
VOLUME 71, NUMBER 7 P H YSICAL REVI EW LETTERS 16 AUGUST 1993
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Dynamics of superheating, melting, and annealing processes at Cu(1 1 1) and Cu(110) surfaces, in-
duced by laser-pulse irradiation, are investigated using molecular dynamics simulations, incorporating
energy transfer from the electronic to the ionic degrees of freedom. Superheating occurs at Cu(111) for
conditions that lead to melting of the Cu(110) surface. Highly damaged Cu(111) surfaces structurally
anneal under the influence of a superheating pulse.

PACS numbers: 61.80.Ba, 6).72.Ct:, 68.35.3a, 68.35.Rh

Methods of processing of materials surfaces via laser
irradiation are of fundamental as well as technological
and economic significance, since various physical and
chemical surface properties (such as optical and electrical
characteristics, corrosion resistance, composition, mor-
phology, and structure) can be inlIuenced and/or modi-
fied using such methods in a controlled and spatially
selective manner [1,2]. Furthermore, with the use of
short laser pulses, detailed time-resolved experimental in-
vestigations of electron-phonon energy transfer mecha-
nisms and relaxation times [3], and of the thermal and
structural evolution of metal surfaces (disordering, melt-
ing [4(a)], and most recently superheating of the Pb(111)
surface [4(b)], have been performed. In these experi-
ments it was found, using time-resolved reflection high-
energy electron diA'raction (RHEED), that during and
following a laser pulse irradiation the surface superheated
up to 120 K above the bulk melting temperature (temper-
atures were determined from Debye-Wailer analysis of
the RHEED intensities) while maintaining crystalline or-
der.

Commonly laser processing of solid surfaces is dis-
cussed in the context of laser heating, melting, and subse-
quent solidification (or recrystallization) of the surface
region of the sample [1,2]. Although the phenomenon of
surface melting was proposed over a century ago [5] it is

only during the past decade that controlled experimental
observations and theoretical studies have been made [6,7]
of surface disordering, roughening, melting, and premelt-
ing (that is formation of a quasiliquid surface region for
T ( T~, where T~ is the bulk melting temperature of the
material). Both experimental [4,6] and theoretical [7,8]
studies have shown that premelting can occur for the
(110) surfaces of certain fcc metals [e.g. , Pb(110)
[4(a),6], Al(110) [7(a)], and Cu(110) [7(b),8], while
Ni(110) [7(c)], as well as the close-packed (111) sur-
faces of fcc metals do not premelt [6,7(b)]], with the
premelting propensity determined by the sign and magni-
tude of the interfacial free-energy diN'erence h, y between
the ordered solid surface and the surface wetted by its
melt (dy& 0 corresponds to premelting tendency, thus
precluding superheating for surfaces with Ay& 0). Fur-
thermore, molecular dynamics (MD) simulations [7,8]
show that the nucleation mechanisms of the premelting
process involve generation of vacancy-adlayer atom pairs,

(2)

with the energy required for such processes significantly
higher at close-packed fcc metal surfaces than at the
(1 10) sur face.

We report on molecular dynamics simulations of laser
irradiation of copper surfaces which diAer from continu-
um treatments of such phenomena [1] and previous simu-
lations [2] by explicitly including the temporal laser exci-
tation of the electrons and their coupling to the micro-
scopic dynamics of the nuclear degrees of freedom which
are modeled using realistic interactions. Our simulations
demonstrate that under irradiation conditions for which
the Cu(110), as well as Cu(100), surfaces undergo melt-

ing, superheating of perfect as well as damaged Cu(111)
occurs, in correspondence with recent experiments
[4(b),4(c)] on Pb(111). Moreover, under the same con-
ditions, a damaged Cu(111) surface (containing initially
a large vacancy cluster and an adlayer island) superheats
and anneals, restoring perfect crystalline order, via a
nondiA'usional mechanism involving local incorporation
(embedding) of adlayer atoms and subsequent coopera-
tive displacements of the host surface layer atoms to fill

the vacancy region. This finding is of particular
relevance in light of the experimental observations [4(b)],
where the sample surfaces are most likely to contain, even
under equilibrium conditions, a certain fraction of spon-
taneously generated defects which could serve as nu-
cleation centers for melting, and is related to the energet-
ics of the (111)surface.

To simulate the dynamics of copper surfaces irradiated
by a laser pulse we developed a MD method where the
laser pulse deposits energy into the electronic subsystem,
modeled as a uniform Auid, which couples locally to the
ionic degrees of freedom whose dynamics is governed by
many-body embedded-atom (EAM) potentials [9]. In a
continuum model of the system (electronic and ionic) the
time evolution of the electronic and lattice temperatures
[T,(z, t) and T((z, t)] are described by two coupled non-
linear differential equations [10] (in conjunction with ap-
propriate boundary conditions)

8Tp r) Te
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where the characteristics of the laser pulse are given by
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P(z, t) =I (1 —R)ae 'f(r ro), (3)
with a peak intensity Ip, an absorption coe%cient a, a
reflectivity R, and a Gaussian temporal shape profile

f(t —to) =exp[ —(t —to) /2a ], with the FWHM given

by 2&x. In the above equations C„x,and CI, xI are the
heat capacities and thermal conductivities for the elec-
tronic and lattice subsystems, respectively, G is the
electron-phonon coupling constant, and z is the direction
normal to the surface.

To explore the microscopic dynamics of a surface ex-
posed to laser-pulse irradiation we modify the above con-
tinuum formulation in conjunction with a classical MD
simulation of the ionic dynamics. The system is divided
in the z direction into two regions: a dynamic region (D)
0 & z ( zd (with the origin taken at the topmost crystal-
line layer) and a continuum region (C) for zd &z ( zb,
where zb is a position deep in the material. The ionic sys-
tem in region D is set up in the desired crystallographic
structure (with n& dynamic layers, positioned on top of n,
static layers) in a calculational cell which is periodically
replicated in the two directions parallel to the surface,
and the equations of motion for the ions, interacting via
EAM potentials, are integrated in this region (except for
the bottom static substrate) using the fifth-order Gear
predictor correlator algorithm [11] with a time step
hr =5.1 fs. In our simulations we use for the (110) sur-
face nd =60, n, =4, and for the (111) surface nd =51,
n, =3 [this corresponds to 88 and 100 atoms per layer,
for the (110) and (111) systems, respectively, and the
thickness of region D is —100 A].

The energy exchange between the electron fluid subsys-
tem and the dynamic ions is implemented by introducing
an additional term into the ionic equations of motion

d R; dR;
M = —VR EEAM([R;[) —pMdt2 dt

(4)

where M and R; are the mass and position vector of ion i.
The first term on the right is the EAM force on the ith
ion, and the coupling coefficient in the energy exchange
term is given by [12(a)]

p =p(z, t) =(G/Ci) [&Tl(z, t)) —T, (z, t)]/&T (z1, ))r.
The electronic temperature T, (z, t) over the whole region
z ( zb is obtained via solution of Eq. (1) between succes-
sive MD steps [using a Runge-Kutta-type second-order
method [11], with a time-step 0.8(bz) /2D„where
D, =rc, /C, is the thermal diA'usivity of the electrons, and
Bz corresponds to a length equal to 3 interlayer dis-
tances]. To get the lattice temperature profile Tl(z, r),
Eq. (2) (with the first term neglected) is solved for the
region zd ~ z ~ zp. For the dynamic region 0 & z & zd,
Ti =&Tl(z, r)) is obtained from the particle kinetic ener-
gies by averaging the simulation trajectories over 25 h, t
intervals in regions of thickness Bz. The boundary condi-
tions used in solving these equations are T, (zb, t)
= TI(zb, t) = Tb (zb =5000 4 and Tb =1100 K),
dT, (0,t)/dz =0, and dT, (zI„t)/dz =dTI(zb, t)/dz =0.
The material and pulse parameters which we use are
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FIG. 1. Electronic temperature (T,) at the surface region,

consisting of the topmost two layers (solid), and deep in the dy-
namic region, near the static substrate (dashed), and the corre-
sponding lattice (ionic) temperatures (TI) obtained in a simula-
tion using a superheating pulse I0=5x109 W/cm2, starting
from a Cu(111) surface equilibrated at 1100 K. Also shown is

the temporal shape of the laser pulse (dotted line). Tempera-
ture and time in units of K and ps.
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FIG. 2. Temporal evolution of the structure factor iS(klan,
for k =442m/a&310, 1) for Cu(111) and k =2m/a(1, 0) for
Cu(110) and temperature of the whole dynamic system for
laser irradiation MD simulations of (a) superheating of the
Cu&111) surface; (b) melting of the Cu(111) surface; (c) melt-
ing of the Cu(110) surface. In the iS(k)i2 plots the structure
factors for individual layers are denoted by layer numbers, with
the topmost surface layer l=1. The calculated bulk melting
temperature (T =1284 K) is denoted by a dashed line in the
temperature plots. iS(k) i

2 normalized to its value at the initial
temperature T= 1 100 K. T in K and time in ps.
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C, =96.6T, J/m K [13(a)], CI =3.5x10 J/m K
[13(a)], x', =166 W/mK [12(b),13(a)], G = 1 x10'
W/m K [3],R=0.8, and a=5x10 m ' [13(b)].

Typical records of the electronic and lattice tempera-
tures in our simulations are shown in Fig. 1 where we ex-
hibit results obtained for a laser pulse, with Ip

=5 x 10
W/cm (leading to superheating of the surface, see
below), irradiating a Cu(111) surface, equilibrated ini-

tially at 1100 K. We observe significant heating of the
electronic subsystem near the surface, as well as in a
deeper region (though to a somewhat lower temperature,
achieving a peak value slightly after the surface region),
and a transfer of energy to the ionic degrees of freedom,
whose temperature comes close (slightly above) to that of
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the electron Auid shortly after the termination of the laser
pulse, equilibrating to T, at longer times [14].

The temporal and spatial evolution of order and ener-
getics for Cu(111) and Cu(110) are given in Figs. 2 and
3. Comparison of the order parameters for the (111)and
(110) surfaces [Figs. 2(a) and 2(c), respectively], irradi-
ated by the same laser pulse (I0=5x10 W/cm ) shows
that while the (110) surface [as well as the (100) surface,
not shown] underwent melting induced by the laser heat-
ing, crystalline order is maintained at the (111) surface
which remains superheated for —40 ps, with the lattice
temperature rising as much as 40 K over the calculated
bulk melting point (T~ =1284 K [7)). We further ob-
serve that irradiation by a higher-intensity pulse (ID=8
x10 W/cm ) does result in melting of the (111)surface
[see Fig. 2(b)]. It is interesting to note that the disorder-
ing and melting of Cu(110) occurs simultaneously for a
broader surface region [Fig. 2(c)], compared to the
layer-by-layer process at the Cu(111) surface [Fig. 2(b)].

Further details pertaining to the structure of the laser
irradiated surfaces are evident from the layer radial pair
distributions gii(r), shown in Fig. 3(c), where it is ob-
served that long-range crystalline order is preserved at
the superheated Cu(111)sH surface, whereas the g(r)
functions for the melted (111)~ and (110)~ surfaces are
very similar, exhibiting characteristics reAecting the
liquid nature of these surfaces. In this context we add
that the calculated diffusion constants for these surfaces

also reAect their liquid nature, while those corresponding
to the superheated (111)surface are typical to a hot crys-
talline solid surface.

The energetics of the superheated and melted Cu(111)
surfaces shown in Figs. 3(a) and 3(b) portrays an in-
crease in the potential energy of the Cu(111) surface ir-
radiated by the higher intensity pulse [Fig. 3(b)].
Indeed, the increase in F~ is —0.123 eV/atom, in agree-
ment with the calculated [7] heat of melting of copper
(hH~ =0.125 eV/atom, compared to the measured value
of 0.136 eV/atom).

Having observed superheating of a perfect (111) sur-
face it is instructive, for experimental as well as theoreti-
cal considerations, to inquire about the possible inAuence
of defects on the ability to sustain a superheated state of
a solid surface. Since surface melting has been observed
to be initiated by generation of surface vacancies, we
have performed simulations of laser irradiation of defec-
tive surfaces. Surprisingly, we observed superheating of
Cu(111) surfaces even for highly defective surfaces (e.g. ,

imperfect surfaces with up to 10% preexisting vacancies,
either randomly distributed, or in a vacancy cluster).
Moreover, laser irradiation of a Cu(111) surface which
was equilibrated with a preexisting vacancy cluster (VC)
and an adlayer island [see Fig. 4(a)], resulted in su-

perheating coupled with annealing of the surface struc-
ture [see Fig. 4(b)]. The annealing process occurred via
a nondiAusional mechanism. Rather, we observed local
embedding (settling) of the adatoms into the underlying
topmost surface layer inducing cooperative displacements
in that layer and the layer below, resulting in contraction
and eventual filling of the vacancy cluster [see Fig. 4(b)].
Interestingly, such a nondiA'usional settling mechanism
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FIG. 3. (a), (b) Profiles of the number of particles N and po-
tential energies (solid dots, right scale), versus z (the direction
normal to the surface, with the origin taken at the first dynamic
layer deep in the substrate) for superheated Cu(111) Iin (a)l
and melted Cu(111) [in (b)l. (c) Two-dimensional pair-
distribution functions in individual layers (1 and 2 correspond
to the topmost surface layer and the layer below it) of su-
perheated and melted Cu(111) surfaces and a melted Cu(110)
surface. Note the crystalline structure in the superheated sur-
face, (111)sH. Distance in the layer in A.

FIG. 4. Atomic configuration of a Cu(1 1 1) surface contain-
ing a vacancy cluster and an adlayer island (brightest atoms)
prior to irradiation (top), and a configuration recorded 20 ps
after the termination of a superheating laser pulse (bottom).
Dark and grey spheres correspond to atoms in the topmost sur-
face layer and in the layers below it. Note that in the annealed
surface the atoms originating at the adlayer island did not mi-
grate to fill the vacancy cluster.
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was observed by us recently in the context of studies of
stability and spreading mechanisms of metallic nano-
structures supported on metal substrates [15].

The remarkable stability of Cu(111) [and the (111)
surfaces of other fcc metals] against melting correlates
with the high energy for formation of vacancy-adatom
pairs (E„,t) at the surface. An adequate estimate of E„,t

may be obtained by considering the change in coordina-
tion h,, of an atom when it is moved from its original po-
sition in the surface to the adlayer (i.e., the net number of
"broken bonds"). The relative stability of Cu(111) as
compared to the Cu(110) surface is reflected in the
values t5.,(I I I ) =9 —3 =6 and h, (110)=7 —5=2, which
together with E„«(110)=0.4 eV [7] yield a lower-bound
estimate of E„«(111)=1.2 eV. [We remark that in a
bond-breaking model the cohesive energy of a given atom
varies linearly with coordination number (C). The
many-atom interactions in EAM models result in a non-
linear dependence of E(C) which effectively increases the
change in energy when going to low C [16].] A similar
argument applied to the (111) surface containing a VC
shows that the energy cost for formation of a vacancy-
adatom pair from the periphery of the VC is
(2 —2.5)E„,t(110) for the concave edge of the VC, and is
larger than E„,t(110) even for the convex edge of the
adatom island (see Fig. 4). Consequently the stability of
such clustered defects on the (111) surface may be attri-
buted to a relatively high "line tension" which prohibits
mobility and nucleation of surface melting.

The results of our MD simulations of laser-pulse irradi-
ation of copper surfaces, where coupling between the ion-
ic and electronic degrees of freedom was incorporated,
provide significant insights pertaining to dynamics, ener-
getics, and structure of surface superheating and melting
processes. Furthermore, our observations of superheating
and structural annealing of the (111)surface suggest fur-
ther experiments as well as surface processing techniques.
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