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Equilibrium properties of the solid-liquid and liquid-vapor interphase interfaces of lead and surface
melting of Pb(110) were investigated using molecular-dynamics simulations, with the glue model used for
a description of the many-body interatomic interactions. The bulk melting temperature was determined
to be 619%5 K for the model. Structural, energetic, and transport properties across the solid-liquid in-
terface change gradually from bulk solid to bulk liquid behavior over a transition region of 5-6 (110)
layers. The surface region of Pb(110) starts to disorder via generation of vacancies in the temperature
range 350 K <7 <400 K. The onset of a quasiliquid surface region is observed around 520 K. The sur-
face disordering process reflects the anisotropy of the (110) surface, being enhanced in the direction
parallel to the close-packed rows. Analysis of the results in the framework of the Landau-Ginzburg
theory of surface melting shows that the thickness of the interfacial quasiliquid region grows logarith-
mically for T > 520 K, with a correlation length of 7.7 A, in close agreement with experimental results.

I. INTRODUCTION

Surface premelting, which is the existence of a liquid
(or quasiliquid) at the solid-vapor (sv) interface at temper-
atures and pressures below the normal phase boundary, is
a phenomena which has been the subject of a number of
experimental and theoretical investigations. The sugges-
tion that melting nucleates at the surface of the solid and
the idea of surface melting dates back to 1842 (when
Michael Faraday entered his ideas about snow and ice in
his diary; see Ref. 1), and has been since a subject of in-
terest, relating the existence of thin-liquid films on solid
surfaces at temperatures below the bulk melting point to
the absence of superheating of solids? (see Ref. 3 in this
context). Nevertheless, detailed experiments, satisfactory
theoretical treatments, and realistic computer simulations
of the microscopic atomic-scale mechanisms of surface
melting became available only recently.* %

Surface melting can be viewed as the wetting of the
solid-vapor interface by the liquid (or quasiliquid; see the
following) upon approaching the triple point.*”® We em-
phasize that from this perspective we treat melting as a
thermal equilibrium phenomena (devoid of kinetic effects)
distinguished from melting of a crystal surface following
irradiation (by a short photon pulse or electron beam as
in laser and electron surface annealing experiments),
which is a nonequilibrium phenomenon.” We note, how-
ever, that the surface melt layer at the initial stages of the
process should be regarded as a quasiliquid exhibiting
structural, dynamical, and transport properties that are
intermediate between those of the solid and the buik
liquid. It is the formation of the thin quasiliquid layer,
whose thickness grows as the temperature approaches
Ty, which one appropriately terms surface premelting.*>

One of the interesting results of experimental studies of
surface melting is the crystalline face anisotropy of the
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phenomenon.!®!! Thus, while the open faces of certain
fcc crystals [Pb(110), Al(110), and Cu(110)] exhibit sur-
face melting as defined above,*>%1°713 the phenomenon
is not observed for the close-packed surfaces®!!>!314
[Pb(111), Al(111), and Cu(111)]. These observations have
been rationalized using a phenomenological Landau-
Ginzburg formulation,’” ! leading to a surface melting
condition which relates the interfacial free energies of the
three phases v, ¥, and ¥, corresponding to solid-
vapor, liquid-vapor, and solid-liquid equilibria, respec-
tively. The condition®>

(hkl) hkl hkl) — (hkl)
YD — g [BKD — gy (R = A (BKD > (1

expresses the energy balance when a dry solid surface is
replaced by one wetted by a liquid layer. The larger
Ay'kD is, the greater the free-energy gain and thus the
tendency for surface premelting (the dependence of the
¥’s on the crystalline face is explicitly noted). According
to this condition the surface will remain dry (i.e., no
premelting) when Ay <0. We remark® that, strictly
speaking, the interfacial free energies in Eq. (1) are not
necessarily the same as the equilibrium values for
infinitely thick liquid films (consequently the crystal-free
dependence of y{*" and y{#*" which refers to the quasili-
quid as discussed above). However, as argued previous-
ly,> out-of-equilibrium values can be estimated by extra-
polation of known (empirical or semiempirical) equilibri-
um values. This criterion has been used to explain the re-
sults for Pb(110), where good estimates of the interfacial
free energies are available.

The first molecular-dynamics simulation of surface
melting of a metal treated the Al(110) surface.!*® Subse-
quent investigations, using many-body interaction poten-
tials appropriate for the description of metals, were per-
formed for various other metal surfaces.®!"20=22 These
investigations provided evidence for disordering of the
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(110) surface of fcc metals via a vacancy-adatom genera-
tion mechanism mediating the formation of an adatom
layer.®!1320  Furthermore, analysis of the results of
simulations for the Cu(110) surface® [see also Ref. 22 for a
study of Au(110)], motivated by the Landau-Ginzburg
theory of surface melting, showed that the thickness of
the quasiliquid layer increases logarithmically with tem-
perature upon approaching the bulk melting tempera-
ture.

In this paper we present results of molecular-dynamics
(MD) simulations of surface melting of the Pb(110) sur-
face, which has been the most widely experimentally
studied system, since the first surface melting investiga-
tions, in 1985,% using medium-energy ion scattering
(MEIS, usually ~100-keV H* beams). These measure-
ments include MEIS,?>?* low-energy quasielastic ion
scattering (LEQIS) with supersonic He atom beams in the
range of 2.2-6.5 meV,? low-energy electron diffraction
(LEED),'»2627 hijgh-resolution LEED (HRLEED),®
laser-induced surface disordering studied by time-
resolved reflection high-energy electron diffraction
(TRRHEED),” and spin-polarized LEED (SPLEED),*®
as well as studies of structural changes of the Pb(110) sur-
face using x-ray photoelectron diffraction (XPD),*!
diffuse light scattering (DLS) or diffuse reflectivity,?
crystal-growth morphological studies,*>3* scanning tun-
neling microscopy (STM),** scanning electron microsco-
py (SEM),*3% x-ray reflectivity (XRS),’® and work-
function measurements.?”3*

The paper is organized as follows. Pertinent details of
the glue-model and of the simulation and analysis
methods are described in Sec. II. Determination of the
bulk melting temperature and properties of the equilibri-
um interphase interfaces (lv and sl) of lead are given in
Sec. III. Results of MD simulations of the premelting of
Pb(110), pertaining to the evolution of the energetics,
structure, and dynamics of the system with temperature,
are given in Sec. IV, as well as analysis in the spirit of the
Landau-Ginzburg theory, yielding results in agreement
with those obtained from experiments. We summarize
our results in Sec. V.

II. METHOD

To describe the interatomic interactions we use the so-
called glue model,>” which is a semi-empirical model,
where in the spirit of other embedding schemes [e.g., the
embedded-atom method (EAM) (Ref. 38) and effective-
medium theory (EMT) (Ref. 39)] the total potential ener-
gy of N atoms in an arbitrary arrangement {r;},
i=1,...,N,is written as

N N
E=13 ¢(r;)+ 3 Uln;), (2)
hj=1 i=1
where r; = Ir;—r j|, the primed summation denotes omis-
sion of terms with i =, ¢(r) is a short-ranged pair poten-
tial, and U is a many-body term depending on a local gen-
eralized coordination of atom i, defined as

n =2 plry), 3)
j
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where p(r) is a short-ranged monotonically decreasing
function. The scheme has been optimized for Pb using
experimental data on cohesive, elastic, vibrational,
thermal-expansion, and surface properties, and has been
used rather successfully in several studies of lead clusters
and the Pb(111) surface where the nonmelting of that sur-
face was demonstrated.*

In our molecular-dynamics simulations we use a setup
of the system, and a methodology similar to that
developed in previous studies of equilibrium interphase
interfaces*' and surface melting.®?° The semi-infinite sys-
tem is modeled via a slab of interacting dynamic atoms
which, in addition, interact with several crystalline layers
of a static substrate of fcc(110) geometry. Periodic
boundary conditions are imposed only in directions
parallel to the surface. Our system has 26 layers each
containing 88 dynamic atoms (8 X 11 atoms in the [001]
and [110] directions, respectively) positioned on top of
four static layers, resulting in 2288 dynamic atoms (in-
cluding the static substrate, 2640 in total). Slabs of this
size have been shown to be sufficiently thick and large for
a reliable description of disordering and premelting phe-
nomena at fcc(110) metal surfaces up to T,.% 204! The
lattice constant of the static substrate at each tempera-
ture studied was adjusted to the value obtained from in-
dependent zero-pressure simulations of bulk Pb [employ-
ing three-dimensional (3D) periodic boundary conditions
and the Parrinello-Rahman constant-pressure tech-
nique*?]. From bulk simulations we find that the glue
model reproduces the experimental lattice constant at
room temperature [4.95 A (Ref. 43)] and predicts the
thermal-expansion coefficient to be a(300 K)=1.8X107°
K™! and a(500 K)=2.5X10"° K~! [experimentally
a(300 K)=2.9X107° K~ ! (Ref. 43)]. In this context we
note that our focus in this paper is on the behavior of the
Pb(110) surface at temperatures well above room temper-
ature, where, as shown below, the model yields results in
quantitative agreement with experiments.

In the first stage of the study (Sec. III) we investigated
the equilibrium properties of the (110) solid-melt and
melt-vacuum interfaces at the coexistence temperature
Ty, which we interpret as the bulk melting point of Pb
given by the glue model. To reach the liquid-solid coex-
istence we followed the procedure outlined previously in
Refs. 8, 20, and 41. We set up the above-mentioned (110)
slab with a lattice parameter corresponding to the zero-
pressure bulk value at 620 K, and heated the system (by
scaling the particles’ velocities) well above the experimen-
tal bulk melting point of 601 K,* which results in melt-
ing nucleated at the free surface, propagating deeper into
the sample. Subsequently we continued to adjust the en-
ergy content of the sample until about half of the dynami-
cal layers were melted. We then allowed the system to
evolve at a constant energy for a prolonged period of
time (1.5 ns). By analyzing different data segments in
that period we verified that the solid-liquid interface had
reached its equilibrium location apart from fluctuations
of approximately 0.5 monolayers, induced by the fluc-
tuations of the kinetic and potential energies inherent in
our finite sample. The results in Sec. III are based on the
analysis of data collected during the last 500 ps of the
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1.5-ns constant energy run.

In the second stage of the study (Sec. IV) we performed
systematic simulations in the range from room tempera-
ture up to the estimated bulk melting point to investigate
the surface properties of the (110) slab. At each temper-
ature the system was equilibrated during the first 30-60
ps of the run, followed by a 60— 100-ps production period
for collecting data (longer runs corresponding to higher
temperatures). The sequence of equilibration and pro-
duction phases was repeated 2—3 times to check that true
equilibrium was achieved. Configurations at the end of
equilibrium runs were utilized as an initial configuration
for a higher-temperature run with appropriate scaling of
the lattice parameter. In all simulations the equations of
motion for atoms were integrated using a fifth-order
predictor-corrector algorithm with a time step of 5 fs.

Integration of the equations of motion yields the
phase-space trajectories for the system from which physi-
cal properties and their time evolution can be obtained.
To facilitate the presentation of our results, we define,?
for any property g; which depends on the phase-space
point (r;,p;) of atom i located at z; (where z =0 is set at
the bottom of the dynamic slab and increases toward the
surface), a local density (per unit length) of that property
at z by

R 1 —(z—z;)?
P(z2)=—==3 qgiexp | ———5— 4)

Vz7TO' i

20

In our calculations a _value of about 10% of the layer
spacing d(j;9)=a /2V'2 is used for the Gaussian width
parameter o. This allows us to exhibit our results as con-
tinuous profiles in the z direction. The particle number
density (per length) profiles p(z) are obtained by letting
g;=1 in Eq. (4). Other properties are presented as per
particle local densities

g(z2)=p,(z)/p(z) . (5)

Further analysis of the properties of our system in-
cludes characterization of the atomic order (via calcula-
tion of layer structure factors which are used as order pa-
rameters, and layer pair distribution functions), as well as

diffusive properties of atoms in different layers. The
structure factor is given by
Sig)=—3 %", a=1,23, (6)

nier

where g, is the ath vector in the reciprocal lattice corre-
sponding to our calculational cell, and n; is the total
number of atoms in layer /. The layer pair distribution
function is defined as

1 , 1
pl(r”) < n 1.;61 277_’.” S(r,'j,“ r )> » (7)
where r;; is the magnitude of the component of r;-r;
parallel to the surface plane, n; is the instantaneous num-
ber of atoms in layer /, the { =j term is omitted from the
sum, and angular brackets denote averaging over time.
Diffusion coefficients are obtained from
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D1 R7 (1) ®
=lim -,

/ t— ant )
where n; is the dimensionality in calculation of the
mean-squared displacements

Rlz(t)=<~l—z[ri(t+‘r)-rl-(7')]2> , 9)

Riier

with the sum including atoms in layer / at time 7, and the
angular brackets indicating averaging over time origins, 7
(typically 10-50 time origins are used).

III. BULK MELTING TEMPERATURE
AND EQUILIBRIUM INTERPHASE INTERFACES

In this section we briefly discuss the properties of the
solid-liquid and liquid-vacuum interfaces at the coex-
istence temperature T,,. Since the general properties of
solid-liquid and liquid-vacuum interfaces in fcc metals
have already been extensively studied in previous simula-
tions,®?%*! we concentrate here only on features per-
tinent to the present study.

As seen from the density [Fig. 1(a)] and potential-
energy [Fig. 1(b)] profiles, the system exhibits two inter-
faces (solid liquid and liquid vacuum). The maxima in
the density profile correspond to the layer positions in the
solid part of the slab, which are the minima in the
potential-energy profile. The temperature profile (not
shown) is uniform throughout the slab, with an average
temperature of T,,=619%5 K, which we take as the bulk
melting point of Pb given by the glue model, in reason-
able agreement with the experimental melting point of
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FIG. 1. Equilibrium profiles of the Pb(110) system at the bulk
melting point vs distance z, normal to the (110) plane. (a) Den-
sity p, (b) per-particle potential energy E,, and (c) diffusion
coefficients in the [001] direction (squares), in the [110] direc-
tion (circles), and in the [110] direction, normal to the surface
(pluses). Energies and (;listances in eV and A, respectively, and
diffusion constants in A"/ps.
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601 K.*3 We stress here that while estimates very close to
ours have been given for glue Pb before,**® it is impor-
tant to recheck the value of T, in the context of our
premelting simulations, in order to analyze the growth
behavior of the quasiliquid thickness in our sample reli-
ably (see below). From the density and potential-energy
profiles we estimate the density change across the solid-
liquid interface, varymg from p,=0.03223 A73 in the
solid to p;=0.03129 A™3 in the liquid (i.e., a decrease of
2.9%), and a latent heat of 0.058£0.005 eV/atom, both
in good agreement with the experimentally determined
values of 3.5% for the density decrease of the solid upon
melting* and 0.053 eV/atom for the latent heat,* respec-
tively. We note in Fig. 1(c) that the diffusion in the bulk
liquid region is 1sotr0plc in the x and y directions, with
D,=D,=0.17%£0.01 A? /ps, in reasonable agreement
wrth measurements of bulk liquid lead near T,
D=0.22X10"* cm%/s (Ref. 46) (A%/ps=10"* cm?%/s).
The fact that D, remains smaller than D, and D, can be
rationalized by considering the confined nature of the
liquid in the z direction. This is particularly prominent at
the liquid-vacuum interface, where we observe a strong
layering effect combined with increased intralayer order
[see Fig. 1(a)], as discussed below.

From the density and potential-energy profiles as well
as the z dependence of the diffusion coefficients, we estl-
mate that the transition region from solid (z $20 A in
Fig. 1) to liquid extends over 5-6 atomic layers. A quali-
tative dynamic view of the solid-liquid interface is shown
in Fig. 2. Viewing the system from the [110] direction
[Fig. 2(a)] we see a broadened and weakly faceted [atomic
scale (111) facets] interface compared to a somewhat
sharper interface viewed from the [001] direction [Fig.
2(b)]. This behavior, owing to the intrinsic geometry of
the fcc(110) interface, has been discussed before in the
context of MD simulations of the Cu(110) solid-liquid in-
terface,!' and is related to the relative free-energy
difference of forming interfaces in (111) and (100) orien-
tations. For those orientations it is energetically favor-
able to form relatively close-packed liquid layers on the
liquid side of the interface, with the intralayer short-
range order resembling that of the underlying solid side
of the interface.*! The slightly anisotropic structure of
the interface seen in our simulations is similar to what

o
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FIG. 2. Trajectories of atoms, projected onto the (110) (a)
and (001) (b) planes, over a time span of 10 ps at T'=T),,. Note
the broad and weakly faceted solid-liquid interface in (a), com-
pared to a somewhat sharper interface in (b).
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was observed for the Cu(110) solid-liquid interface close
to TM,&11 but is much less pronounced than the structure
of the interface in some other materials, particularly sil-
icon, where the (001) sl interface exhibits atomically
sharp (111) facets.>*

Figure 3 shows the layer pair-distribution functions
across the slab. These exhibit crystalline fcc(110) in-
tralayer order for the bottom solid layers, changing grad-
ually to conventional liquidlike behavior for the bulk
liquid region, in accordance with previous simulations for
other fcc metal systems using effective-medium and
embedded-atom potentials.® 12041 In the present simula-
tion we observe in addition a strong tendency toward
densification and intralayer ordering of the two outer-
most liquid surface layers. While a certain degree of lay-
ering at the liquid-vapor interface has been observed in
previous simulations®*! of Cu and Ni using EAM in-
teractions, the effect is more pronounced in the current
results for Pb. Accompanying the high degree of atomic
packing in the liquid-to-vapor transition region, the posi-
tion of the nearest- nelghbor peak shifts from 3.5 A in the
solid layers to 3.2 A in the two outermost liquid layers.
The average number of atoms under the first and second
maxima of p(z) at the liquid surface is 146.1 and 150.5,
respectively, and the peak-to- peak distance is 2.53 A (as
compared to about 88 atoms in a solid layer, with the
spacing between solid layers being 1.76 A). By visually
inspecting snapshots of the two first layers of the liquid
surface, recorded in our simulations, the intralayer order-
ing may be characterized as consisting of regions of (111)
(hexagonal close packing) and (100) (packing in squares)
types of order. The (100) type of ordering, particularly
prominent for the outermost liquid layer, is further cor-
roborated by the peak around 4.6 A in the pair-
distribution function for that layer. The ratio of the posi-
tion of this peak to the position of the first peak at 3.2 A
is very close to V2, as expected for the intralayer (100)
geometry. The tendency for mixed packing of (111) and

T=T,

FIG. 3. Pair-distribution function P(r) for different layers at
T=T,. Note the prominent short-range order for the outer-
most liquid layer (I =1, topmost curve) and the gradual change
from solidlike to liquidlike order at the solid-liquid interface.
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(100) types may be correlated with the fact that the glue
model gives very similar surface formation energies for
solid (111) and (100) surfaces (37.5 and 38.0 meV/A%
respectively*®®). The embedded-atom and effective-
medium interactions used in the previous simulations for
A1(110), Ni(110), and Cu(110) surfaces®>* !> result in a
larger relative difference between the surface energies of
(111) and (100) geometries, and the (100) type of pack-
ing is lacking from the surface intralayer pair-distribution
function in those simulations.

IV. SURFACE PREMELTING

To investigate variations of the properties of the sys-
tem with temperature, we show first in Figs. 4—6 the den-
sity and potential-energy profiles of the system versus dis-
tance z normal to the surface plane, for various tempera-
tures. From Fig. 4 we observe a gradual change of the
density profile in the surface region with an increase in
temperature, and the development of an adatom layer for
350< T <400 K. By examining the position of the sur-
face peaks in the p(z) profiles in more detail, we find that
at T=300 K the surface layer relaxes inward, i.e.,
Ap=(d,—dpu)/doax=—11.2% [d,, is the distance
between the topmost layer (1) and the second layer (2),
and the spacing between (110) planes in the bulk is
dpux=a /2V'2]. At T =0 we find A;,=—13.5%. These
values are of comparable magnitude with experimental
results,® where A,=—15.9% at T=0 K and
A, =—14% at 295 K.* The (incomplete) adlayer has a
large inward relaxation, —36.3% at 400 K and —33.8%
at 500 K, after which it merges into the peak in the densi-
ty profile corresponding to the disordered surface layer
(see Fig. 5), and the width of the disordered surface re-
gion begins to grow into the bulk. Consequently in the
subsequent analysis for 7= 522 K all atoms from the vac-
uum side of the interface up to the first minimum in p(z)
are assigned to the surface layer (I =1).

MWW~ 610
J MMM~ 606 |
MWW M~ 599
MWW 588
MMM~ 583
7 WM 566 [
MWW 557
MWW 543
4 MMM 522 -
MMM 500
MMM 450

| 300 |
0 10 20 30 ixo 50 60 70
z (&)

FIG. 4. Equilibrium density profiles p(z) across the Pb(110)
slab, normal to the (110) surface, for various temperatures.
. .o L e
Distance in A, density in A
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FIG. 5. Enlarged view of p(z) at the surface, showing the
density maximum corresponding to the adlayer merging into
the surface layer (/ =1) peak around 520 K.

A gradual change with temperature is also observed in
the per-particle potential-energy profiles shown in Fig. 6.
For comparison we also include in Fig. 6 the per-particle
potential-energy profile for the liquid-vacuum interface at
the bulk melting point [from Fig. 1(b)]. We observe that
at all temperatures the potential energy of atoms belong-
ing to the first two surface layers (I =1 and 2) is higher
than that in deeper layers due to the reduced coordina-
tion in the surface region. For T > 560 K the potential
energy for layers / >2 also begins to increase, and at 610
K a surface region comprised of about five layers has a
potential energy very close to the bulk liquid at T,, =619
K.

The intralayer structure of the system is characterized
via the calculated layer pair-distribution functions p;(r,)
[Eq. (7)], shown in Fig. 7 for various temperatures 522
K=T=610 K. We note that around 520 K the long-
range order in the surface layer begins to diminish,

610 606
599
588
583

S AMAM/ i r
E—4

500
450

30 40 50 60

FIG. 6. Per-particle potential-energy profiles across the (110)
slab, normal to the (110) surface, at various temperatures. The
minima correspond to layer positions. The dashed curve corre-
sponds to the potential-energy profile of the surface region of
loiquid Pb at T=T,, [from Fig. 1(b)]. Energy in eV, distance in
A.
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FIG. 7. Pair-distribution function p(r)) for the surface layers
at temperatures indicated. Note the gradual disappearance of
the long-range order as the temperature increases, starting from
the surface layer (/ =1), and the persistence of the short-range
order in the surface layer at all temperatures.

reflected by the disappearance of the crystalline features
in p, beyond 7.5 A (i.e., r>2dyyN, Where dyy is the
nearest-neighbor distance). Between 522 and 610 K, the
region showing liquidlike structure grows up to 5-6 lay-
ers. The gradual thickening of the liquidlike surface re-
gion, corroborated by Figs. 4, 6, and 7, is similar to what
has been observed in previous simulations for other
fcc(110) metal surfaces,® 2% the only exception being
that more short-range (r <2dyy) order is persistent for
the first and second topmost surface layers for tempera-
tures up to T,.

The intralayer disordering of the surface region is ac-
companied by a rapid increase in the layer diffusion
coefficients, shown in Fig. 8 versus temperature, calculat-
ed from the particle trajectories according to Eq. (8). The
total diffusion coefficients [n; =3 in Eq. (8)] for the top-
most five layers are shown in Fig. 8(a), and a decomposi-
tion into diffusion coefficients in the [110] and [001]
directions is shown in Figs. 8(b) and 8(c), respectively. As
is evident from the results, the layer diffusion coefficients
for the first two surface layers begin to increase for
T > 500 K, with a marked increase for / > 2 taking place
for T>560 K. These observations correlate with the
aforementioned structural variations at the surface region
exhibited by the layer pair-distribution functions in Fig. 7
and the layer structure factors (see Fig. 9 and discussion
below). We also note a marked anisotropy in diffusion
between the two anisotropic directions of the Pb(110) sur-
face in the early stages of the premelting (around 520 K
D, 7py=1.8Dog;}), and a slighter anisotropy for 560
K <T <Tj. [While some uncertainty is present because
of the definition in Eq. (9), since atoms in a certain layer
at time origin 7 may make excursions from that region at
later times, we estimate from our data that the influence
of such events on our results is rather small at tempera-
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FIG. 8. Layer diffusion coefficients D, as a function of tem-
perature. Filled circles: /=1 (surface layer); triangles: [ =2;
crosses: [ =3; diamonds: ! =4; and pluses correspond to I =5.
(a) Total D; and (b) D, along the close-packed rows ([ 110] direc-
tion). (c) D; across the ([001] direction) rows. Dotted line
marks the calculated value of D in the bulk liquid at T=T,,.
Note the slight anisotropy between [110] and [001] directions
in (b) and c,(%), and the marked increase of D, for [ >3 at T > 560
K. D, in A /ps, and temperature T in K.

tures corresponding to the early stages of premelting and
below, and is further alleviated by the averaging over
time origins in Eq. (9).] This behavior agrees qualitative-
ly with the He-scattering measurements of the diffusion
at the premelted Pb(110) surface.?>®

At first sight the decrease of D[1T0] for 520 K

< T <560 K seems surprising. However, it may be corre-

1 522 K 543 K 566 K
o LM-. “M. ::"Onno-.......-
?/)mj -«Lu‘; 1'm---—ﬂ:_.. ‘ﬂ"‘_’
am L)
o < e -
*, [ “aos
0 —— L] - 1
0 10 20 30 O 10 20 30 O 10 20 30
1 583 K 599 K 610 K
= s, o,
8 | e . . .
L1 % = e
- . 3
™ - e
0 . L ] s . i
0 10 20 30 O 10 20 30 O 10 20 30
layer layer layer

FIG. 9. Squared-layer-structure factors, |S,(g,)|% for a=1,
2, and 3 (see text) denoted by squares, circles, and triangles, re-
spectively, plotted vs layer number, at temperatures indicated.
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lated with the decrease in the influence of the underlying
solid substrate on the quasiliquid region as the solid-
liquid interface moves deeper into the crystal, and with
the densification and formation of the close-packed order
in the surface layer of the quasiliquid.

Finally, we turn to a quantitative discussion of the tem-
perature dependence of the order parameters and thick-
ness of the quasiliquid. As mentioned in Sec. I, surface
melting has been treated using the framework of the
Landau-Ginzburg (LG) theory with single!*~!° and mul-
ticomponent!® order parameters (OP’). A natural
choice® for the order parameters m(gy,z)=m(a,z) are
the squared magnitudes of the structure factors
|S,(g,,2)|% calculated for each layer 1 </ <N, (/=1 and
N; denoting the surface layer and the dynamic layer next
to the static substrate, respectively). The order-
parameter profiles across the slab, calculated for various
temperatures between 522 and 610 K, for g,=
(2m/a)(2,2,0), along the atomic rows, g,=
(27 /a )(0,0,2), across the rows, and g;=(27/a) (2,2,0),
are shown in Fig. 9.

In the spirit of the LG theory we assume (sec Ref. 8)
the following form for the dependence of the order pa-
rameter on layer number [and thus distance along the
normal to the (110) surface, increasing into the material]:

m,(a)=mb+(r7z—mb)e_ﬁ”_’*)
Fmy—mye BTV e (10)
my(a)=m*e?!* =D <% (1

where Eqgs. (10) and (11) correspond to the solid and
quasiliquid regions, respectively, and the model parame-
ters depend on a, denoting the index of a reciprocal-
lattice vector g,. In our analysis we use g; and g,, which
lie along the [110] and [001] directions, i.e., along and
across the close-packed rows of the (110) surface, respec-
tively. The parameters 8 and y are the OP decay factors
in the solid and liquid regions, respectively, and /* and
m* are the locations of the interface between the two re-
gions and the value of the OP at the interface. m, is the
value of the OP in the bulk of the solid dynamical part of
the system, and /i is a fitting parameter of the model.
The quantities ;, m, and B, denote the layer location
of the interface between the static substrate and dynamic
solid part of the system, an effective OP for the interface,
and the decay factor into the dynamic solid, respectively.

Using the layers’ structure factors |S,(g,)|> obtained
from the simulations at different temperatures, we mini-
mize the function

N

F(my,m,B,1* my, I B )= [m(a)—|S,(g, )’ > (12)
I1=1

in the least-square sense. We find that in all cases the
quality of the fit is such that F/N; <5X107°. As a re-
sult we show the position of the solid-quasiliquid inter-
face as a function of temperature in Table I and Fig. 10,
where we plot /(T) (the number of liquidlike layers) as a
function of —In(1—7/T,,). A linear fit to /(T) gives (I
in monolayers)
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TABLE I. Values of parameters obtained by least-squares
fitting [see Eqs. (10)-(12)] using values for the structure factors
for two reciprocal-lattice vectors (g; and g,), obtained from
simulations at various temperatures.

g g2

TX) m, m* I* B my, m* I* B

610 0.428 0.157 6.7 0.584 0.654 0.261 6.2 0.511
606 0.434 0.136 5.2 0.449 0.652 0.237 5.1 0.502
599 0.441 0.182 5.1 0.486 0.661 0.262 4.7 0.435
588 0.449 0.174 4.0 0.609 0.663 0.308 4.0 0.629
583 0.464 0.166 4.0 0.561 0.671 0.309 4.2 0.645
566 0.473 0.174 2.9 0.549 0.682 0.277 2.7 0.526
557 0.487 0.150 1.8 0.582 0.693 0.255 1.7 0.509
543 0.487 0.201 1.8 0.719 0.695 0.257 1.1 0.609
522 0.522 0.186 1.2 0.638 0.712 0.261 0.8 0.636

H(T)=—(2.8%£0.5)—(2.2420.2)In(1 =T /T)y,),

I(T)=—(3.240.7)—(2.3+0.2)In(1— T /T,,), (g,) .
(14)

We note that both |S;(g;)|> and |S,(g,)|? yield the same
functional behavior for /(T) within the accuracy of the
fits.

In medium-energy ion-scattering (MEIS) (shadowing
and blocking) experiments?*?) the backscattered ion yield
is related to the number of positionally disordered atoms
N (per surface area), reflecting the thickness of the disor-
dered surface region. In Ref. 24(d) the behavior of N as a
function of T was analyzed for 0.3 K=< T,,— T <40 K by
fitting the data by the equation

Ty AySR

N(T)=Ngln | —2="
(D=Noln | 0N L

) (15)

FIG. 10. The location of the solid-quasiliquid interface /* (in
monolayers) vs —In(1—T/T,,), where Ty, =619 K is the bulk
melting point of Pb determined in our simulations. Squares and
X’s denote values obtained from the structure factor profiles cal-
culated for g; and g,, respectively, and solid and dashed lines
show the corresponding linear fits. The dotted line is the result
obtained from the MEIS experiment [see Ref. 24(d)].



51 EQUILIBRIUM INTERPHASE INTERFACES AND PREMELTING . . .

where AySR is the short-range contribution to the free en-
ergy of the solid-quasiliquid interface (dominating contri-
bution at T =T,,—0.3 K), L is the latent heat of melting,
and N, is related to the correlation length within the
liquid phase, & Defining N(T)=I(T)Azp;q, where
I(T) is the number of disordered (liquidlike) surface lay-
ers, and No=1yAzp, =p;£;;q/2 [Where py, is the particle
number density of the liquid layer, and Az is the (110)
layer spacing], we can write Eq. (15) as

_ &g in AySR &g
2Az NoL 2Az

n In(1—=T/Ty;) (in ML) ,

(16)

corresponding to our Egs. (13) and (14). By using the
values quoted in Ref. 24(d) (N,=0.98X10" cm™2,
AySR=2.12 mI/m? §;,=6.3 A, Az=1.75 A, and
T =600.7 K) we find

H(T)gp=—2.3—1.8I(1=T/Ty,) , 17

which we also show in Fig. 10. In addition to establish-
ing the logarithmic growth of the quasiliquid region, the
result of our simulation follows closely the measured
I(T)eyp albeit with a slightly higher growth rate and thus
larger correlation length (from our simulations §;;,~7.7
A as compared to?*? &lig exp=6-3 A).

V. SUMMARY

Using molecular-dynamics simulations, with the glue
model describing the many-body interatomic interac-
tions, we have investigated the melting of the Pb(110) sur-
face, as well as the properties of the (110) solid-to-liquid
and liquid-to-vacuum interfaces of lead at the coexistence
(bulk melting) temperature, which we determine from our
simulations to be T, =619+5 K.

As in the case of previous studies of nicke and
copper®!! using embedded-atom and effective-medium in-
teractions, the structural, energetic, and transport prop-
erties across the solid-liquid interface change gradually

120,41
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from bulk solid to bulk liquid behavior over a transition
region of 5-6 (110) layers. The dynamic structure of the
interface exhibits fluctuating atomic-scale (111) facets.

The surface region of Pb(110) starts to disorder via
generation of vacancies and formation of an adlayer in
the temperature range 350 < 7 <400 K. Around 520 K,
we observe the onset of a quasiliquid surface region, ex-
hibiting liquidlike energetic, structural, and transport
properties. The disordering is enhanced in the direction
parallel to the close-packed rows ([110] direction),
reflecting the anisotropic structure of the Pb(110) sur-
face. While having lost the long-range order, the outer-
most layer of the quasiliquid retains a considerable
amount of short-range order and shows a strong tendency
to densification. The short-range order, also present at
the liquid surface at T =T, can be characterized as con-
sisting of areas of both (111) (hexagonal) and (100)
(squarelike) types of close packing.

Analysis of our results within the framework of the
Landau-Ginzburg theory shows that the thickness of the
surface quasiliquid grows logarithmically for 7' > 520 K,
in close correspondence with the well-established experi-
mental data, with a slightly larger correlation length (7.7
A) compared to the value (6.3 A) inferred from the MEIS
experiments, 24
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