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Surface melting o'f copper
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The surface instabilities of copper metal are studied by computing the quasiharmonic free energy
of (100), (110), and (111)surfaces within the slab model. We find that a loose-packed surface would
melt prior to a close-packed one if contractive surface relaxations are neglected. The inclusion of
surface contractions can reverse the order of these instabilities in agreement with recent experi-
ments.

Surface-state photoemission in copper has recently
brought out a remarkable phenomenon. ' The integrated
intensity of a k-resolved surface peak decreases dramati-
cally at a temperature for which the corresponding bulk
photoemission features remain essentially unchanged.
This drastic drop, occurring at values of T/T~ (T~ be-
ing the bulk melting temperature) roughly around 0.6 for
the (100) face, and around 0.75 for the (110) face, still
awaits a proper explanation. However, this evidence is
suggestive of surface anharmonicity setting up on a mas-
sive scale around these temperatures, leading eventually to
loss of surface long-range order. Pietronero and Tosatti
(PT), by studying a semi-infinite Einstein model crystal,
concluded that an instability of the first surface layer
would occur at about 73% of the corresponding bulk-
lattice instability temperature. The (negative) first-layer
square vibration amplitude —(u f ) as a function of tem-
perature has, in the PT model, a behavior rather similar
to that of the experimental logI described above, with a
dramatic drop just preceding the surface instability.
Above the instability temperature, —( u

& ) of PT becomes
complex, which was taken to indicate that quasiharmonic
vibration of a surface atom inside the cage of its neigh-
bors is no longer self-sustaining, and the first layer would
"melt" (while still remaining attached to the second layer).
Note that no real softening occurs because the phonon fre-
quencies decrease only to a finite value at the instabili-
ty. ' Clearly this approach refers to the instability of the
solid free energy and not to the real melting transition.
However, there are good reasons to think that the two
processes are related by some rescaling, ' the instability
actually corresponding to the maximum overheating tem-
perature. This implies that one cannot expect to obtain
the absolute value of melting temperatures; nevertheless
these methods can be useful to study the relative tenden-
cies. One important confirmation of the validity of this
viewpoint comes from the molecular-dynamics studies of
Broughton and Woodcock, ' who find a sudden loss of
crystalline order in the first surface layer of a (100) fcc
Lennard-Jones (LJ) slab, at about 71% of their bulk melt-

ing temperature. This agrees even quantitatively with the
results of the very simple PT model. It should be noted
that the melting envisaged here is a short-range
phenomenon occurring on the Aat surface, as opposed to,
and different in principle from, the well-known roughen-
ing mechanism. ' In general, one can expect roughening
to be unlikely for a free low-index surface of a system
with strong electronic cohesion like copper.

The aim of the present work is to introduce a simple
model that allows analysis for the first time of the follow-
ing: (i) the face dependence of the surface melting in sim-
ple solids and (ii) the effect that surface contractions in
metals have on surface melting. As a model system we
consider the case of copper. The results show that if only
a short-range two-body potential is used {no surface con-
tractions) a loose-packed surface would melt prior to a
close-packed one, in close analogy with Lennard-Jones
systems. ' The inclusion of surface contraction pushes
up the surface melting temperatures of a metal and even
determines a reversal in the order of melting of the vari-
ous surfaces. This resu1t is in agreement with the recent
experiments mentioned above. '

The calculations are first performed using a Morse-type
two-body potential V{R);subsequently, additional surface
forces are added to simulate the contractions of the vari-
ous surfaces. The two-body potential V(R) acts only be-
tween nearest neighbors and was previously optimized to
reproduce the harmonic and anharmonic properties of
bulk cooper. ' Its depth is AV=1310 K. Using this po-
tential we obtain in the quasiharmonic (QH) method a
bulk instability temperature at T~ ——1750 K, ' which is
higher than the true bulk melting temperature, TM ——1356
K. A molecular-dynamics study performed with this po-
tential indeed leads to a stable fcc crystal, which melts
just below 1000 K." Clearly, the instability temperature
is quite different from the true melting temperature (also
different in principle, as mentioned earlier); nevertheless
this method can be used with reasonable confidence to
compute relative trends. ' Consequently, all the results in
this paper will be expressed in units of a "reduced" tem-
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is calculated numerically. Here, (R,i) is the thermally
averaged interparticle distance, and mq~ are slab phonon
frequencies, q being the wave vector inside the surface
Brillouin zone, and A, labeling the modes, A, =1, . . . , 63.
The free energy F&H depends parametrically on the first-
second —layer distance,

diaz

(later we also let dz3 vary), all
other average interparticle and interlayer distances being
kept fixed to the corresponding T-dependence bulk values,
independently known. ' In the absence of any external
forces, the rest of the calculation consists in minimizing
F~H at each given temperature by varying the parameter
d i2 (and d23, when its variation is allowed). A surface in-
stability manifests itself with the gradual flattening of the
minimum of F&H,

' eventually becoming a saddle point at
T = T„which thus defines t, = T, /Tz. Such an instabili-
ty is depicted in Fig. 1 for the (111) face (where d23 was
not allowed to vary), along with that of the corresponding
bulk F~H. ' We point out that, while F~H loses its
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perature t =T/T~, scaled to the bulk instability tempera-
ture.

For the surface calculations, three slabs (of 21 layers
each) are generated for the (100), (110), and (111) cases,
respectively. Standard slab dynamical matrices' are set
up, allowing for the relaxation of one or two outermost
layers of each surface. The quasiharmonic free energy'

F&H ———, g V((R;J. ) )+ks T g ln[2sinh(%co~~/2k& T)]
L,J q, A,

minimum at t„no particular surface phonon does actual-
ly go soft. In this way, for the case where surface con-
tractions are neglected and ~here only di2 is allowed to
vary, we get the surface instability temperatures as
t, =0.845, 0.840, and 0.755 for (100), (ill), and (110)
faces, respectively. The order of these instabilities corre-
sponds to the intuitive picture that a loose-packed surface
melts before a close-packed one. ' This order also agrees
with the recent molecular-dynamics studies on the sur-
faces of a I.J solid, ' another system with pair interac-
tions. Such an agreement supports the validity of our
model and suggests that the structure of these instabilities
is linked to the general properties of the potential (two
body) rather than to its detailed features. We will see in
the following how the inclusion of surface contractions,
arising from the nonpairwise electronic cohesive forces,
has a dramatic effect on the temperatures and even on the
order of these instabilities.

A suggestion that these effects may be important comes
from the fact that the T dependence of the optimal value
of d&2, denoted as d &2(t), increases drastically just below
r, . This finding implies that it may be important to in-
clude the effect of surface contraction that is well known
to exist for the (110) and (100) surfaces of Cu. ' Account-
ing for this contraction properly would require including
the (nonp air wise) electronic cohesive forces. Ma, De
Wette, and Alldredge' have shown qualitatively how con-
traction can be obtained through surface Madelung forces,
and Landman, Hill, and Mostoller' have given a discus-
sion of surface contraction in microscopic terms. Within
the present scheme we can simulate the main effect of the
contraction (stiffening of surface phonons) by simply ap-
plying constant external forces f &

and f2 on to all atoms
of the first two layers. The strength of these forces is ad-
justed to reproduce the experimentally known' contrac-
tions, bdi2(0)/di2 ———5.3%, —1.1%, -0, and

bdp3(0)/d23 =+3.3%, + 1.7%%uo, —0 for (110), (100), and
(111)(Ref. 19) faces, respectively. The effect of the forces
is just to add a term X;f; bdij to the variational free ener-

gy FoH of Eq. (1), already calculated. Repeating the
minimization of F&H with this new term, we find that
surface contractions have a dramatic stabilizing effect on
our surfaces.

The results reported in Table I show that not only does
the contraction strongly increase the instability tempera-
tures but surprisingly, the surface instability temperature
of the loose-packed (110) surface is now higher than that
of both (100) and (111). The physical reason why this
occurs can be traced back to the surface stiffening, which
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TABLE I. Copper surface instability temperatures without
and with surface relaxation (contraction).

FIG. 1. Surface instabilities in the quasiharmonic free energy
compared with the corresponding bulk instability. We have
plotted FoH as a function of R which is equal to (+3/2)diq for
(111)surface and equal to nearest-neighbor distance for the bulk
case. Note that the decrease of F&H for very large R is unphysi-
cal.
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0.914
0.970



3458 C. S. JAYANTHI, E. TOSATTI, AND L. PIETRONERO 31

0.50 —
())

0.05—
hd
BULK

0.00—

0.05—

-0.2 0.15—

I

0.5
t=T I Tg

0.)O—

0.05—
~ 0.00-

Ad
BULK

FIG. 2. Mean square first-layer vibration amplitude of Cu
surfaces, calculated up to their respective t, . The bulk behavior
(from Ref. 10) is also given for comparison.
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implies a reduced anharmonicity, associated with surface
contraction. It should be noted at this point that these in-
stability temperatures are very sensitive to the amount of
surface contraction imposed, and they can even be shifted
above the bulk intensity. In Fig. 2 we show the calculated
behavior of —(u & ) (Ref. 20) for the contracted faces of
Cu, along with the corresponding bulk —(u ). In com-
parison with the experimental results of Refs. 1 and 2, we
find that our calculation correctly predicts that the (110)
surface melts later than the (100) surface, even though it
is "softer" at low temperatures. We note, however, that
the instability onset temperatures suggested by the experi-
mental logI curves are substantially lower than our t, .
Comparison of Fig. 2 with He-scattering data ' is also
favorable, although these data stop too early to draw any
conclusions about melting. We also present in Fig. 3 the
calculated first- and second-layer temperature-dependent
surface relaxations, which can in principle be measured,
e.g., by Rutherford backscattering.

In summary, we have presented a first theoretical study
of the face dependence of surface tnelting for a model of
copper metal. We can summarize our results as follows:
(1) Melting on the first layer of a metal surface can occur
well below bulk melting; (2) for solids with only pair in-
teractions a loose-packed surface melts prior to a close-
packed one in analogy with computer simulations on I.J
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FIG. 3. Temperature dependence of the first- and second-
layer relaxation.

systems; ' (3) surface contractions (single layer, or mul-
tilayer) play a crucial role in determining whether a sur-
face wi11 melt at low temperature, high temperature, or
will not melt at all. The effect of these contractions in the
case of copper is particularly important because it makes
the loose-packed surfaces more stable than the close-
packed ones.
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