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Abstract—Alkali halide melt systems resulting from contact melting were studied by MD simulations. The
simulation results were used to evaluate the diffusion coefficients, partia radia distribution functions, and
velocity autocorrelation functions for various ionic compositions of the melt systems.

INTRODUCTION

Over the past few decades, predicting the physico-
chemical properties of melts has been a mgjor chal-
lenge in materials science. Precise knowledge of equi-
librium and nonequilibrium melt structure is critical for
many technological applications. The discovery and
investigation of contact melting offered a significant
advanceinthisfield [1, 2].

Contact melting is widely used in both scientific
studies and technological applications to prepare and
study melts graded in composition, determine interdif-
fusion coefficients and composition profiles, assess the
effects of external influences on the structure and
dynamics of melts, and investigate interfacial phenom-
ena and phase transitions [ 3, 4].

Many of the issues concerning the scientific and
technological aspects of contact melting can be clari-
fied only by molecular (atomic) scale studies. In this
paper, we review molecular dynamics (MD)
approaches to studying contact melting and anayze
earlier reported and new results.

We examined the ionic melts resulting from contact
melting in alkali halide systems. These were chosen so
as to highlight the effect of ionic composition on the
kinetic and structural behavior of the melts:

(1) systems with a common anion, such as KBr-
NaBr, Nal-KI, NaBr—-RbBr, KBr—RbBr, and NaF—KF;

(2) systems with a common cation, such as Nal—
NaBr, Nal-NaF, Nal-NaCl, KI-KBr, and KI-KF;

(3) mixed systems comprising sodium iodide and
potassium halide, such as Nal-KF, Nal-KCl, Nal-
KBr, and Nal-KCl.

METHOD

In our studies, we used an upgraded MD simulation
package [5] to analyze the trgjectories of individual
particles. The system included 256 particlesenclosedin
a cubic simulation box of length |. The equations of

Newtonian mechanics were integrated to obtain the
coordinates and vel ocity of each ion. Periodic boundary
conditions were employed; at each time step, the sys-
tem was relaxed to thermal equilibrium. The initial
velocities of the particles were set by arandom number
generator. The differential equations were solved in
central differences. Interatomic interactions were con-
sidered additive and were described by a pair potential
U(r) and force f(r) related by

f(r) = du(r)/dr.

Simulations were carried out with Born—-Haggins—
Mayer (BHM) and Pauling pair potentials, which were
used earlier to study KClI, Kl, and KF [6]. Those results
were utilized to test our software. The BHM potential
has the form [6]
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where B = B;bexp[a;(s + §)], b =3.38 x 10-° J for
any crystal and type of interaction, s and s are the radii
of ionic speciesi and j, and [3; is the so-called Pauling
factor given by
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where n; and n; are the numbers of electronsin the outer
shell (usualy 8), z, z = £1, a;; isaconstant (tabulated),
and C;; and D;; are the van der Wadls coefficients.

According to Pauling, the force acting between a
pair of interacting ionsi and j separated by distance r;;
isgiven by [7]
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MD simulations were used to compute rms dis-
placements, velocity autocorrelation functions, partial
radial distribution functions (PRDFs), and diffusion
coefficients.

The rms displacements of anions and cations were
evaluated using the relation

1
AW = 5 Y (RGN -R(1)), TL<T<T,
k.
i 0Py
Ny is the number of ions of speciesk, R is the position
vector of ion i, Py isthe set of numbers of speciesk, 1,
is the point in time at which two ionic systems are
brought in contact, and 1, and 1, bound the timeinterval
within which the Q,(T) dependence can be considered
linear.

The velocity autocorrelation function, characteriz-
ing the effect of interatomic interactions on the vel ocity
of particles, is given by

(1) = §< zvi(O)vi(r)>.

i=1

The diffusion coefficients were determined using
therelation

___ 6t
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where T isthe point in time after which the Q, (1) depen-
dence can be considered linear, and C, is the linear
extrapolation constant.

PRDFs were calculated by the relation
Vn;(r)
Nj4nri2j’
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where r;; is the distance between particlesi and j, V is
the volume of the simulation box, N; is the number of
particles of speciesj, and ny(r) isthe number of particles
of species| located distance r from a given particle of
speciesi.

RESULTS AND DISCUSSION

MD simulations were carried out for temperatures
between 400 and 1200 K at 50-K intervals. The simula-
tion box of side length | contained 64 Na*, 64 K*, and
128 I-ions. To test the simulation technique, we also
considered pure Nal or K.

By comparing simulation results with experimental
data, the uncertainties in the positions of the first and
second PRDF peaks were estimated to be 8 and 15%,
respectively. The uncertainty in diffusion coefficients
was 15%, and that in the vel ocity autocorrelation func-
tion was 9%.
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Fig. 1. (1) Na*-I", (2) K*-I", (3) I'-I", and (4) K*-Na*
PRDFs at 860 K.

The properties of the melt were determined above
the contact-melting temperature, which was evaluated
from the jump in the diffusion coefficient.

Systems with a common anion. The PRDFs of the
Nal-KI system at 860 K (Fig. 1) are typica of ionic
melts. The nearest-neighbor-distance distributions are
very sharp. The peaks arising from oppositely charged
ions are located at smaller r. The next-nearest-neigh-
bor-distance distributions are notably broadened, indi-
cating much weaker second-neighbor interactions. The
width of the second and third PRDF peaks increases
with temperature.

The PRDF resultsfor the other systemswith acom-
mon anion are presented in Table 1. One can seethat the
height of thefirst PRDF peak increases with decreasing
anion radius.

The oscillations in the velocity autocorrelation
functions of the NaI-KI system are more pronounced
for positive ions (Fig. 2). The oscillation period, of
order 103 s, is much shorter than the time during
which the nearest neighbor environment remains
unchanged. The curve for 1~ crosses zero at 1, = 2 %
1013 s, Thistimeisnotably longer than that for Br-and

Table 1. First PRDF peak heights in systems with a com-
mon anion

System Na—KF |NaCl-K Cl|NaBr—K Br| Nal I
Peak | Na'-A~ 8.1 8.0 6.3 5.8
height

A 54 5.2 4.8 4.0
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Fig. 2. Velocity autocorrelation functionsin the Nal—-K | sys-
tem: (1) Na, (2) | (Nal), (3) K, (4) I (K1) (T =860 K).
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Fig. 4. (1) Na™Br™, (2) Na*-F, and (3) Na*~CI” PRDFs
in the NaI-NaBr, Nal-NaF, and Nal-NaCl systems, respec-
tively.

Cl-, because the weight and radius of the I=ion are nota-
bly larger. With increasing temperature, the oscillations
become flatter, 1, rises, and the depth of the first mini-
mum decreases.

Table 2 gives the diffusion coefficients in the sys-
tems with a common anion: NaF-KF, NaCl-KClI,
NaBr-KBr, and NaI-KI. In all these systems, the diffu-
sion coefficient rises exponentially with temperature.
As the size of the anion rises, the diffusion coefficient
of the cation increases, while that of the anion
decreases.

Systems with a common cation. The diffusion
coefficients, PRDFs, and velocity autocorrelation func-
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Fig. 3. Partial diffusion coefficient of Na* vs. temperature
for the systems (1) Nal-NaBr, (2) Nal-NaCl, (3) Nal-NaF.
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Fig. 5. (1) K*I~, (2) K*-F, (3) K*-CI', and (4) K*-Br~
PRDFs in the Nal-KI, Nal-KF, NaI-KCl, and Nal-KBr
systems, respectively.

tions in these systems were found to have a number of
features in common.

Figure 3 shows the temperature dependences of the
partial diffusion coefficient of Na* in the systems Nal—
NaBr, Nal-NaCl, and Nal-NaF. It can be seen that

D, depends on the size of the second anion.

PRDF analysis provides further evidence that the
major properties of the melt depend of the dimensions
of the constituent ions. Figure 4 displays the Na*—Br-,
Na*-F-, and Na*-Cl- PRDFs for the Nal-NaBr, Nal—
NaF, and Nal-NaCl systems at a temperature 10 K
higher than the contact-melting temperature, evaluated
from the jump in the diffusion coefficient. These data
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Table2. Diffusion coefficients in systems with a common
anion

D x 10°, cm?/s
lon NaF-KF |NaCI-KCl |[NaBr—KBr| Nal—KI
1000 K 880 K 850K
Na* 171 1.837 1974 2.32
K* 12 1.38 1.856 3.27
Alay 179 | 168 153 0.96
A 152 1.36 134 0.84

Table 3. Parameters of PRDFs in mixed and sodium halide
systems

System lons | G( ma) [Fmax % 100, M{F ey X 1010, m
Nal-NaF | Na*— | 15 24 1.9
Nal-NaCl| Na*-Cl~ | 12.2 25 21
Nal-NaBr| Na'—Br- 6.9 3.0 24
Na-KF | K*-F 10.3 2.8 23
Nal-KCl | K*—CI~ 8.5 31 25
Nal-KBr | K*-Br~ 5.7 3.6 2.8
Nal—KI K*—I~ 4.3 3.8 31

demonstrate that the height of the first PRDF peak is
inversely related to the weight and radius of the second
anion: the peak for the Na*—F- pair is higher by afactor
of 1.3 than that for the Na*—Cl- pair and by afactor of
2 than that for the Na*™—Br— pair. Similar relationships
were revealed for the second PRDF peaks. In addition,
the peaks broaden somewhat as the weight and radius
of the second anion increase.

Mixed systems. Simulations were carried out for
the systems Nal-KBr, Nal-KF, NaI-KCl, and Nal-KI.
Figure 5 shows the K*-F-, K*—I~-, K*-CI-, and K*-Br~
PRDFs. The heights of the PRDF peaks are seen to be
proportional to the size of the second anion.
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Thedatapresented in Table 3 indicate that the PRDF
peaks in the systems containing a potassium halide are
higher in comparison with the Na systems. Moreover,
the latter are characterized by shorter interatomic dis-
tances (roandr,,,).

CONCLUSION

Alkali halide melt systems were studied by MD
simulations. The results show that, in the systems with
a common anion, the diffusion coefficients of the cat-
ionsincrease and that of the anion decreases asthe size
of the anion rises. The height of the first PRDF peak
increases with decreasing anion radius. The interionic
distances in the melt increase with anion size.

In the systems with a common cation, the diffusion
coefficient of the cation rises as the size of the second
anion increases, while the heights of the PRDF peaks
are inversely related to the size of the second anion.
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