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The equilibrium crystal-to-melt interfaces for Ni(001) and Ni(111) and the melt-to-vapor interface
are investigated at the melting point, with use of molecular-dynamics simulations and the
embedded-atom method. The melting temperature of nickel determined from these simulations is
1733122 K, in good agreement with the experimental value. The crystal-to-melt interface is found
to be characterized by liquid layering, with properties such as structural order parameters and
diffusion coefficients varying gradually across the transition region. The transition region extends
over several layers and is more diffuse at the (001) interface. At the melt-to-vapor interface the den-
sity increases, driven by an increase in the magnitude of the density-dependent embedding-energy
contribution to the cohesive energy of the metal. This behavior is in coritrast to that found at the

melt-to-vapor interface of nonmetallic systems.

I. INTRODUCTION

Knowledge of the structural, dynamical, and energetic
properties of interphase interfaces is of fundamental im-
portance in developing basic understanding of a number
of material systems and phenomena such as phase trans-
formations (crystal growth and melting), wetting, and in-
terfacial phenomena (e.g., electrochemical processes).
Consequently, significant theoretical!™® and experimen-
tal>®~ % efforts have been directed towards enhancing our
understanding of the properties of a variety of such inter-
facial systems (i.,e., crystal-melt, liquid-vapor interfaces).

A theoretical framework for treating the equilibrium
thermodynamics of interfaces in general was introduced
by Gibbs in 1878.° Modern theoretical investigations in
this area focus on the development of statistical-
mechanical methods,* 1971 gpecifically formulated for
treating inhomogeneous systems, and numerical simula-
tions! 7>15727 which allow studies with refined spatial
and temporal resolution.

The crystal-melt interface presents a particularly chal-
lenging problem because the interface is confined between
two condensed phases (solid and liquid) and thus is not
easily probed experimentally. In addition, the inhomo-
geneity of the system, in particular the narrow spatial ex-
tent of the interfacial transition region in comparison to
the dimensions of the two interfacing bulk phases, and
the complex nature of the phases (in particular the liquid)
make theoretical treatments rather difficult. Consequent-
ly, most theoretical studies of this interface employed
model systems characterized by simple interatomic po-
tentials (usually pairwise interactions of simple functional
forms).

An important issue which underlies many studies of
materials is the relationship between the properties of the
system and the nature of the intermolecular potentials
(i.e., energetics) between the atomic or molecular constit-
uents. In this regard solid-to-melt interfaces in metallic
systems present a complex situation due to the density
dependence of interactions which underlies the cohesion
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of these materials. Thus, the inherent inhomogeneity at
the interfacial region, coupled with the complex nature of
the energetics of metals cause theoretical studies of these
systems to be particularly difficult. Nevertheless, for sim-
ple metals (e.g., free-electron metals) formulations based
on density-dependent expressions for the total ener-
gy?*73 (employing effective Hamiltonians within the
context of pseudopotential theory) have been used with
some success.>?? 3!

In this study we investigate, using molecular-dynamics
(MD) simulations, the crystal-melt and melt-vapor inter-
faces of nickel. Since the effective Hamiltonian formula-
tions based on second-order perturbation theory with
respect to the electron-ion interaction are limited to free-
electron (sp-bonded) metals, we have represented the en-
ergetics of the material using the embedded-atom method
(EAM)*? which has been recently applied with significant
success in studies of various transition-metal systems.
Following a brief description in Sec. II of the EAM and
the MD simulation method, we present in Sec. III results
for the equilibrium (001) and (111) crystal-melt and for
the liquid-metal—vapor interfaces of Ni. Our results are
summarized in Sec. IV.

II. METHOD

The embedded-atom method (EAM)*? is a semiempiri-
cal method which provides a convenient framework for
atomistic calculations of metallic systems. In this
method the dominant contribution to the energy of the
metal is viewed as the energy to embed an atom into the
local electron density provided by the other atoms of the
system, represented by an embedding-energy function F,
which is supplemented by short-range, two-body interac-
tions due to core-core repulsion, ¢. The basic idea under-
lying this method is thus the same as that which motivat-
ed the development of the earlier effective-medium theory
(EMT),* and both find their roots in the density-
functional theory.**

The cohesive energy E ., of the metal is given in EAM
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by the ansatz

Ew=2XF; [ > p?(Rij)]‘i—% > ¢4(Ry), (1)

i JED ij
(i))

where p? is the spherically averaged atomic electron den-
sity, and R i is the distance between atoms i and j located
at R; and R;. Thus the background density for each
atom i is determined as the superposition of atomic densi-
ty tails from the other atoms, evaluated at the nucleus of
the ith atom. In the EAM the functions F and ¢ are
determined by choosing for them functional forms which
meet certain general requirements, and fitting parameters
in these functions to a number of bulk equilibrium prop-
erties of the solid such as lattice constant, heat of sub-
limation, elastic constants, vacancy-formation energy,
etc. From the several parametrization procedures which
have been discussed,’? we have chosen the one described
by Foiles in his study of liquid transition metals.

The total energy expression, given in Eq. (1), with the
above parameterization, is then employed in a
molecular-dynamics simulation in which the temporal
evolution of the system is followed via integration of the
classical equations of motion of the atoms. In our
molecular-dynamics simulations the semi-infinite system
is modeled via a thick slab of interacting dynamic parti-
cles which in addition interact with several crystalline
layers of a static substrate in the desired crystallographic
orientation. Thus in these simulations periodic boundary
conditions are imposed only in directions parallel to the
surface plane. Due to the short range of the repulsive
pair interactions and the finite range of the atomic charge
densities it is sufficient to represent the static substrate by
three solid layers. The lattice constant of the static sub-
strate, and thus the dimensions of the calculational cell in
the directions parallel to the surface plane, is appropriate
for the temperature of the study [determined via constant
pressure simulations of the bulk solid,’® i.e., three-
dimensional periodic boundary condition, at the required
temperature and external pressure (in our case p,, =0)].

In the first stage of the simulation we prepare a crystal-
line solid consisting of N, layers with n; particles in each
layer, equilibrated at a high temperature of 1650 K
[below the experimental melting point (1725 K) of the
bulk solid*’]. In this initial preparation stage a lattice
constant of 3.585 A, determined from a separate bulk
simulation at 1700 K, was used, and the simulations were
performed at constant temperature, using the macro-
canonical ensemble method*® (i.e., stochastic thermaliza-
tion of particle velocities). For both the Ni(001) and
Ni(111) systems equilibration runs for 8103 At were
performed (the integration time step Af=1.038X 10713
sec). Further heating of the system (via stochastic col-
lisions, or scaling of particle velocities) results in melting
of the system starting from the free surface. When a por-
tion of the system melts, the heat control is stopped and
the system continues to evolve as a microcanonical en-
semble (i.e., constant-energy simulation). Alternatively,
starting from the solid at 1650 K, one can add enough en-
ergy AE to the system (by scaling of particle velocities) to
raise the temperature to the experimental melting point
(1725 K) and to melt a desired number of layers. To esti-

mate the amount of energy AE estimates of the specific
heat and latent heat of the system (obtained from experi-
mental data or separate simulations) are used. In the
final-preparation stage the system is allowed to evolve as
a microcanonical ensemble (i.e., constant-energy simula-
tion) until the equilibrium state is established in which a
solid portion of the system coexists with its melt.

In our studies we have experimented with both
methods of preparation, starting from the solid below the
melting point (i.e., 1650 K). Both methods yield the same
final state provided that the constant-energy stage is run
for a sufficient amount of time. The criteria which we
used in order to determine that the equilibrium state of
the solid-melt system was achieved in the constant-energy
stage of the simulation are (a) absence of secular trends
versus time in the kinetic energy and in the contributions
to the potential energy, (b) a uniform profile of the kinetic
temperature across the system [see Figs.1(b) and 2(b) for
Ni(001) and Ni(111), respectively], (c) absence of varia-
tions in the layer diffusion coefficients (see Sec. III B) cal-
culated for different segments of time, and (d) absence of
periodic oscillations of interlayer spacing and registry in
the crystalline part of the system. To satisfy these equi-
librium criteria the system was allowed to evolve in the
constant-energy stage for a prolonged period of time;
3X10* At=31.14 ps for the Ni(001) system and
5.4X10* At =56.05 ps for the Ni(111) system. The re-
sults which we present are time averages of the systems’
properties performed over 2X10* At =20.76 ps, follow-
ing the constant-energy equilibration discussed above,
with the system at the equilibrium coexistence state.

In order to investigate the crystalline face dependence
of the crystal to melt interface we have simulated two
nickel systems: (a) Ni(100), with N,=25 and n;=50
atoms/layer (i.e., total number of dynamic particles,
N =1250), and (b) Ni(111), with N,=21, n;=56
atoms/layers (N =1176). The equations of motion were
integrated using the velocity form of the Verlet algo-
rithm® with a time step of 1.038X 10! sec, which
proved to allow energy conservation to better than five, a
significant figure over extended periods.

III. RESULTS

A. Melting temperature

Since the EAM potentials which we used were
parametrized via fitting to a number of properties of bulk
solid Ni and have been shown to provide an adequate
description of the liquid,? it is of interest to determine
the melting temperature T, obtained in simulations with
these potentials. In Figs. 1 and 2, equilibrium (at
crystal-melt coexistence) time-averaged profiles along the
direction normal to the crystalline plane z are shown for
the particle density (p), kinetic energy (E; ), and kinetic
temperature [T =(2/3N)E, ], total energy (E ), and of
the pair-potential (E,;) and embedding-energy
(E embeading) contributions, for the Ni(100) and Ni(111)
systems, respectively (in these profiles properties of only
the dynamic slab portion of the system are included).

As seen from Figs. 1(b) and 2(b) the average tempera-
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ture is uniform throughout the system (as is required in
equilibrium) from which we determine 7,, =1733 K+22
K (the estimated error is an upper bound) in good agree-
ment with the experimental®’ bulk melting temperature
(T,,=1725 K). We should note here that we have sepa-
rately studied®® the dynamics of the melting process of
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FIG. 1. Equilibrium profiles of the Ni(001) system at the
melting point vs distance z normal to the (001) plane (a) density
p; (b) kinetic energy E; normalized by the density, and kinetic
temperture T (right-hand-side scale); (c) per-particle total ener-
gy E\o; (d) per-particle embedding energy [see Eq. (1) first term
on rhs]; (e) pair-interaction energy [see Eq. (1), second term on
rhs]. Energies and distances in units of eV and A, respectively.
Temperature in degrees K. The first dynamic layer is at
z=1.792 A. The first and eighth dynamic layers are labeled (a).
Note the layered structure at the solid-melt interface and the in-
crease in density in the melt-vapor interface.

surfaces of Ni at various crystallographic orientations
and have found evidence for surface premelting phenom-
ena, particularly noticeable for the (110) surface.

From the profiles of the density and total energy per
atom [Figs. 1(a) and 1(c) and 2(a) and 2(c)] we can esti-
mate the latent heat of melting as the difference between
the average energies in the solid and liquid regions. The
value thus obtained 0.19 eV/atom is in good agreement
with the experimental value®’ for Ni 0.182 eV/atom.

B. Interfacial structure and dynamics
1. Solid-to-melt interface

Having determined the melting temperature we focus
in the rest of the paper on the structural, energetic, and
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FIG. 2. Same as Fig. 1 for the Ni(111) system. The first dy-
namic layer is at 2.067 A. The first and eighth dynamic layers
are labeled (a).
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dynamic properties of the system. First we discuss the
solid-to-melt interface.

As seen from the density and energy profiles in Figs. 1
and 2 the systems exhibit two phases (a solid and a liquid)
and two interphase interfaces (solid melt and melt vapor).
The maxima in the density profiles [Figs. 1(a) and 2(a)]
correspond to layer positions, which correspond to the
minima in the energy profiles. Furthermore, the solid-
melt interface is diffuse exhibiting a gradual transition in
properties from solid to the melt. We note in particular
the dominant contribution of the embedding energy
[Figs. 1(d) and 2(d)] to the total energy (per atom) and the
monotonic transition from solid to liquid, reflecting the
spatial variation of the electron density. In this context
we remark that the division of the cohesive energy into
embedding and pair-interaction contributions [Eq. (1)] is
nonunique. Therefore, comments about the behavior of
individual contributions to the total energy, are within
the context of the parametrization which we employed.>*

The dependence of the nature of the crystalline to melt
transition on the crystallographic orientation of the inter-
face is demonstrated in Fig. 3 where the density and total
energy profiles in the vicinity of the Ni(001) interface
(solid) and the Ni(111) interface (dashed) are shown. In
drawing these figures the profiles for the two systems
were aligned such that the location of the 11th layer of
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FIG. 3. Equilibrium density (a) and total energy profiles (b)
vs distance z normal to the surface plane for the Ni(001), solid
curve, and Ni(111), dashed, interfaces at the melting point. In
drawing these figures, the profiles for the two systems were
aligned such that the location of the 11th layer of the (001) sys-
tem [see Fig. 1(a)], coincides with the 10th layer of the (111) sys-
tem [see Fig. 2(a)]. Energies in eV and distance in A.

the (001) system coincides with the location of the 10th
layer of the (111) system. As seen, while for z =20 A the
profiles continue to be aligned (i.e., extrema occur at
about the same distances for the two systems) with a
spacing between extrema corresponding to roughly the
interlayer distance between (111) crystalline planes
(d(111)=2.067 A for z<20 A), the profiles for the (001)
system shift with respect to those of the (111) system.
Furthermore, while in the (111) profiles the periodicity
along the z axis is maintained with a spacing equal to
d(111) throughout, for the (001) system the periodicity
gradually changes, from d ;) =1.792 A (the spacing be-
tween adjacent crystalline layers) for small z to dyyy, for
2220 A. These differences correlate with the data given
in Table I for the average number of particles in layers
(n,;) and layer densities p; ={n,;) /{Az, ) A, where (Az,)
is the average /th layer thickness [i.e., distance between
adjacent minima in the density profile, see Figs. 1(a) and
2(a)], and A4 is_the area of the computational cell
(Ao =321.29 A? and A4;;;,=310.78 A?). 1In the
liquid region Az, is taken, throughout the liquid, to be
the thickness of the last periodic feature in the density
profile p(z). Here and elsewhere layers are numbered
starting from the first dynamic layer next to the static
substrate. We observe that for both sxstems the density
is 0.086 A3 in the solid and 0.081 A3 in the liquid.
However, in view of the difference between the structures
of the interfacial regions, discussed above, we conclude
that for the (111) system the density decrease upon transi-
tion from the crystal to the liquid is achieved by main-
taining the spacing between layers along the direction
normal to the interface, while the number of particles in
layers decreases [see Table I, Ni(111) for 8 </ <13]. In
contrast, for the (001) system the crystal-to-liquid transi-
tion is accompanied by a gradual increase in the layer
spacings from the crystalline value while the number of
particles per layer {(n;) remains roughly constant [see
Table I, Ni(001) for I <12].

These differences as well as the enhanced diffuseness of
the crystal-to-melt transition region for the (001) inter-
face reflect the larger dissimilarity between the bulk
liquid structure and the local arrangement in the interfa-
cial liquid layer at the (001) surface than at the (111) sur-
face, 240,41

At this juncture it is of interest to characterize in detail
the degree of order in the different regions of the systems.
To this end we show in Figs. 4 and 5 structure factors
calculated at the equilibrium state. In these calculations

1 ig-R;(1)

e > (2)
NO iel

S[(g)z

where the sum extends over particles within the spatial
region assigned to the /th layer, N, is the number of par-
ticles per layer in the crystal [i.e., 50 and 56 for the (001)
and (111), respectively], g is a reciprocal lattice vector,
and the angular brackets in the figures denote average
over time of the equilibrium trajectories. g; and g; are
the reciprocal lattice vectors constructed from the unit
cell basis vectors.*> g, lies in the plane parallel to the
crystallographic orientation of the interface and gj is in
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the direction normal to the surface. Thus structure fac-
tors for g, provide information about the degree of order
parallel to the interface and those for g; about order in
the normal direction.

From Figs. 4(a) and 5(a) we conclude that intralayer
order in both the surface parallel and normal directions
decreases almost simultaneously across the transition re-
gion [compare results for g; (solid circles) with those for
g; (empty circles)]. Note the slightly lower values for the
structure factors for g; indicating larger amplitudes of
thermal vibrations in the normal direction and may be in
part related to the existence of a static substrate and free
surface in the simulations. We also observe that the tran-
sition from crystalline-to-liquid order is more gradual for
the (001) system, resulting in a more diffuse interfacial re-
gion. Furthermore from the results in Figs. 4(b) and 5(b),
which provide a measure of interlayer order between ad-
jacent layers, in conjunction with the results for the in-
tralayer order parameters [Figs. 4(a) and 5(a)], we con-
clude that both vary together, indicating that the degree
of order in a given layer is influenced by (and is correlat-
ed to) the degree of order in the adjacent regions of the
material.

from crystalline to liquid behavior can be obtained from
the layer pair-distribution functions G,(r) shown in Figs.
6 and 7 for the Ni(001) and Ni(111) systems, respectively.
The equilibrium G;(r) functions are calculated as

G,(r)=<iz — L5 sry—n > @)

n fer | (mrdz)p; 2
G#D)

where n; and p, are the instantaneous number of particles
and density of layer /, respectively, the sums extend over
the particles in layer / and the angular brackets denote
time averaging. As seen from these figures the order in
the layers decreases in a monotonic manner from
crystalline-solid to liquid structure across a diffuse inter-
face. Particularly noticeable is the gradual disappearance
of the features in G,(r) corresponding to fourth, third,
and second neighbors, as the interface is traversed. In
addition the height of the peaks and the area under the
G,(r) curves vary, which reflects the change in density
across the interface (see Table I). We remark, that al-
though the intralayer order in the interfacial regions of
the systems [starting at about layers 11 and 12 for (001)

Further evidence for the gradual structural transition  and 9 and 10 for (111)] as determined from G,(r) and the

TABLE I. Equilibrium averages of number of particles {n, ), densities {p, ), and diffusion coefficients parallel to the surface plane
(D“J) [see Eq. 5(b)], igl‘layers lotz‘or the Ni(001) and Ni(111) interfacial systems at the melting point. Density and parallel diffusion
coefficients in units of A~ and A"/ps, respectively. Note the decrease in density upon traversing the crystal-to-melt interface and the
increase in density close to the melt-to-vapor interface. Additionally, note that in the (001) system the number of particles {n,) in
the interfacial region (12>/2>9) remains close to that in the crystal layers (I <9) while in the (111) system {n,) decreases at the in-
terface (13272 8). The different manners by which the two systems transform from crystal to melt correlates with the variations in
spacing between layers in the interface regions of the two systems (see Fig. 3).

Dynamic
layer number b{i(f)}()l) \a Noiq} 1) .
! (n;) (p1) (A7) Dy, (A"/ps) (n;) (p)) (A7) Dy (A"/ps)
1 50.0 0.086 0.00 56.0 0.086 0.00
2 50.0 0.086 0.00 56.0 0.086 0.00
3 50.0 0.086 0.00 56.0 0.086 0.00
4 50.0 0.086 0.00 56.0. 0.086 0.00
5 50.0 0.086 0.00 56.0 0.086 0.00
6 50.0 0.086 0.00 56.0 0.086 0.00
7 50.0 0.086 0.00 56.0 0.086 0.00
8 50.0 0.086 0.00 54.3 0.086 0.05
9 49.6 0.084 0.01 53.7 0.085 0.22
10 49.4 0.082 0.08 51.7 0.081 0.37
11 50.4 0.081 0.17 51.5 0.081 0.40
12 50.6 0.081 0.26 51.6 0.081 0.42
13 53.2 0.081 0.35 51.6 0.081 0.46
14 53.0 0.081 0.38 54.7 0.081 0.44
15 56.5 0.081 0.39 54.4 0.081 0.40
16 56.3 0.081 0.39 54.8 0.081 0.47
17 56.2 0.081 0.39 54.6 0.081 0.56
18 56.5 0.081 0.43 54.6 0.081 0.52
19 56.4 0.081 0.52 54.6 0.081 0.51
20 56.1 0.081 0.43 54.6 0.081 0.56
21 56.1 0.081 0.45 57.1 0.085 0.60
22 56.1 0.081 0.45 29.6 0.44 0.86
23 59.1 0.085 0.51 0.5
24 333 0.048 - 0.63
25 0.9 0.001
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structure factors is liquidlike in nature (with vestiges of
some crystalline intralayer order for that part of the tran-
sition region which is in closer proximity to the solid), the
density in these interfacial regions is stratified along the
directions normal to the corresponding crystalline sur-
faces [see Figs. 1(a) and 2(a) for the (001) and (111) inter-
faces, respectively], which is the reason for describing
this interfacial liquid ordering phenomena as “liquid lay-
ering.”! ™% In this context we note that similar behavior
was found in theoretical studies of other systems
[Lennard-Jones and other simple model poten-
tials,! 731071214721 55 well as in theoretical studies of a
simple metal’> (Na), silicon,>”2% and water*’ solid-to-
melt interfaces] and in several experimental studies.’

Moreover, simulations?>?42>27 and experiments7 of
Ni (00D
g
o 3 B B ®
ﬂ._g. . 9|
o oo
@, °°oo:°o © 93 (a)
& Q] ”
. . L]
>° n
K2 .
g_ o
bd
Sae0838888883
3
"z B "B ®
['ad
A S ;.. A 9'
@.o 0()::.0 o 9 (b)
& ° o
o Q °
@o‘“ o
v‘& :
&O'“ .
. . :“--.--.--T.AL
-
o
3 (c)
=g
Q@
S
3
Q

K0 200 300 400 500
2(R)

FIG. 4. Structure factors [see Eq. (2)] profiles vs distance nor-
mal to the (001) surface for the equilibrium Ni(001) system at
the melting point. (a) Results for {S*(g)S;(g)); (b) results for
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gles. The correlation between the structure factors (a) and (b)
and the density profile (c) demonstrates the existence of liquid
layers at the solid-melt interface.

liquid-phase epitaxial growth from the melt have revealed
that liquid-layering occurs also under nonequilibrium,
growth, and conditions in the propagating crystallization
front, even at very high growth velocities.

To further investigate the nature of the solid-melt in-
terface we calculated from the particle trajectories gen-
erated in the simulation the quantity

R,Z(r)—_—(ni S [Ry(t +T>—Ri<7)]2> : )

I iel

where the sum includes atoms in layer / at time 7 and the
angular brackets indicate averaging over time origins (),
from which the larger diffusion coefficients can be deter-
mined according to
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FIG. 6. Pair-distribution functions G, () [see Egs. (3)] in
layers for the equilibrium Ni(001) system at the melting point.
Layer numbers are assigned as described in the text, with layer
1 adjacent to the static substrate. Note the disappearance of
crystalline features upon increasing, approaching, and travers-
ing the crystal-to-melt interface. Note the vestiges of intralayer
order, in the transition region in closer proximity to the crystal-
line layers.

where n, is the dimensionality, and R ,(z), R} ,(z) are
the components of R7(¢) in the directions parallel and
normal to the interface, respectively. Obviously the
three-dimensional diffusion coefficient D =2D,/3+D,
/3.

Plots of the components of R}(¢) for the Ni(001) and
Ni(111) systems are shown in Figs. 8 and 9, respectively,
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FIG. 7. Same as Fig. 6, for the Ni(111) system.
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to ten converging to the diffusion in the liquid region. In addi-
tion diffusion in the region close to the melt-to-vapor interface
is enhanced. In addition the diffusion appears to be isotropic
[note the effect of the material boundaries on the normal com-
ponent (b), see text].
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FIG. 9. Same as Fig. 8 for the Ni(111) system at equilibrium.
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and values for the diffusion coefficient parallel to the in-
terface are given in Table I. In these plots the data for
the individual layers (with layer numbers assigned as
above) is shown. We observe that the particle diffusion
varies across the system increasing in a gradual manner
from O in the solid to the liquid value 0.45—0.5 A? ps.
Of particular interest is the correlation between the
diffusion in different regions of the system and the struc-
ture in these regions. Thus for the (001) system we ob-
serve that a significant increase in diffusion occurs start-
ing with the 10th layer, gradually increasing and con-
verging to the bulk value at about the 14th layer (see Fig.
8 and Table I). Similarly for the (111) system significant
diffusion starts at layer eight and the increase toward the
bulk value is much faster, reflecting the sharper nature of
the (111) solid-to-melt interface. Thus in the interface-
layered region the mobility of the atoms is liquidlike in
nature which together with the structural analysis given
above corroborates the notion of liquid layering of that
interfacial transition region. Note also that diffusion is
enhanced at the liquid-vapor interfaces. We remark here
that in interpreting the results for the perpendicular com-
ponents of R%(¢) [Figs. 8(b) and 9(b)] caution should be
exercised since the particle trajectories are influenced by
the presence of the solid-melt and melt-vapor inter-
faces. The ((Az)?) curves coincide with the
([(Ax)*+(Ay)?]) /2 curves for short times. However,
for t * 1.5 ps, and particularly for liquid ““layers” near ei-
ther interface, the ((Az)?) curves fall below the corre-
sponding ([(Ax)?+(Ay)?]) /2 curves. Since the curves
coincide for ¢ £ 1.5 ps, we believe the mobility is the same
in all directions and the long-time behavior of ((Az)?)
simply reflects the effects of a material interface on
diffusion and of a z-dependent diffusion coefficient.

2. Liquid-to-vapor interface

We now turn to a discussion of the structure of the
liquid-to-vapor interface. As seen from the density
profiles shown in Figs. 1(a) and 2(a) this interface is
characterized by a slight increase in density and a certain
degree of stratification. Further evidence as to the non-
trivial structure at the liquid-metal-vapor interface is
provided by the energy profiles [see in particular the
embedding energy and- pair-potential contributions
shown in Figs. 1(d), 1(e), 2(d), and 2(e)]. Accompanying
(and driving) the atomic density increase at the interface
are larger magnitudes of the embedding and pair-
interaction energies resulting in a net lowering of the total
energy at this region [see Figs. 1(c) and 2(c)]. This
structural characteristic at the liquid-to-vapor interface is
unique to metallic systems and is a consequence of the en-
ergetics of metallic cohesion. In the context of the pa-
rametrization of the EAM potentials®> used in our studies
we observed that due to the dominant contributions of
the density-dependent embedding energy [see Eq. (1)] to
the total energy of the metal E_, the material density at
the interface increases such as to increase the electron
density which results in an increase in the magnitude of
the embedding-energy contribution. While the repulsive
energy due to the core-core interactions also increases

due to the increase of density, its relative magnitude is
smaller resulting in net lowering of the energy. This be-
havior which is in contrast to that found at the liquid-
vapor interfaces of nonmetallic liquids where the density
of the liquid decreases monotonically towards the vapor
has been discussed previously in the context of theoreti-
cal studies of simple-metal liquid-to-vapor interfaces®! us-
ing Monte Carlo simulations and a density-dependent
effective Hamiltonian and was used by these authors to
elucidate experimental results for the liquid-Hg surface.’!

IV. SUMMARY

In this paper we have investigated the interphase inter-
faces of Ni using molecular-dynamics simulations and
employing the embedded-atom method. Our results may
be summarized as follows.

(1) Using a parametrization of the EAM potentials
which was used previously in studies of liquid metals,>
we determined the melting temperature 7, of Ni, obtain-
ing T,,=1733 K+22 K in good agreement with the ex-
perimental value®’ (1725 K). The latent heat of melting
which we determined (0.19 eV/atom) is also in agreement
with the experimental value®’ (0.182 eV /atom).

(2) The equilibrium crystal-to-melt interface (at the
melting point) for both Ni(001) and Ni(111) is found to
exhibit liquid layering, with the transition region extend-
ing over a few layers. The transition region from crystal-
line to liquid behavior is sharper at the Ni(111) system
than in the Ni(001) system, reflecting the greater dissimi-
larity between the bulk liquid structure and the local ar-
rangement in the interfacial liquid region, at the (001)
surface, than at the (111) interface.!»>40:4

The characteristics of the interface, coupled with the
nature of cohesion in metals which is dominated by
density-dependent contributions to the total energy, pose
problems in extending certain density-functional ap-
proaches, such as the nonlocal weighted-density-
functional approximation** (WDA) and that developed
by Ramakrishnan and Youssouff* and reformulated by
Haymett and Oxtoby!3 to metallic systems [in the latter
method the problem of density-dependent potentials is
implicit'* by assuming that the liquid direct correlation
function C® corresponding to the liquid-density poten-
tial, ¢(p;), is an adequate approximation to the crystal
with its different, potential ¢(p,)].

(3) The loss of crystalline order in traversing the
crystal-to-melt interface appears to occur simultaneously
for both interlayer and intralayer order.

(4) The atomic transport (diffusion) coefficient varies in
a monotonic manner across the crystalline-to-melt inter-
face, and does not seem to exhibit a marked degree of an-
isotropy.

(5) At the melt-to-vapor interface an increase in the
liquid density and a certain amount of stratification of the
liquid is observed. Underlying this behavior, in the con-
text of the EAM potentials used in this study, is an in-
crease in the magnitude of the embedding energy which
results in a net lowering of the total energy at this region.
This behavior which is in contrast to the monotonic de-
crease of the density at melt-vapor interfaces of non-
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metallic liquid is similar to that found in theoretical stud-
ies of simple-metal liquid-to-vapor interfaces’! and in
analysis of experimental results for the liquid Hg sur-
face.’!
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