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MC simulations, in the NpT version, were carried out on molten Agl, on the basis of the literature 
interionic potentials proposed for the simulation of the superionic a-phase of solid Agl. A systematic 
analysis showed that none of the examined potentials can satisfactorily reproduce the experimental 
characteristics of the melt.

Moreover, it has been pointed out that tests of pair potentials through simulations at constant 
volume can be misleading.
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Introduction

Superionic conductors show properties which are in 
between those of solids and liquids. They can be repre­
sented as two interpenetrating phases, the anions 
forming a stable sublattice through which the cations 
can move, thus behaving like a liquid.

Recently, the hypothesis has been formulated [1] 
that the superionic phases of solid conductors melt 
into very similar structures.

Although solid Agl, and especially the superionic 
phase a-Agl, has been extensively studied both exper­
imentally and theoretically, very little work has been 
reported on the liquid phase [2].

Literature has given attention to the problem of 
correlating, by computer simulations, the properties 
of superionic a-Agl with appropriate potentials. Dif­
ferent sets of effective pair potentials were constructed 
and successively used in MD simulations.

In this work, the interionic potentials proposed for 
solid Agl are used in the simulation of molten Agl 
with the intention to evaluate simple thermodynamic 
and structural properties of the melt.

Solid Agl Pair Potentials

The first interionic potentials for solid Agl, given by 
Mayer [31 in 1933, have the form

(1)
<Pij(r) = zf z jr~ l + au exp( -  btJ r) -  Cijr ' 6 -  dtj r " 8,
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where r is the distance between ions i and j  having 
charge zi? z- while a{j, b(j, c;j and d a r e  characteristic 
parameters. The second term in (1) is empirically de­
termined from the constants of the crystal, while the 
last two terms are the van der Waals potential. Ac­
cording to Mayer, the constants in these latter quanti­
ties are large and should account for the low solubil­
ity, the high lattice energy and the zinc blende, 
preferred to rocksalt, lattice of this compound.

The numerical values for potential (1) are the fol­
lowing:

z.z . = ± e2 (e2 = 2.30684 • 10"18 J Ä molecule-1),
/>__ = 2.90; 6+_=3.85; b+ + =5.71 A '1,

_ = 270; _ =331; a + + =393
in 10"17 J molecule"1,

c_ _ =437; c+ _ =151; c+ + =67
in 10"19 JÄ6 molecule"1,

d_ _ = 1228; d+_=  315; d++= 91
in 10"19JÄ 8 molecule"1.

More recently, Schommers [4] proposed an interionic 
potential consisting of only a Born-Mayer repulsive 
term and a Coulomb one. This potential, however, 
when used in MD simulations, requested each iodine 
to be attached to the lattice position by harmonic 
springs, in order to obtain a well defined iodine lattice.

In 1983, Parrinello, Rahman, and Vashishta [5] pro­
posed a refined version of a previously calculated [6] 
set of potentials with constants determined from the 
physical characteristics of the low temperature struc­
ture.
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Vij(r) = zt Zj r -1 +A(j r~ "> J -  Bi} r "4 -  Cijr " 6, (2)

where the second term has the Pauling form of the 
repulsive potential while the third one should take into 
account the polarization energy [Bij=0.5(xi zj + a- z?)]. 
On the basis of phonon dispersion measurements they 
assumed | | = j ẑ-1 = 0.6 e. Thus, by using the polariz- 
abilities aAg = 0 and a, = 6.52 Ä3, the following numer­
ical values (the distance being in Ä, the pair potential 
is in 10"19 J molecule-1) were proposed:

=7; n + _ = 9; n+ + =11;
A__ = 10303.30; A + _ =2640.87; A + + = 0.34;

54.15; ß +_ = 27.07; B+ + = 0;
C__= 159.94; C+_ = C + + =0.

This set of potentials was widely applied to the study 
of solid Agl and turned out to be very successful in 
describing, within MD simulations, structural and dy­
namical [7] properties along with phase transforma­
tions [8], in particular the temperature of the 
transition. Recently, the partial structure factors of 
molten Agl were also calculated [1] at the experimen­
tal constant volume using the hypernetted chain ap­
proximation along with potentials (2).

Another set of potentials for solid Agl, largely ap­
plied in literature [9], was proposed in 1982 by Fuku- 
moto, Ueda and Hiwatari [10], consisting of only a 
coulombic and a softcore repulsive term. The simplic­
ity of this model allowed a systematic analysis [11] of 
the different forces for the existence of the a-phase, 
with the conclusion that weak Coulomb force is 
needed for the superionic phase to appear. According 
to these authors the set of potentials that, within 
simulations at constant volume, better describes the 
essential features of Agl, is the following:

(pij(r) = zi zj r - 1+pij r - 1 (3)

with |z,| = | z j |= 0 . 6 e a n d =4352.99; p+_ = 198.20; 
p+ + =0.69 in 10" 19 J Ä7 molecule" \

MC Simulations of Molten Agl

The above potentials were used in turn to carry 
out Monte Carlo simulations in the NpT version 
(p— 1 atm). which allows a direct comparison with the 
experimental values. The model consisted of a cubic 
box containing 216 particles with periodic boundary 
conditions. The long-range Coulomb energy was

Their interionic pair potential has the form computed through the Ewald's sum (further details 
can be found in [12]).

When using potentials (3), equilibration of the sys­
tem could not be reached. The system volume was 
constantly increasing up to %8000cm3 mol"1 after 
700 kilosteps, thus denoting the lack of a cohesive 
force in respect to the repulsive one: it should be noted 
that, in the model assumed, the only cohesive force is 
the -I—  coulombic term.

In order to reach the equilibration of the system, 
test runs were carried out with different parameters, 
within the same potential model. In particular atten­
tion was focused on th e ---- term, for which a drastic
reduction seemed necessary. When was decreased 
by an order of magnitude (i.e. p_ _ =435.3 • 10"19 
J Ä7) the simulated system could be equilibrated, but 
the calculated volume was still too large (Fm = 144 
cm3 mol"1 at the m.p.).

Thus, only potentials (1) and (2) were employed for 
further analysis.

Thermodynamic Properties

The Agl melt was analyzed at three different tem­
peratures (831 (m.p.), 1000 and 1500 K). The results 
are summarized in Table 1. The experimental values of 
the molar volumes, Vm, shown in the first row, were 
deduced from the density data reported by Janz et al. 
[13] for the temperature range 840-1080 K. For what 
concerns the internal energy, U, the experimental data 
were calculated on the basis of the —208.0 kcal/mole 
value given for a-Agl at 523 K by Flengas [14], along 
with the Cp(a-Agl) by [15], the C„(melt) by [16] and the 
AH( reported in [17]. Different literature values are of 
the same order of magnitude (e.g. at 298 K the exper­
imental value given by Mayer [3] is —196.2 and that 
by Tosi [18] is -208.1 kcal/mole"1). It should be 
noted that, since silver iodide is not purely ionic, these 
experimental data, based on a Born-Haber cycle, can 
be in error.

Columns B of Table 1 report the values obtained 
by potential (1), in connection with the SIM model 
(briefly: the polarization energy of the system is also 
taken into account within the MC cycle as a many 
body interaction [19]). As it can be noted, the molar 
volumes are fairly well reproduced by Mayer's poten­
tial. the experimental values lying in between those 
obtained with potentials (1) used without or with the 
contribution of the polarization energy. On the con-
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Tablet. Molar volumes and energies for molten Agl (in cm3 mol 1 and kcal mol 
A = potential (1); B = potcntial (1) within the SIM model; C = potential (2).

respectively) obtained with:

831 K (m.p.) 1000 K 1500 K
Vm (exp) 42.1 43.4 47.9*
— U (exp) 201.5 198.9 191.3

Potential type A B C A B C A B C

Vm 42.0 40.3 57.5 44.6 42.0 61.1 55.3 48.3 80.2
-U 166.5 171.0 69.2 163.2 168.4 66.9 153.7 162.3 58.6
— Ec 184.8 187.5 62.6 182.4 185.4 61.6 175.4 181.5 58.1

ER 43.3 47.7 26.0 41.6 46.7 24.7 36.7 45.1 19.8
— £w 30.0 32.1 1.1 28.4 30.9 1.1 23.9 28.2 0.8
— E"4 - - 36.5 - - 34.9 - - 28.4
— £p - 4.1 - - 4.8 - - 6.6 -

Extrapolated value.
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Fig. 1. Molar volumes (cm3 mol-1) calculated at different 
temperatures (T/K) according to potential (1) (curve A), 
potential (1) with the SIM model (curve B) and potential (2) 
(curve C). The experimental curve is also given.

Fig. 2. Molar volumes (cm3 mol ') calculated at 831 K with 
potential (2) with different ionic charges.

trary, the system simulated by potentials (2) is sig- 
nificatively expanded. Figure 1 illustrates these re­
sults. Note also that no one of the calculated functions 
has the proper temperature dependence.

As regards the internal energies, all the calculated 
values are far from those obtained by the Born-Haber 
cycle. Moreover, the average Cp values that can 
be deduced are ^19, 14 and 15 (cal K "1 mol" 
for model A, B and C respectively, which should 
be compared with the experimental value of 15.26 
(cal K "1 mol"1). Table 1 also reports the values ob­
tained for the Coulomb, Ec, van der Waals, £w, repul­
sive, ER, along with the r -4, £ " 4, components of the 
average configurational energy. Energies U and E are

related by U = E + 3RT. In addition, the polarization 
component, £p, calculated in connection with the SIM 
model of potential (1), is reported.

In order to complete the analysis, attempts were 
made to specify the effects of some parameters. Thus, 
potentials (2) were used first with different ionic 
charges, namely | zt j = 0.4, 0.7, 0.8 and 1 e and then at 
constant volume (F = Fexp) with | zf | = 0.6 e. The results 
obtained at 831 K are summarized in Table 2. As can 
be noted, the imposition of the constant volume does 
not significantly change the energy values, while the 
ionic charge largely affects both the volume and the 
energy. It is interesting to observe that in order to 
obtain Fm values close to the experimental ones the
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Table 2. Molar volumes and energies (in cm3 mol-1 and 
kcal mol" l, respectively) calculated according to potential (2) 
with variable ionic charge (0.4,0.7,0.8 and 1 e in colums C04, 
C07, C08 and Ct, respectively) and at constant volume (CV) 
at 7=831 K.

C04 C07 C08 CI CV

ca\c 70.3 51.4 48.4 42.6 _
ĉalc 32.4 94.1 123.3 195.9 70.7

— Ec 25.3 88.4 119.4 197.0 65.7
ER 17.0 31.9 37.7 51.8 40.1

— £w 0.8 1.4 1.5 2.0 1.9
28.3 41.2 45.1 53.7 48.2

ionic charge has to be raised to 1. Figure 2 clearly 
shows the effect of the ionic charge on the molar vol­
ume.

Structural Proporties

The experimental structure parameters (both par­
tial structural factors and radial distribution func­
tions) for solid Agl have been extensively studied us­
ing X-ray [20] and neutron [21] diffraction and are 
fairly well reproduced either by potentials (2) [5, 6, 7, 
22] or by (3) [10, 11]. The analogous data for molten 
Agl have not yet been reported.

Nevertheless the results by Howe and McGreevy 
[21] are consistent with the hypothesis that the silver- 
silver distribution in a-Agl is similar to that of copper 
ions in molten cuprous chloride. Thus one would ex­
pect for molten Agl a structure that closely resembles 
that of molten CuCl, which [23] shows a 1-1 radial 
distribution function, gn{r), characterized by a rather 
far ranging oscillatory pattern, while gCuCu(r) is much 
less structured, with copper ions penetrating deeply 
into the first coordination shell.

A neutron diffraction study carried out on molten 
Agl by M. A. Howe and R. L. McGreevy [24] shows a 
relatively long range I structure (up to 14 Ä); this ap­
pears very different from the Ag structure which hardly 
shows any oscillation beyond 8 Ä. The positions of the 
maxima in the two functions are also very different. 
The simulation results are reported in Figure 3, where 
the three radial distribution functions, gAgI(r), gAgAg(r) 
and gu(r) obtained with potentials (1) and (2) at 831 K 
are shown.

As it can be noted, the g(r) of like ions obtained with 
potentials (1) are not much different. On the contrary, 
those obtained with potentials (2) closely resemble the 
molten CuCl structure.

Pot. (1)

g -

\ >9"

■' I !■■■• A I I I I I I
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! I
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r/Ä
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Fig. 3. Radial distribution functions for molten Agl obtained 
at 831 K with potentials (1) and (2).

The effect on the g(rYs of different values of the ionic 
charge was also analyzed. Figure 4, which reports the 
functions obtained with |z, | = 0.4, 0.8 and 1 e, shows 
that with decreasing charge: a) the peaks are lowered 
and shifted to the right; b) the oscillatory pattern de­
creases, the melt being less structured; c) the silver 
penetration into the first coordination shell increases. 
It should be noted that with decreasing charge the 
volume of the simulated system increases and its effect 
should also be taken into account, but it is anyhow 
overwhelmed by thai of the charge.

The g(rfs obtained while imposing the experimen­
tal volume show that this constraint largely affects the 
gu(r): the distance of closest approach is reduced and 
the position of the first maximum, along with that of 
the following minimum, is reduced by ^0.7 Ä. The 
gAgAg(r) is also affected, though to a smaller extent; on 
the contrary, the gA?](r) remains practically the same.
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Fig. 4. Radial distribution functions for molten Agl at 831 K 
calculated according to potentials (2) with different ionic 
charges.

Finally Table 3 reports the distance of closest ap­
proach, d, the position of the first maximum (rmax) and 
that of the following minimum (rmin), along with the 
coordination number (n), calculated using potentials 
(1), (2) and (2) at constant volume. In order to avoid 
redundance, the parameters of the total g(rys are not 
reported; however, it is interesting to observe that

Table 3. Main features of the radial distribution functions 
calculated for molten Agl at 831 K using potentials (1), (2) 
and (2) at constant volume (CV) (distances in Ä).

Potential type (1) (2) (CV)

Ag+ Ag+ pairs d 2.7 2.2 2.1
rmax 4.2 4.9 4.4
rmin 6.6 6.6 6.3
n 16.0 12.0 14.3

Ag+ pairs d 2.3 2.2 2.2
rmax 2.8 2.7 2.6
rmin 4.1 4.3 4.2
n 4.9 3.9 4.9

I 1 ~ pairs d 3.2 3.5 3.4
rmax 4.3 4.7 4.3
rmin 6.4 6.7 6.2
n 14.8 12.7 13.7

these functions show a minimum at 3.5, 3.7, 3.6 Ä, 
respectively, and the corresponding coordination 
numbers are 4.2 (of which 4.1 H—  and 0.1 + 4-), 3.5 
(3.2+ -  and 0.3+ +), and 4.3 (3.9+ -  and 0.4+ +). 
These figures once again underline that only poten­
tials (2) can reproduce a significant penetration of sil­
ver ions into the first coordination shell.

Conclusions

On the basis of these results, one must conclude that 
none of the examined potentials, designed for the solid 
Agl, can satisfactorily reproduce the experimental 
characteristics of the melt. In particular the potentials 
(2), that have so successfully been applied to reproduce 
structural and dynamical properties of a-Agl, fail in 
reproducing even approximately the volume of the 
melt. On the contrary, Mayer's potentials reproduce 
the density well, but seem to fail in reproducing the 
structure of the melt.

It is hoped that, once the experimental g(r)'s will be 
available, it will be possible to properly modify the 
potentials and thus to obtain a satisfactory simulation 
of the melt.

Moreover, attention should be given to the problem 
of testing pair potentials through simulations at con­
stant volume, as in MD, since this could be mislead­
ing, as the use of potentials (3) within the NpT MC 
clearly shows.
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