloy melts,
G" and of crystalline phases, G5 for the system GeSe,—
Sb, Se,.

between liquid and solid phases, at the eutectic
temperature, has its minimum value at about
half-way between GeSe, and Sb,Se;. However,
the gram-atom entropy of fusion of GeSe, is
about one half of that of Sb,Se; and, as a conse-
quence, the affinity minimum will shift towards
the GeSe-rich side with increasing undercooling.
The affinity values at the four temperatures are
shown in Fig. 9. At 800K the affinity minimum
occurs at 14at % Ge, but as the temperature
goes through 700, 600 and 500 K the minimum
changes successively to 16, 19 and 23 at % Ge.
This result seems to correlate with the exper-
imental MQR data, also plotted in the lower
part of Fig. 9, which indicates as best glass-
formers in this system those alloys with a com-
position slightly shifted from the eutectic to
higher GeSe, content. However, it is worth
remembering that affinity is a thermodynamic
quantity but MQR is really a kinetic parameter.

4. Discussion

To give some insight on GFA we have con-
structed the affinity curves and correlated them
to the MQR needed to avoid crystallization of
the molten alloys. Although thermochemical
data are rather scarce, it is well known that
chemical ordering is very important in liquid
and glassy alloys of the systems chosen to do the
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Figure 9 Calculated Gibbs free energy differences G~ — G5
(solid lines) for the system GeSe,—Sb,Se;. Experimental
minimal quenching rate (dashed line) after Bordas [27].

calculations. The main assumption introduced
to obtain the affinity as a function of com-
position and temperature was to treat the liquid
as a SAR-solution. The parameters involved
were adjusted to reproduce the experimental
phase diagrams. They have a clear physical
meaning and the values obtained are consistent
with the assumptions made previously. The ideal
equilibrium constants Kj, K have values lower
than the upper limit needed to undertake strong
associated treatment, namely K| < 107! and
K, < 107% (see [10]). Furthermore the three
interchange energies have values |o;/RT| < 0.9,
that is they are small enough for the regular
approximation to be valid. It should be noted
that, in general, the ideal equilibrium constants
depend on the liquid composition, but this is not
the case for SAR-solutions [10]. Even if a small
temperature dependence can be allowed, due to
the fact that increasing temperature diminishes
chemical short range order, the ideal equilibrium
constants and interchange energies are all
assumed constant. With these assumptions we
have calculated the affinity as a function of com-
position for temperatures ranging from about
S0K above the eutectic temperature to about
200K below it. For completeness, the Gibbs free
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energies of both liquid and crystalline phase
mixture have also been calculated relative to
those of pure elements (selenium, germanium
and/or antimony).

In as much as there is no definitive definition
of GFA we have assumed that it is inversely
proportional to the MQR. For this reason the
results obtained for the affinity have been com-
pared to experimental MQR data. In the frame
of thermodynamics one can argue that below the
liquidus temperature the crystallization of a
liquid is driven by the affinity, and our attention
was focused on possible displacements of the
lower values of the affinity from the eutectic com-
position with increasing undercooling. Other
authors have been interested in the calculation
of maximum undercooling or glass forming
regions, from Gibbs free energy curves, assum-
ing homogenous crystal nucleation theory (see
[30] and [31]). For the three binary systems con-
sidered here the lower values of the affinity are
located near the eutectic composition in normal
undercooling conditions. For the Sb,Se;—~Se sys-
tem, even at the glass transition temperature the
affinity increases monotonically from pure Se to
Sb,Se,;. As mentioned before this behaviour is
due mainly to the thermodynamic properties of
both components (Se and Sb,Se;), because the
mixing quantities are too small to have a signifi-
cant effect. For the GeSe,—Se system the order-
ing effect is sufficient to balance the importance
of the thermodynamic properties of pure com-
ponents and produces an affinity minimum
shifted from pure selenium. This fact is already
apparent in the phase diagram, hence as well as
in this system as in the Sb,Se;—Se system, the
lower values of the affinity for each temperature
occur at the eutectic composition. In both cases
no significant variation with temperature is
detected. The most striking feature occurs in the
GeSe,—Sb,Se; system. In that system for tem-
peratures 50 K above or below the eutectic tem-
perature the affinity has its minimum value near
the eutectic composition. This is at about half-
way between GeSe, and Sb,Se; (16.6at % Ge)
but also at about equal amounts of GeSe, and
Sb,Se, complexes (12.5 at % Ge). Furthermore,
the affinity minimum is displaced significantly
with temperature. Apart from the properties of
pure components, this is a consequence of the
decreasing of the mixing entropy contribution
(TAS) with decreasing temperature.
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5. Conclusions

A simplified expression for the affinity of a liquid
to crystallize completely has been derived in a
ternary system by neglecting miscibility in the
solid state and assuming that the liquid phase
can be treated as a strongly associated regular
solution with particularly simple expressions for
the Gibbs free energy reflecting the liquid chemi-
cal ordering. This expression has been applied to
glass-forming liquids both in equilibrium with a
solid and in a supercooled state in order to
discuss glass forming ability.

Phase diagram calculations have been done
and affinity curves as a function of composition
constructed for the systems GeSe,—Se,
Sb,Se,—Se and Sb,Se,—GeSe,. The temperature,
T, at which the entropy of the supercooled
liquid would equal that of the stable crystalline
phase has been derived by assuming a
temperature-independent heat capacity dif-
ference between liquid and soltd compounds.

The existence of GeSe, and/or Sb,Se; com-
plexes in the liquid mixtures was inferred from
X-ray diffraction and spectroscopic results
reported in the literature. In all cases the cal-
culated phase diagram agrees with the exper-
imental one and the parameters needed for the
calculation indicate the correctness of the
strongly associated treatment undertaken.

Glass-forming ability was assumed to be
inversely proportional to the minimal quenching
rate needed to avoid crystallization. For all tem-
peratures between liquidus and glass transition
temperature we observe a correlation between
the minimum affinity values and the lower values
of the minimal quenching rate, both occurring at
compositions near the eutectic. Thermodynamic
arguments to explain this fact have been put
forward.
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