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Employing the restricted-solid-on-solid model, we show that adsorption may result in a decrease of the
roughening temperatureTR due to~i! indirect next-nearest-neighbor adsorbate-substrate repulsion,~ii ! attrac-
tive nearest-neighbor adsorbate-substrate lateral interaction, or~iii ! repulsive adsorbate-adsorbate lateral inter-
action. In all these cases, the ratio ofTR near saturation and for a clean surface is given by a simple combi-
nation of the corresponding interactions. The coverage dependence ofTR , obtained for case~i! by Monte Carlo
simulations, deviates from the mean-field-type prediction. Adsorbate-induced surface roughening observed in
catalytic reactions is also briefly discussed.
@S0163-1829~97!50540-6#

Roughening of perfect single-crystal surfaces is a very
soft ~infinite-order! phase transition. A rigorous proof of its
existence was given by van Beijeren1 by mapping the body-
centered solid-on-solid model on the symmetric six-vertex
model. Since then, this phenomenon has been simulated by
employing various models and techniques~see the reviews in
Refs. 2 and 3!, and now its basic features are well understood
at least in the framework of the lattice approximation~rough-
ening of real surfaces is often complicated4 by enhanced an-
harmonic vibrations of substrate atoms in the top layer!. In
particular, surface roughening is known to be characterized
by the behavior of the correlation function relating the mean-
square height difference between two points separated by
distancer ,

G~r !5^@h~r !2h~0!#2& . ~1!

Below the roughening temperatureTR , G(r ) reaches a finite
asymptotic value atr→`. While atT>TR , this correlation
function diverges atr→` as

G~r !5A~T!1B~T!lnr . ~2!

Experimental studies based on this equation indicate that sur-
face roughening usually occurs at temperatures just below
the melting temperature@for fcc metals, e.g., the ratioTR /TM
is about 0.7–0.8 for the~110! face,5,6 while the ~111! and
~100! faces do not seem to roughen at all up toTM#.

Physically, surface roughening is closely connected with
surface reconstruction.2,3 In analogy with adsorbate-induced
surface reconstruction,7,8 one might expect that surface
roughening as well is strongly affected by adsorption. Mod-
els describing the latter phenomenon are, however, lacking.
Experimentally, the effect of adsorption on surface roughen-
ing has not been systematically studied either. Meanwhile,
this problem is of considerable interest for several reasons.
For statistical physics, adsorbate-induced surface roughening
is a nontrivial example of an infinite-order phase transition in
a binary system~such phase transitions have not been studied

at all!. For fundamental surface science, the understanding of
surface roughening induced or complicated by adsorption is
a necessary step in simulations of rate processes on hetero-
geneous surfaces. In such simulations, the surface structure is
usually postulated and considered to be stable during
adsorption.10 The latter might, however, be far from the re-
ality if adsorption induces surface reconstruction or roughen-
ing ~for a review of the effect of adsorbate-induced surface
reconstruction on thermal desorption, see Ref. 8; adsorption
isotherms on a rough surface predicted by the solid-on-solid
model have recently been calculated in Ref. 9, but the effect
of adsorption on surface roughening, i.e., onTR , has not
been discussed there at all!. In catalytic reactions, surface
roughening is well known11 to be sometimes observed even
at relatively low temperatures, down to 0.320.4TM . The
physics behind such observations is, however, not clear. In
particular, there are no explanations as to why roughening
often occurs easily in the course of reactions but is not reg-
istered during separate adsorption of reactants. The goal of
this paper is to show theoretically that adsorption may con-
siderably reduceTR and, on the basis of this finding, to pro-
pose one of the scenarios of roughening in catalytic reac-
tions.

Our analysis is based on the restricted-solid-on-solid
model ~RSOSM! employed by Rommelse and den Nijs12 to
explore roughening and preroughening of clean surfaces. In
the framework of this model, the crystal is represented as a
two-dimensional array of columns of varying integer heights
hi . For the nearest-neighbor~nn! columns, the heights are
allowed to differ by at most one,hi2hj50,61. The sub-
strate energy is accordingly given by

HM5~K/2!(
i , j

d~ uhi2hj u21! , ~3!

whereK.0 is the interaction constant~referring to the nn
attractive interaction between metal atoms,eMM,0, one has
K5ueMMu/2), ^ i , j & denotes nn sites on a square lattice, and
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d(x)51 whenx50 and vanishes otherwise~the factor 1/2 is
introduced to avoid double counting!.

Assuming the adsorbed particles to be located on top sites
and every site to be occupied at most by one particle, we
complement Eq.~3! by the terms describing adsorbate-
substrate and adsorbate-adsorbate interactions,eAM andeAA .
The nature of adsorbate-substrate interaction might be differ-
ent in different systems. The main ‘‘zero-order’’ term of this
interaction is given by

Hb52D(
i

ni , ~4!

whereD is the binding energy on the perfect surface, andni
the occupation number for adsorption sites. This term is in-
dependent of the surface structure and accordingly can be
omitted. The first-order term, taking into account the depen-
dence of the binding energy on the local arrangement of the
substrate atoms, has two components.~i! An adsorbed par-
ticle may weaken the metal-metal interaction in the underly-
ing substrate layer. In other words, the adsorbate-substrate
binding energy might be higher if the underlying metal atom
has a lower number of nnM neighbors. This so-called indi-
rect next-nearest-neighbor~nnn! adsorbate-substrate interac-
tion is represented as

HAM
u 52eAM

u (
i , j

nid~hi2hj21! ~5!

with eAM
u .0. ~ii ! There is also the contribution of direct nn

adsorbate-substrate lateral interactions (eAM
l ,0 for attrac-

tion!,

HAM
l 5eAM

l (
i , j

nid~hi2hj11! . ~6!

~iii ! In addition, the total energy contains nn adsorbate-
adsorbate lateral interactions,

HA
l 5~eAA/2!(

i , j
ninjd~hi2hj ! . ~7!

Analyzing Eqs.~3! and ~5!–~7!, one can verify that at
saturation~when all the adsorption sites are occupied! the
total energy is again given by Eq.~3!, but with
K5ueMM10.5(eAM

u 2eAM
1 1eAA)u/2. This means that the

critical temperatures atu→1 andu→0 (u is the adsorbate
coverage! are interconnected as

TR~1!5TR~0!ueMM10.5~eAM
u 2eAM

l 1eAA!u/ueMMu .
~8!

Taking into account thateMM,0, we conclude thatTR might
decrease due to~i! the weakening of the metal-metal inter-
action in the underlying substrate layer (eAM

u .0), ~ii ! attrac-
tive adsorbate-substrate lateral interaction (eAM

l ,0), and
~iii ! repulsive adsorbate-adsorbate lateral interaction (eAA

.0). The opposite might occur foreAM
u ,0, eAM

l .0, and
eAA,0. For real metals, one hasTR;70021000 K and ac-
cordinglyeMM;2 kcal/mol. From the analysis of phase dia-
grams of adsorbed particles and thermal desorption spectra,
the values ofeAA are well known14 to be in the range from 1

to 2 kcal/mol. The parameterseAM
u and eAM

l are also ex-
pected to be about 1–2 kcal/mol. Thus all the interactions in
Eq. ~8! are of the same magnitude. The latter means thatTR
might be considerably affected by adsorption.

Employing a plausible mean-field~MF! -type consider-
ation, one can expect that the coverage dependence ofTR is
approximately represented as

TR~u!5TR~0!1@TR~1!2TR~0!#u . ~9!

The MF arguments do not, however, take into account cor-
relations in the arrangement of particles. To illustrate devia-
tions from the MF-type predictions, we have carried out
Monte Carlo~MC! simulations of surface roughening for the
situation when the decrease ofTR results from the adsorbate-
induced weakening of the metal-metal interaction in the un-
derlying substrate layer. The total energy is in this case given
by Eqs.~3! and~5!. To getTR , we have used the procedure
originally proposed by Shugard, Weeks, and Gilmer.13 It is
based on calculation ofG(r ) @Eq. ~1!# at different tempera-
tures and approximation ofG(r ) by expression~2!. At T
5TR , the value ofB in Eq. ~2! is known3,6 to be universal
B(TR)52/p2. The latter makes it possible to findTR .

In our simulations, we assume that initially~at t50) the
surface is perfect and adsorbed particles are located at ran-
dom. The MC algorithm for describing the adsorbate/
substrate system att.0 consists of attempts of independent
successive diffusion jumps of metal atoms@steps~i!# and
adsorbed particles@step~ii !#: ~i! A metal atom on the surface
is chosen at random. One of the nn or nnn columns is chosen
at random. If a jump to this column violates the RSOSM
constraints, the trial ends. Otherwise, the jump is realized
with the probability given by the standard Metropolis rule.
The occupation numbersni are not changed in this case.~ii !
An adsorbed particle is chosen at random. One of the nn
columns is chosen at random. If the top site on this column is
occupied, the trial ends. Otherwise, the jump is realized with
the probability given also by the Metropolis rule.

Employing the algorithm above, we have calculated the
kinetics of surface roughening of the~2003200! lattice~with
periodic boundary conditions! on times up to 106 MC steps

FIG. 1. Correlation functionG(r ) for roughening of the clean
2003200 lattice atT5TR50.9ueMMu for t510, 102, 103, 104, 105,
and 106 MCS’s. Open circles show the fitting ofG(r ) at t5106

MCS’s by employing Eq.~2! with B50.20.
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@one Monte Carlo step~MCS! corresponds by definition to
L3L attempts~L is the lattice size! of diffusion of metal
atoms#.

To obtainTR by using Eq.~2!, we needG(r ) at larger ,
i.e., at least at 5<r<15. For these distances, the time depen-
dence ofG(r ) was found to be relatively strong att,105

MCS’s ~see, e.g., Fig. 1!. For t5105 the results are, how-
ever, almost the same as for 106 MCS’s ~provided thatT is
equal or slightly higher thanTR), i.e., in the latter case the
system is close to equilibrium atr<15 ~if r .15 and t
,106 MCS’s, the surface is not at equilibrium!. For this
reason, the data obtained at 106 MCS’s can be used to cal-
culate TR . For a clean surface, our simulations yieldTR
5(0.9060.05)ueMMu ~we usekB51). This value is in good
agreement withTR50.8ueMMu, obtained by Rommelse and
den Nijs12 on the basis of the transfer-matrix technique. A
typical structure of the surface at temperatures slightly above
TR is represented in Fig. 2. At these temperatures, surface
roughening is rather weak@the deviations ofh from the av-
erage value (̂h&50) are usually<2#. The dependence of
TR on coverage is exhibited in Fig. 3.TR is seen to be higher
compared to the MF predictions~the possible error in esti-
matingTR is not expected to change the main trends in Fig.
3!.

If adsorption occurs at relatively low temperature,Tad,
and after adsorptionTR becomes lower thanTad, surface

roughening connected with formation of vacancies in the
perfect top layer might bekinetically limited. This seems to
be a reason why adsorbate-induced surface roughening is
usually not observed after adsorption at low temperatures. If,
however, adsorption occurs in the course of an exothermic
catalytic reaction under the steady-state conditions, the reac-
tion exothermicity might help to create vacancies via non-
thermal local energy exchange between reactants and sub-
strate atoms. The probability of such nonequilibrium events
per one reaction act is usually very low, but if the turnover
rate is high, the nonequilibrium channel of formation of va-
cancies might be effective. Thus, combination of thermody-
namic adsorbate-induced driving force~low value ofTR after
adsorption! with nonequilibrium exothermic effects might
open up the process of surface roughening even at relatively
low temperatures.

In summary, our study identifies the adsorbate-substrate
and adsorbate-adsorbate interactions facilitating surface
roughening. With realistic parameters, the adsorbate-induced
decrease ofTR might be considerable, but the process can be
kinetically limited. The conditions for adsorbate-induced sur-
face roughening are expected to be more favorable in exo-
thermic catalytic reactions.
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