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The objective of this work is to study the thermodynamic properties of the KCl(100) surface by means of
Molecular Dynamics(MD) simulation based on the Fumi-Tosi potential. The reliability of this potential model
was tested to be quite accurate from the calculated bulk melting temperatureTm. The latter quantity was
derived from the coexistence procedure of both solid and liquid states. After this preliminary study, the surface
(100) of KCl was heated up to the bulk melting temperature and overheated untilTm+243 K. As wetting and
melting are thermodynamically linked, we have also investigated the wetting behavior from the calculation of
the angular contact between a liquid nanodroplet and the nonmelting surface of KCl. Our simulation results
give an angle of 47° in fairly good agreement with the experimental data(49°), which confirm the nonmelting
behavior of the surface. It appears, however, that the thermodynamic way followed by the surface under the
freezing process is not the same while heating. The calculated freezing temperature value corresponds toTm

+215 K. This predictive phenomenon is explained by the important difference between the molar fraction of
the liquid and the solid sates.
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I. INTRODUCTION

Surface melting was suggested as a possible mechanism
for the onset of the bulk melting long ago. In the nineteenth
century, Faraday made some original observations on pos-
sible surface melting of ice.1 Qualitative interpretations were
given much later,2,3 and a clear experimental characterization
has been given previously. Frenken and van der Veen4,5 have
first studied microscopically the surface melting of Pb(110)
with ion-shadowing and blocking measurements which are
sensitive to the formation of small liquid films at the surface.
It was shown that the surface starts to disorder gradually at
T=450 K and that the thicknessl of the liquid film diverges
logarithmically approachingTm. A similar study was done
for Al (110) by van der Gonet al.6 who found again a loga-
rithmic growth of l. Surface melting can be regarded as a
case of wetting of solid by its own melt. This phenomenon is
characterized, at temperatures near but below the bulk melt-
ing point Tm, by the existence of a disordered and mobile
film that wets the solid-vapor interface. The thickness of this
film diverges asTm is approached.

The problem of surface nonmelting has attracted the at-
tention of several scientists during recent years.7–14 Such a
phenomenon became increasingly known especially for
some metals. This appears in a specific orientation of the
surface, which strongly depends on the surface energy of the
given system. Several investigations have been paid, both
theoretically and experimentally, to the thermodynamic prop-
erties of metal surfaces at high temperatures.15–21 The main
contribution and the novelty of the present work lies in the
study of the surface of an ionic solid, KCl, which poses
several challenges arising from the long-range Coulomb
forces. Experimental studies have been done for KCl(Ref.
22) in order to measure the contact angle and to see the
surface morphology of this compound under temperature.
However, no theoretical studies of the high temperature of
KCl surfaces have been explored so far.

The aim of this contribution is to study the thermody-
namic properties of the KCl(100) surface from the melting/

nonmelting side and for the opposite effect, i.e., the freezing
behavior when cooling the overheated surface. To this end
we will use a molecular dynamics method based on the two
body potential of Fumi-Tosi,23 which is the most appropriate
for such a system. We will, first, determine the bulk melting
temperature by means of the phase coexistence technique.
This method was successfully used for simpler case of met-
als where phase diagram boundaries may be applied without
excessive computational burden. In the present work, we are
considering its first application to an ionic solid. As melting
and wetting are closely linked thermodynamically, we will
investigate the angular contact between a liquid droplet and
the overheated surface as well as the freezing effect. In the
following, we will describe the method used in Sec. II. The
results are given and discussed in Sec. III. Section IV is the
conclusion.

II. METHOD

For solid and liquid phases of alkali halides, we shall take
as our “good first guess” potentials which consist of Coulom-
bic terms and short range repulsive terms, for which the
Born-Mayer (exponential) form will be assumed, supple-
mented by Van der Waals attractive terms. These pair poten-
tials, first used by Huggins and Mayer may be written as

fi jsrd = ZiZj
e2

r
+ b expfBsai j − rdg +

Cij

r6 +
Dij

r8 , s1d

wherei and j can be either1 or 2, Zi andZj are ±1 if the
system is assumed to be fully ionic and dipole-dipole and
dipole-quadrupole terms are included. In this work, we em-
ploy this model to describe the interactions in our system
based on the Born-Mayer-Huggins potential as parameter-
ized by Fumi and Tosi.23,24 The Coulomb long-range inter-
actions were treated by the standard three-dimensional
Ewald method.25,26 The convergence parameters for the
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Ewald summations were chosen in order to converge the real
and reciprocal space sums to a given tolerance(10−5 Hartree
per atom). The parametersai j , Cij , andDij are given in Table
I; b=0.338310−12 erg andB=2.973108 cm−1.

III. RESULTS AND DISCUSSIONS

A. Bulk melting properties

In order to study surface melting/nonmelting, it is impor-
tant to determine precisely the bulk melting point for the
potential used. This was a difficult problem for a long time
due to hysteresis effect near the first-order transition: simu-
lated crystals with periodic boundary conditions can be over-
heated to temperatures much higher than the equilibrium
melting point. An appropriate technique was developed7,27

by simulating the coexistence of solid and liquid phases, and
then determine the coexistence through lack of motion of the
solid-liquid interfaces. The melting point is the one for which
the two states remain unchanged. This technique is suitable
for both experimental and theoretical studies and it has been
applied widely and successfully for metals,7,28 which
prompted us to use it for an ionic system with long-range
forces.

For the technical procedure, we have chosen in the same
box two equivalent parts of 12 solid layers and 12 liquid
layers(3456 atoms of K and 3456 atoms of Cl). The liquid
part was obtained by heating the layers over the experimental
melting point by keeping the solid layers under a temperature
considerably lower than the experimental melting point.
Each part was kept unchanged when acting on the other one.
Tm is estimated by performing several simulations at constant
energy with various values for the total energyE. WhenE is
chosen above the total energy, which corresponds toTm, the
system will be out of equilibrium and will tend to melt some
of the solid part; while in the opposite case, some of the
liquid will solidify. In the former caseTm will decrease as
latent heat is absorbed from the kinetic energy, while in the
latter case latent heat is released andT will increase. To
ensure a sufficient relaxation of the system, we have used a
long time of simulations,0.5 nsd.

In Fig. 1, we show the final configuration after equilibrat-
ing the system forTm=1132±13 K for which there is a co-
existence between the solid and the liquid regions. This value
is in good agreement with the experimental findings
(1050–1220 K, Ref. 29) which confirms the reliability of our
potential model. We notice that the finite-size effects will not
affect significantlyTm since we have used large systems with
large sizes and the obtained error is only about 2%, i.e., less
than our estimated one.

B. Nonmelting behavior of KCl(100)

A 24-layer slab with three rigid bottom layers, one free
surface, 224 atoms per layer, anx-y periodic boundary con-
ditions was studied as a function of temperature. We use a
canonical ensemble(NVT) for which we follow the tempera-
ture evolution by a step of 1 K which corresponds to the
error bar of our results. AsTm was reached and crossed, the
surface remained crystalline(metastable), up to a large tem-
perature Ti =Tm+243 K sT=1375 Kd, even for very long
runs s2 nsd. In Fig. 2, we present a top view of our slab at
different temperatures, below the bulk melting temperature[
T=1100 K, see Fig. 2(a)] and gradually up to the surface
melting {T=1200 K [Fig. 2(b)], 1375 K [Fig. 2(c)], 1400 K
[Fig. 2(d)]}, where in the last casesT=1400 Kd the surface
shows a liquidlike structure. This behavior can be analyzed
from the density profile as presented in Fig. 3. AtT
=1200 K, the surface is still ordered and the profile shows
oscillations corresponding to the crystal planes; while atT
=1400 K, the system is liquefied except the bottom where
we have rigid planes. The melting/nonmelting surface is
strongly related to the surface free energy of the various
isolated interfacesgSL, gLV, gSV (S, L, andV indicate surface,
liquid, and vacuum, respectively). In fact when the excess
free energyDg`=gSL+gLV−gSV is negative, the state with a
liquid film at the top is thermodynamically stable. This is the
case, for instance, of Al(110),32 Ni (110),33 and Cu(110).34

TABLE I. Parameters of the pair potentials for KCl.

a 10−8 cm C 10−60 erg cm6 10−76 erg cm8

1 1 2.923 24.3 24.0

1 2 3.048 48.0 73.0

2 2 3.170 124.5 250.0

FIG. 1. Coexistence between solid and liquid at the bulk melting
temperature.
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FIG. 3. Calculated density profile of the KCl
(100) at 1200 K (solid line) and at 1400 K
(dashed line).

FIG. 2. Top view of KCl(100) at (a) 1100 K, (b) 1200 K, (c) 1375 K, and(d) 1400 K.

ATOMIC-SCALE STUDY OF THE NONMELTING,… PHYSICAL REVIEW B 70, 085419(2004)

085419-3



Moreover, it is important to notice thatgSV andgSL depend
on the crystalline orientation chosen. For example, simula-
tions on Au(111),35 Pb (111),36 and Al (111) (Ref. 37) have
shown that the opposite could also happen, i.e., certain sur-
faces may exhibit nonmelting behavior up to and even above
bulk melting. This happen whenDg` is positive, which is the
case of KCl(100) whereDg`=35.2 erg cm2.

Below the melting temperature the surface atoms rear-
range to compensate the lack of bonds compared to the bulk.
This might bring, e.g., to a contraction, or dilatation, of the
inter-layer separation of the topmost crystal planes, without
change of symmetry. The generic name for this is surface
relaxation. It may also happen that surface atoms rearrange
completely to form new bonds, for which the bulk termi-
nated surface has a lot of dangling-bonds and hence their
atoms like to approach each other to share electrons, neutral-
ize the surface and lower the surface free energy. After the
rearrangement, the surface atoms will form a 2D lattice with
different periodicity or symmetry with respect to that of the
bulk planes parallel to the surface. The reconstructed state is
usually the most stable at a very low temperature. When the
temperature of a reconstructed surface is raised, the balance
between the energetic and the entropic contributions to the
free energy will generally lead to a deconstruction, i.e., to the
removal of the new order and periodicity established by the
reconstruction.

Approaching further the melting point the surface atoms
move more and more freely. In the case of melting surfaces,
one observes the formation of a thin quasiliquid film at the
surface, characterized by a finite amount of diffusion. Quan-
titatively the atoms in the quasiliquid film have a diffusion
coefficient D smaller than in the liquid phase, but similar
s10−5 cm2 s−1d.30 The motion is essentially intraplane, with
only a small interplane diffusion. Moreover the density pro-
files of the quasiliquid part is not flat but structured along the
surface normal, and shows oscillations induced by the vicin-
ity of the solid part.30 This is the early stage of the melting of
surface and from the thermodynamic point of view is equiva-
lent to the self-wetting of the solid by its own liquid. The

physical origin of the melting of surface is roughly explained
if one considers the fact that melting is favored by defects,31

and that the surface is and acts as a huge defect where atoms,
especially after deconstruction, are loosely bound to each
other. Thus, the nonmelting surface is considered as a well
arranged surface, which resists to the temperature effect
much more than the bulk.

FIG. 4. A general geometry of the shape of a drop melt onto a
nonmelting surface of the same material.

FIG. 5. Droplet of KCl on KCl (100) for (a) t=0 ps, (b) t
=20 ps, and(c) t=40 ps.

A. ZAOUI AND W. SEKKAL PHYSICAL REVIEW B 70, 085419(2004)

085419-4



FIG. 6. Freezing effect in KCl(100): (a) initial configuration,(b) T=1200 K, (c) T=1330 K, (d) T=1347 K, (e) T=1350 K.

ATOMIC-SCALE STUDY OF THE NONMELTING,… PHYSICAL REVIEW B 70, 085419(2004)

085419-5



C. Nanodroplet on KCl(100)

Another way to approach the nonmelting problem of the
surface is to consider the contact angle between the liquid
nanodroplet and the surface of the same material. We pre-
pared a crystalline slab containing 7840 atoms, 5 atomic
planes thick[1431435 sKCld4 conventional cubic cells].
The slab was gradually heated up to the bulk melting point,
keeping two atomic layers rigidly fixed at the bottom of the
slab. Separately we prepared a small KCl cluster consisting
of 500 K and 500 Cl molecular units, by adding a vacuum of
100 Å in the three dimensions directions. The system was
overheated sufficiently to have it fully liquid and completely
equilibrated. The size of the cluster was chosen to be large
enough to yield after melting a near-spherical drop and also a
well defined shape when the drop is deposited on the surface
of the slab. By deposing the drop on the nonmelting(100)
KCl surface, we can learn about its wetting behavior. In Fig.
4, we give a plot showing a general geometry of the shape of
a drop melt onto a nonmelting surface of the same material.
The two interfaces separating solid and liquidsSLd and liquid
and vaporsLVd are assumed to be spherical with radiiRSL

andRLV and contact anglesuSL anduLV, respectively. When
deposited on the nonmelting KCl(100) face, it does not dif-
fuse away, but rather settles down with well-defined angle
um. Figure 5 shows three significant steps of the simulation
procedure at 0 ps[Fig. 5(a)], at 20 ps[Fig. 5(b)], and after
equilibration at 40 ps[Fig. 5(c)].

The determination of the wetting angleuLV is done as
follows: after the equilibration of the systemssubstrate
+dropletd, the atomic positions of the 10 last configurations
are plotted in cylindrical coordinates. Then, for each configu-
ration and from the profile of the droplet, the center position
and the radius of a portion of a sphere are determined.uLV
follows directly by a simple geometry from these two quan-
tities. For each configuration, we extractuLV and thenum is
the mean over the 10 configurations. We can thus extract
um=47° ±5°, which is in agreement with the experimental
valueum=49°.22

The value of the wetting angle can also be calculated
using the following equation:28

cosum = 1 −
Dg`

gLV
s2d

with

Dg` = S Ti

Tm
− 1D Lr§

gLV
. s3d

§ is the thickness of the KCl monolayer,L is the latent-heat
of melting and r is the crystal density. For KCl,gLV
=100.2±0.6 erg/cm2,38 r=1.988 g/cm3,39 L=2.323109

erg/g,39 §=6.20 A. Our calculated value corresponds to
Ti /Tm=0.19; consequently,um=51°, which is the same range
of the value obtained from our nanodroplet simulation. From
the contact angle result it is understood that if the surface is
melting, then the droplet should be completely absorbed. In
our case, only a partial absorption appears which means that
the surface is nonmelting and confirms again our result pre-
sented in the previous section.

D. Surface freezing simulation

In order to investigate the freezing behavior in KCl(100),
we adopt a supercell of 24 layers with two free surfaces in
which we have fixed as solid 6 layers in the top and 6 layers
in the bottom, as shown in Fig. 6(a). The 12 layers in the
middle have been carried at high temperature over the bulk
melting point in order to have this part liquid. From the
following simulations, we aim to know the temperature(the
freezing one) for which the initial configuration(solid layers
float on the liquid) remains the same after equilibrating the
system. In order to achieve this, we have run several calcu-
lations for 500 ps atT=1200 K [Fig. 6(b)], 1330 K [Fig.
6(c)], 1347 K [Fig. 6(d)], and 1350 K[Fig. 6(e)], where we
attributed the same temperature for the entire system. For the
first case, at 1200 K, the atoms in the liquid part enter in
interaction with the solid one, loose their kinetic energy, and

FIG. 7. The lattice parameter versus tempera-
ture for the liquid and solid phases(filled
squares) compared to the experimental values
(empty triangles).
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as a consequence a sudden decrease of temperature of the
liquid part happens which leads to a crystallization of this
part, as shown in Fig. 6(b). Then going gradually up to
1330 K, we notice a stabilization of the liquid part with 13
solid layers(5 layers in the top and 8 layers in the bottom).
This situation is the same forT=1347 K, in which 12 solid
layers(5 layers in the top and 7 layers in the bottom) float on
the liquid. For the last case, atT=1350 K, the number of
solid layers decreases, and we obtain after equilibration a
system with a liquid part much more pronounced than the
solid one. We may conclude that KCl could have a freezing
effect in a temperature range fromT=1330 K to 1347 K.
This phenomenon is observed for alkane and several of their
derivatives.40–42 In alkanes, the surface-frozen layer is one
molecule thick for chain lengths 16ønø30. In our case, we
think that this is strongly related to the solid and liquid den-
sities of KCl.

In Fig. 7, we plot the variation of the lattice parameter
with temperature compared to experimental measurements,43

which reflects the variation of the molar fraction. From this
figure we can see the important jump between solid and liq-
uid phases(20%) which is also related to the densities of the
two states solids1.988 g/cm3d and liquid s1.585 g/cm3d.
This peculiarity could be behind the unexpected freezing be-
havior in the surface of this material, since the liquid needs a

considerably important energetic effort to be stabilized in a
crystal structure.

IV. CONCLUSION

A molecular dynamics study of thermodynamic properties
of KCl (100) including nonmelting, wetting, and freezing
behaviors has been carried out using a Fumi-Tosi potential.
Ewald summation was applied to evaluate the troublesome
long-range interactions in this system. The good agreement
found for the calculated bulk melting temperature and the
experimental one confirms the reliability of the potential
model chosen. Our results mainly show a highly ordered
surface even at elevated temperature and a droplet stability
and solidifications, which is in favorable agreement with the
experimental data. We have finally predicted the freezing be-
havior and explained this phenomenon by the huge differ-
ence of the molar fraction between solid and liquid states.
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