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Role of Layering Oscillations at Liquid Metal Surfaces
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The contrasting melting behavior of different surface orientations in metals can be explained in term
of a repulsive or attractive effective interaction between the solid-liquid and the liquid-vapor interface
We show how a crucial part of this interaction originates from the layering effects near the liquid meta
surface. Its sign depends on the relative tuning of layering oscillations to the crystal interplanar spacin
thus explaining the orientational dependence. Molecular dynamics recrystallization simulations of A
surfaces provide direct and quantitative evidence of this phenomenon.

PACS numbers: 68.35.Rh, 68.35.Md, 68.45.Gd, 82.65.Dp
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Surface melting (SM), i.e., complete wetting of a crys
surface by a thin film of its own melt, is very commo
in nature. For example, all faces of a real system, l
rare gas solid Ar [1], as well as of its popular mode
the fcc Lennard-Jones (LJ) crystal [2], are believed
melt completely. On the other hand, most metals ha
at least one close-packed face which does not melt,
is crystalline right up toTm [3]. This nonmelting (NM)
behavior is often explained phenomenologically, in ter
of a low solid-vapor (SV) surface free energygSV , which
in this case can be lower than the sum of solid-liqu
(SL) plus liquid-vapor (LV) interface free energiesgSL 1

gLV . Open faces, by contrast, tend to have a hig
energy when solid and this favors SM, in agreement w
observations. At a more microscopic level, Chernov a
Mikheev [4] made the interesting additional remark th
surface nonmelting could, in fact, be ascribed to lar
minima in a strong oscillatoryeffectiveinteraction between
the SL and the LV interface. This oscillatory interactio
is caused by a layering effect: The solid (similarly to
hard wall) induces in the liquid film a layerlike densit
oscillation with periodicity2pyQ0 [Q0 is the wave vector
where the liquid structure factorSsQd has its strongest
peak], which in turn generates the interaction. Bindi
of the two interfaces in the deepest oscillation at,  0
is then responsible for a minimum ofgSV and leads to
NM. Alternatively, if the oscillations are weak, they can b
washed out by capillary waves, the two interfaces unb
and there will be SM.

The purpose of this Letter is to argue theoretically, a
to demonstrate through detailed simulations, that in n
LJ systems, particularlyin metals,there are in reality not
one, but two distinct layering oscillations—one with pe
odicity 2pyQ0, tied to the LV interface, and one with th
periodicity of the interlayer spacinga, tied to the SL in-
terface—which overlap and interfere inside a liquid me
film. Tuning and detuning of the two oscillations depen
0031-9007y96y76(7)y1118(4)$06.00
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on orientation, and may dramatically change the stren
of the interaction, thus affecting deeply the surface me
ing behavior. In particular, while as expected well-tune
layering effects disfavor surface melting (and can ma
the close-packed surface very resistant to overheating),the
same does not happen for large detuning,where SM is
favored.

We will proceed in three stages. First, we give a qua
tative, analytical argument showing that layering effec
are strongly dependent on the orientation. Second,
make this more concrete through a model 1D wetting c
culation [5] adapted to our case. Lastly, we present d
tailed surface recrystallization molecular dynamics (MD
nonequilibrium simulations which illustrate realisticall
the effect of attractive layering forces for a fcc (111) NM
face, in contrast with a fcc (110) SM face where repulsio
dominates.

Consider a liquid film of thickness,, wetting its own
solid. The effective SL-LV interface interaction free en
ergy can be written asfs,d  fSRs,d 1 fLs,d wherefSR
is a short-range effective interaction, accounting for t
merging of the two interfaces at close contact, andfL
is a residual part due to layering effects, which can
characterized as follows. The underlying solid propaga
into the liquid film a first density oscillation roughly of
the form drSLszd ø kS expf2sz 2 zSLdyjSg coss2pzyad
which has the periodicity of the (face-dependent) inte
layer spacinga, and decaysoutwards from the SL in-
terface centerzSL into the liquid (z grows going from
solid to liquid to vapor) within some characteristic lengt
jS [5]. The LV interface of a metal originates, how
ever, aseconddensity oscillationdrLVszd ø kV expfsz 2

zLV dyjV g cosfsz 2 zLV dQ0g which propagatesinwards,
with the typical liquid periodicity,2pyQ0, and with a de-
cay lengthjV related to the peak widthdQ in the liquid
structure factorSsQd, 2pyjV , dQ [6]. This second os-
cillation is not universally present: it is only expected fo
© 1996 The American Physical Society
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a strongly relaxed and contracted surface, like that o
metal,which represents a heavy disturbance for the liqu
below[7]. In this sense, the LV interface in a metal is sim
lar to a hard wall. By contrast, at the more disordered
liquid surface this oscillation (still present in principle)
below 2% [8] and practically irrelevant atTm. A quantita-
tive picture obtained by simulation (Fig. 1, described lat
shows that a large oscillation is present for Au and abs
in LJ. When,  zLV 2 zSL decreases, the two densit
oscillations overlap, giving rise, within linear response,

fLs,d 
1
2

Z
d3r d3r 0 Csr 2 r0ddrSLsrddrLVsr0d ,

(1)

where the integration should be restricted to the liqu
region zSL # z # zLV , andCsr 2 r0d is the liquid den-
sity response function. Taking as a simple approxim
tion for larger the formCsrd  C0 exps2ryjd cossQ0rd,
the integral can be carried out explicitly. The (111) su
face corresponds toQ0a  2p, and the (110) surface to
Q0a  2p

p
3y8. In both casesfLs,d is oscillatory, with

a wavelength2pyQ0 controlled byCsrd, and the lower en-
velope of the minima indicates interface attraction. Ho
ever, as a consequence of tuning (commensurability),we
find that the attractive minima of (1) are about 1 order

FIG. 1. Comparison between the (x, y averaged) density
profiles of the (111) and (110) surfaces of LJ and A
when wetted by a liquid film of thickness, , 30 Å (or , ,
12 LJ units), obtained by constant energy MD simulations. T
film thickness is stabilized by energy conservation. Layer
oscillations induced in the liquid film by the solid are prese
in all cases. The metal also exhibits a strong layering on
opposite side of the film, induced by the liquid surface.
wavelength is rather different from that of the solid-induc
oscillation in the case of Au(110), but very close for Au(111
Upon releasing the constant energy constraint atT ø Tm,
Au(111) is unstable and recrystallizes [9].
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magnitude deeper in the (111) case.Since the final sur-
face melting behavior is determined byfSRs,d 1 fLs,d,
the competition between SM and NM reduces, in our p
ture, to a matter of (a) how largefSR (generally repulsive)
is; (b) how important the liquid surface oscillationdrLV

is; and (c) how bad, or good, is the relative tuning of t
two periodicities2pyQ0 anda. The binding energy be-
tween the SL and LV interfaces is given byDg ; gSL 1

gLV 2 gSV 
R`

0 f f 0
SRs,d 1 f 0

Ls,dg d,. The above result
suggests thatfL contributes much more toDg in a well-
tuned case. In a poorly packed, poorly tuned face,
short-range repulsion cannot easily be reversed. In
case, fluctuations are very effective in washing out the sh
low layering minima [4], whence a negative overallDg,
leading to SM. In contrast, the good tuning of a we
packed face can causefL to prevail and yield the final
Dg . 0 typical of a NM surface.

We have tested this qualitative picture by a microscop
1D model calculation. We extend the Tarazona-Vicen
(TV) scheme [5]—which demonstrates layering of a flu
near a wall—to describe a fluid confined between
wall (the LV interface) and a density-wave solid wit
adjustable periodicity. A 1D lattice-gas fluid (occupatio
ri  0, 1, lattice spacing equal to 1) is described by
grand canonical free energy

Vhrij  Fhrij 1
X

i

sVi 2 mdri . (2)

We take

Fhrij  kBT fri lnri 1 s1 2 rid lns1 2 ridg 2 ariri1n

(3)

so as to describe a simple fluid. The first term in (3)
entropic, and the second is a gradient, representing sh
range order in the fluid, with periodicity2pyQ0 ø n.
The external potentialVi consists of a hard wall ati  0
and of a semi-infinite “crystal” of periodicitya  ln
located at some very large distancei  L away. The
hard wall generates a density oscillation decaying into
liquid from the left with periodicityn. The crystalline
perturbation generates a second oscillation decaying
the liquid from the right, with periodicityln, wherel is a
detuning parameter mimicking the crystalline interplan
spacing of a general surface orientation. The values
all the ri ’s are determined so as to minimizeV. As
the crystal is moved closer and closer to the wall
reducingL, the fluid in between is modulated with bot
periodicities, and so is the excess of surface free ene
gsLd  VsLd 1 PL, whereP  kBT lns1 2 rd 1 ar2

is the lattice-gas pressure [5]. The resulting surfa
free energy differenceDgsLd ; gsLd 2 gs`d in the case
aykBT  24 (as used by TV for a strongly structure
fluid) is shown in Fig. 2, together with density profiles
When the two periodicities are in tune (a  2pyQ0),
there is a sequence of attractive minima as a function
the thicknessL (upper panel). Trapping in the deepest
these minima will correspond to NM, as discussed. Wh
1119
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FIG. 2. Variation of the surface free energiesDg (with re-
spect to the infinite separation limit) as a function of the in
terface separationL, using the lattice-gas models described i
the text. Upper panel: (111)-like case (in-tune perturbation
Lower panel: (110)-like case (out-of-tune perturbations). Th
lower envelope of the two curves shows strong interface attra
tion for “(111),” and weak attraction followed by repulsion a
shorter distances for “(110).” Corresponding typical plots o
densitiesri as a function of lattice site are shown in the inset
In the “(110)” case, the periodic potential induces crystal-lik
density oscillations fori . L.

tuning is absent (lower panel), the minima are still foun
but there is no net attraction left. Prevalence of interfa
repulsion will favor SM in such a case.

The value of these concepts, if correct, should be read
recognizable in experiments (not yet available), or at lea
in a realistic MD simulation. For this purpose, we hav
conducted parallel simulations on Au(111) and Au(110
the former being a well-known NM face [10], and the latte
a SM face [11]. We have used the “glue model” man
body potential [12], which reproduces correctly, amon
other things, the bulk melting temperature (within,1%),
the solid-vapor [12] and liquid-vapor [7] surface energie
the main surface reconstructions of gold [12], as well as t
NM and SM behavior of these two surfaces [9,13,14
MD simulations were done on a variety of systems,
the form ofN-layer slabs (32 # N # 80) with M atoms
per layer (48 # M # 280), one free surface and latera
periodic boundary conditions. Special care was taken
determining the effective bulk melting temperature, whic
in a cell-periodic system is both size and orientatio
dependent[14]. [For example, we findTm  1355 6

5 K for a (111) bulk cell with N  80, M  56, and
Tm  1327 6 3 K for a (110) bulk cell with N  32,
M  280. These values are close to the actualTm of Au,
1336 K.] Near Tm, we generate configurations [which
can be of equilibrium on Au(110), and near equilibrium
on Au(111)], where a certain numbern of surface layers
are melted. The density profiles of the two interface
1120
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SL and LV, are shown in Fig. 1. The two oscillation
one attached to the LV interface, the other to the crys
are clearly visible. As anticipated, their wavelengths a
quite close for Au(111) (2pyQ0  2.30 6 0.05 Å, a 
2.39 Å), and very different for Au(110) (a  1.46 Å).

In order to obtain information on the behavior of the tot
free energy as a function of,, we have developed a new
method based on nonequilibrium recrystallization run
Starting from a slab configuration with a large number
melted layers, the temperatureT is suddenly reduced from
an initial valueTi . Tm to a final valueT , Tm. The SL
interface moves towards its final equilibrium position wi
a velocity d,ydt (Fig. 3). As long as the liquid film is
thick, the interface motion is approximately uniform. A
small thickness, however, we find a final speedup for
(111) face but, in contrast, a final slowdown for the (11
face. The reverse experiment, i.e., fast melting, can a
be done, and the reverse behavior is observed: initia
the melting front moves out quickly on (110), slowly o
(111). By analyzing the behavior of, as a function of time
t, we extract the effective SL-LV interaction free energ
f̄s,d, the average now fully including interface fluctuatio
effects. The driving force on the SL interface is given b
2dF yd,, wheredF is the change in the total free energ
per unit area when the liquid thickness is changed from,
to , 1 d,:

dF  rLs1 2 TyTmd d, 1 f̄s, 1 d,d 2 f̄s,d , (4)

wherer is the density of the liquid, andL the latent heat
of melting. Close toTm, the velocity may be assumed t
be proportional to the driving force (classical body in

FIG. 3. Liquid thickness, as a function of timet as obtained
from nonequilibrium MD quenching simulations fromT 
1500 K to T  1250 K . 0.93Tm for Au(111) (filled dots)
and Au(110) (open dots). The starting point was in bo
cases a liquefied slab, more than100 Å thick, sitting on
top of a few (111) or (110) rigid crystalline layers. Curve
corresponding to Eq. (6) are shown as a solid [(111)] a
a dotted [(110)] line. Recrystallization proceeds at const
(but slightly orientation-dependent) speed until, , 40 Å. For
(111), the speed increases in the final stage [leading to
crystalline (111) surface], indicating attraction between the
and the LV interface. The opposite occurs on (110), lead
to a surface melted state. In this case the system reaches
equilibrium thickness neart , 1.2 ns.
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viscous medium):

d,

dt
 2AfrLs1 2 TyTmd 1 f̄ 0s,dg . (5)

For , . 20 Å, f̄ 0s,d appears to be negligible, and we ob
tain A111  3.0 3 1011 Å4 s21 meV21 andA110  4.0 3

1011 Å4 s21 meV21. We checked that they do not depen
on T in the region of interest (within 100 K fromTm). By
assumingf̄s,d  2Dg exps2,yjd, Eq. (5) can be easily
integrated, giving

,std  j ln

µ
Ce2tyt 2

Dg

jrLs1 2 TyTmd

∂
, (6)

wheret  jyArLs1 2 TyTmd and C is the integration
constant, fixed by the initial liquid thickness,s0d. In
the equilibrium limit t ! 1`, and if Dg , 0, Eq. (6)
reduces to the well-known logarithmic growth law of,
as a function ofT [3]. From previous equilibrium or
quasiequilibrium simulations [9,13,14] we extract (usin
also the relationship between maximum overheating te
perature andDg [15]) Dg110  28.5 6 3.0 meVyÅ2,
j110  2.3 6 0.2 Å, Dg111  17.5 6 2.0 meVyÅ2,
j111  11 6 1 Å. Together withr  0.0562 Å23, L 
0.112 eVyatom (known values for this potential) we
calculate the theoretical,std from Eq. (6). This repro-
duces simulation data fairly well (Fig. 3), except whe
2dF yd, becomes small and dynamics slows dow
[e.g., , & 15 Å for (110)]. Clearly, the overall effective
interaction free energy isrepulsivein the (110) case, and
attractive in the (111) case. Its magnitude is surprising
large, as much as 10% of the total surface free ene
(71 meVyÅ2 for liquid Au at Tm [7]). The individual
layering oscillations are generally not observable
the recrystallization interface velocity, washed out b
the large intrinsic interface width, and by fluctuation
However, the large value ofj111 shows that the (111)
attraction is liquid mediated, and must therefore com
from layering, as also suggested by Fig. 1. Converse
the small value ofj110 reflects the destructive interferenc
of the two oscillations.

In summary, we have argued theoretically, and demo
strated both in a 1D model and realistic recrystalliz
tion simulations the changeable role of the layering
surface melting. The strong effect of the liquid su
-
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face density oscillations, and their tuning-detuning effe
has been demonstrated. Through x-ray detection of
magnitude of these oscillations, now possible [16], the
results should shed new light on the high-temperatu
behavior of solid surfaces.
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