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Ordinary molecular dynamics surface simulations are particle-conserving. We have found that, while
this restriction may be adequate for a majority of situations, there exists for most surfaces a range
of temperatures where that is not the case. The critical temperature range is between preroughening
and roughening. There, the surface equilibrium state is disordered and flat (DOF), implying a state of
roughly half-filling for the outermost surface layer. A particle-conserving simulation, based initially on
a well-defined, usually integer, number of crystalline layers, must phase-separate into two half-layered
domains. We discuss evidence, indicating that this kind of phase separation is actually taking place in

existing simulations.

1. Introduction

Realistic molecular dynamics (MD) simulations with
continuous potentials, initiated in the sixties, are
nowadays extremely popular and useful in surface
science. A standard setup for one such simulation
is the so-called slab geometry. It consists of a cer-
tain number of crystalline layers, usually integer and
with periodic lateral boundary conditions. The slab
has two surfaces, one or both of which represent the
physical surface under study. The equations of mo-
tion are solved with forces corresponding to some
chosen potential, which can be either empirical, or
first-principles, and thermal averages (for equilib-
rium studies) are handled within some convenient
ensemble, which is, however, generally particle-
conserving. For explicit examples, and a review of
some recent results obtained by classical surface sim-
ulations of metal surfaces, the reader may consult,
for example, Ref. 1. ‘

Our main point is to argue that, unexpect-
edly, the particle-conserving condition may become
dangerous for certain crystal surfaces in certain
temperature regimes. Specifically, the dangerous
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situations arise for surfaces which undergo, in
full equilibrium, thermal preroughening. Above
that temperature, they become disordered and flat
(DOF). This state persists up to a higher surface
roughening temperature, as first shown in simple
models by den Nijs.2 In the temperature range be-
tween surface preroughening and roughening, parti-
cle conservation may easily lead — particularly when
coupled with insufficiently large sizes and simulation
times — to artifacts. The main artifact (if perhaps
not the only one) to be expected, and which we will
describe below, is a peculiar kind of surface phase
separation phenomenon. The surface separates into
two types of DOF domains, each with half occu-
pancy, or adatom coverage, in the topmost layer.

2. DOF Phase Separation in
Particle-Conserving SOS Models

‘We have recently shown how, based on a Monte Carlo
numerical solution of a lattice model (the so-called
FCSOS model®); a full-layered surface with strictly
conserved particles spontaneously separates in this
manner.? The main outcome of that study, best
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Fig. 1. Schematic behavior of occupancies of the first

two layers of an initially full-layered surface as a func-
tion of temperature. A characteristic plateau is expected,
indicating phase separation into DOF domains between
preroughening and roughening (after Ref. 4).

clarified by the temperature evolution of the top layer
surface occupancy, and by the corresponding adatom
concentration, is summarized by Fig. 1. At low
temperatures, well below preroughening, surface
adatom-vacancy pairs are rare, their concentration
growing in an activated manner. At Tpgr, both
adatoms and first-layer vacancies reach concentra-
tion 1/4, and here (neglecting smaller vacancy con-
centrations in the second and deeper layers) their
proliferation suddenly stops. At this temperature,
the grand-canonical surface would develop a nonzero
DOF order parameter, implying a top layer occu-
pancy of 1/2 (i.e. a half-filled layer). Under canoni-
cal, particle-conserving conditions this is however not
possible, and a spontaneous phase separation must
take place. The separation is into two DOF domains
with opposite order parameters, very much as in an
Ising system artificially kept at zero total magneti-
zation below T,. In turn, the separation produces a
pinning of first-layer and adlayer occupancies to 3/4
and 1/4 respectively. A plateau at these values is ex-
pected, so long as the DOF order parameter remains
finite, which is between Tpr and Tg.

This scenario is compelling, and we expect that
it should be realized quite generally, so long as a
well-defined DOF phase is present on a surface. For
instance, SOS-type models different from FCSOS,
proposed earlier to address general issues such as
preroughening versus roughening,? as well as special

- ones such as the interplay of roughening and recon-

struction on fce(110) metal surfaces,8

to predict exactly the same outcome.

are expected

However, the full continuous Hamiltonian of a
real system is sufficiently different and richer than
an SOS model, to suggest careful direct checking of
this hypothesized DOF phase separation on a realis-
tic, particle-conserving MD simulation.

3. DOF Phase Separation in Molecular
Dynamics Simulations for
Metal Surfaces

We can in fact look at the existing simulations first.
Very few of the many realistic, good quality MD sur-
face simulations meet the prerequisites. The onset of
prerdughening and of roughening is in fact extremely
difficult to address via MD, because of the very large
sizes and long times required. A few among the
most recent and extensive studies of high tempera-
ture metal surfaces, turn out to provide some useful.
even if only partial, clues.

One large size MD simulation has recently been
performed -at a single high temperature of 1150 K
(nominally above Tg) for an EAM model of Cu(110)
by the Finnish simulation group.” They found layer
occupancies 0.96 (second layer), 0.77 (first layer),
0.25 (adatom layer) and 0.025 (second adatom layer).
The closeness of the first layer and adatom layer val-
ues to the ideal phase-separated DOF values 3/4 and
1/4 is striking. Therefore, either that particular run
was in reality still within the DOF region of their
effective-medium model of Cu(110), or else the 3/4,
1/4 layer occupancies persist artificially above T by
virtue of finite size. In the latter case, roughening
would then be responsible for the additional 4% of
second-layer vacancies and 2.5% second-adlayer oc-
cupancies. In either case, we conclude that there
is strong evidence for DOF phase separation in this
simulation study of Cu(110).

Another more recent simulation, not as large as
the one just quoted, was done by F. D. Di Tolla, who,
for his thesis in our group, studied the early stages of
surface melting on Al(110)® using a first-principles
derived potential.® At T'/T}, values of 0.946, 0.973
and 0.989, he found top layer occupancies 0.82, 0.85
and 0.82 respectively, with corresponding adatom
layer occupancies 0.22, 0.25 and 0.28. While these
numbers are not as close to 3/4 and 1/4 as those
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for Cu(110), they are again qualitatively suggestive
of a DOF phase separation plateau. They also show
that vacancies spread substantially to layers deeper
than the first. For instance, the occupancies given
above imply that on Al(110) at 0.95 T}, the deep
vacancies are as many as 10% of a monolayer. At
the moment, it is not clear if the deep vacancies are
also an artifact associated with the phase separation,
or whether they would instead remain under fully
grand-canonical conditions. It will be interesting to
pursue further this question in future studies.

4. DOF Phase Separation in Molecular
Dynamics Simulations for
Lennard—Jones Surfaces

If preroughening of metal surfaces is so far specula-
tive, it is on the other hand a very real phenomenon
on rare gas surfaces, and in particular for Ar(111)
and other rare-gas solid (111) surfaces, where it
explains®? the observed re-entrance of layering in the
Ar/graphite adsorption isotherms.®

Recently, we have performed’! new extensive MD
simulations of the Lennard—Jones (LJ) fcc(111) sur-
face, specifically aimed at understanding whether the
DOF phase separation is real. Figure 2 shows the
surface height fluctuations obtained by calculating

5h? = <N1§ Z(hi ~ B)2> ,

where h; denotes the z coordinates of all surface par-
ticles ¢ whose identity and total number Ng are de-
fined at each given configuration, along with the av-
erage height A = (1/Ng)>_; h;. There is a clear
and sudden change of behavior near a breakdown
temperature ~ 0.83 T;,. &h? grows fast for both
SF and LF (a small and a large full-layered system)
below this temperature; above, it levels off close to
that of LH (a large half-layered system). Moreover,
comparison of SF and LF indicates a stronger size
dependence of §h% at the breakdown temperature.
Both features, in accordance with previous discus-
sions based on the FCSOS model,>* strongly sug-
gest that preroughening is taking place at the break-
down temperature, Tpr =~ 0.83 Tp,. A strong size
dependence of Jh? reappears again near 0.94 Tp,,
which is therefore the estimated roughening temper-
ature, Tr =~ 0.94 T,,. Both values are in excellent
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Fig. 2. Height fluctuations §h”> of a particle-conserving
simulated LJ(111) surface as a function of temperature
(after Ref. 11). SF (small full), LF (large full) and LH
(large half) indicate system sizes and integer or half-
integer number of crystalline layers. A break correspond-
ing to preroughening is clearly visible.
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Fig. 3. Layer occupancies of the particle-conserving
simulated LJ(111) surface as a function of temperature
(after Ref. 11; same notations as in Fig. 2). An ap-
proximate plateau is visible, between the preroughening
and the roughening temperatures, indicating DOF phase
separation.

agreement with the experiment,’® Tpgr =~ 0.82 Tp,
TR ~0.95 Tm.

Coming to layer occupancies (geometry and times
are such that the number of atoms lost by evapora-
tion is irrelevant), Fig. 3 shows that the growth of the
vacancy and adatom concentration with temperature
develops a kinklike feature near 0.83 T,. Moreover,
the kink becomes more pronounced with increasing
size, particularly for adatoms. There is a visible ten-
dency to form a plateau which lies between 0.2 and
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0.25. With provisions made for large fluctuations
and corrections induced by finite size, currently be-
ing considered, this represents in our view a rather
clear piece of evidence for DOF phase separation on
the LJ(111) surface between Tpr and Tg.

5. Conclusions

Following suggestions, based on an SOS model study,
that a particle-conserving surface should sponta-
neously phase-separate into two kinds of DOF
domains in a certain temperature regime, we have
considered the impact of such a phenomenon on re-
alistic MD simulations. Preliminary results indi-
cate the presence of DOF phase separation, both
for metal and for LJ simulated surfaces. If unno-
ticed, this phase separation can spoil the validity of
the simulation, as the real surface, generally grand-
canonical in real life, will be full-layered below Ty,
but half-layered above.
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