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Precursor-mediated molecular chemisorption and thermal desorption are examined by means of
a lattice-gas model using a combination of time-dependent Monte Carlo simulations and deter-
ministic rate equations. Lateral interactions between coadsorbates are assumed to be both pairwise
additive and limited in range to nearest and next-nearest neighbors. The interrelationships among
kinetics, energetics, and adsorbate overlayer structures are analyzed in detail. The method is ap-
plied to the interaction of molecular nitrogen with the Ru(001) surface.

PACS numbers: 68.40.+e, 68.20.+ t, 82.65.Dp

Although the concept of a physically adsorbed,
"mobile precursor" state is not new, ' much recent ex-
perimental effort has been directed toward the under-
standing of the phenomenon of precursor-mediated
chemisorption. 2 Likewise, the influence of mobile
precursor states on the kinetics of molecular chemi-
sorption and desorption has been examined theoreti-
cally both by a reaction kinetics approach3 and by sta-
tistical modeling. In this Letter we introduce a
theoretical modeling scheme for the study of
precursor-mediated molecular chemisorption and ther-
mal desorption, incorporating a combination of Monte
Carlo simulations and deterministic rate equations
with a stochastic formulation. The novelty of our ap-
proach lies in the simultaneous treatment of the vari-
ous, competing elementary processes (physical adsorp-
tion, migration, chemisorption, and desorption) within
a single, integrated model. In contrast to previous
theoretical treatments, the microscopic detail inherent
in our approach allows direct examination of the inter-
relationships among kinetics, energetics, and the for-
mation and evolution of structure within the adsorbate
overlayer. Numerical simulations provide a clear
demonstration of the profound effects of island forma-
tion and growth.

Molecular chemisorption from a mobile precursor
state is examined by use of a lattice gas model and
time-dependent Monte Carlo (TDMC) simulations. s

Molecules are placed sequentially on randomly chosen
surface sites to simulate trapping from the gas phase
into a physically adsorbed precursor state. Each pre-
cursor molecule migrates across the surface in single
jumps to nearest-neighbor (nn) sites. This mobile in-
termediate state is occupied until either desorption or
chemisorption occurs. The binding energy of the pre-
cursor is a function of the local molecular environ-
tnent because of lateral interactions with previously
chemisorbed molecules [assumed to be pairwise addi-
tive and limited in range to nn and nnn (next-nearest
neighbor) adsorbates]. The binding energy of a

molecule physically absorbed over an unoccupied lat-
tice site (the intrinsic precursor state) is given by

&t,
= &O

—XI n, &r+ Xi, nk&„

where eo is the binding energy of an isolated precursor
to the surface, and e„and e, are the repulsive and at-
tractive energies of interaction between the precursor
and a neighboring chemisorbed molecule. The sums in
Eq. (1) are performed over nn (j) and nnn (k) lattice
sites, and n~ and nk are occupation numbers. The
binding energy (e„) of a molecule physically absorbed
over a lattice site occupied by a chemisorbed molecule
(the extrinsic precursor state) is assumed to have a
constant value, 85% of eo.6

Each precursor molecule is temporarily confined to a
particular lattice site by a periodic potential parallel to
the surface, represented by adjacent, intersecting har-
monic wells. The relative depths of neighboring
potential-energy minima are computed according 'to
Eq. (1). The activation barrier to precursor migration
is given by the energy at the intersection point
between adjacent harmonic potentials:

= e + Aery(i j)/2+ [b,ez(ij) ] /16'~, (2)

where e is the activation barrier to migration of an
isolated intrinsic precursor molecule, and 4m~(ij) is
the difference in precursor binding energies between
the ith and jth sites [Ae~(i,j) =a~(j) —e~(i)]. The
probability for precursor migration from the ith to the
neighboring jth lattice site is given by P (i,j)
= Nexp( —e /kaT), where the constant X ensures
unitarity. The probability for precursor desorption is
given by Pd= XX exp( —e~/kBT), where the dynami-
cal factor X is the ratio between desorption and migra-
tion prefactors. The probability of molecular chem-
isorption is

P, = [XXS exp( —eo/k T) ]/(1 —S ),
where So is the initial (zero coverage) adsorption coef-
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FIG. 1. Adsorption coefficient as a function of coverage
for N2 on Ru(001) at 77 K. Vertical bars represent experi-
mental results (Ref. 9), while squares represent averages
over eight TDMC simulations.

ficient. The relative probabilities of precursor desorp-
tion, migration to an adjacent site, or chemisorption
are all functions of the local molecular environment.
Maps displaying the locations of chemisorbed
molecules can be constructed which detail the growth
of adsorbate lattice structure as a function of coverage.

Thermal-desorption spectra (TDS) have been com-
puted by use of a combination of deterministic rate
equations with a Monte Carlo formalism. s Even
though a single binding site and geometry are as-
sumed, chemisorbed molecules can populate a number
of energetically distinct binding states, characterized
by different activation barriers to desorption [ e(bi)]
which are determined by the numbers and magnitudes
of lateral interactions between the chemisorbed
molecules, i.e.,

eb(I) = eb X,. n,' , +—X„-n„e.. (3)

In Eq. (3) eb is the binding energy of an isolated
chemisorbed molecule, and e, and e, are the repulsive
and attractive energies of interaction between neigh-
boring chemisorbed molecules. The rate of desorption
from each chemisorption state is computed with use of
a modified first-order Polanyi-Wigner equation with a
coverage-dependent preexponential factor, 7

d rr;Idt = —~(&)o;eXp[ —eb (i)/-ka T),

with I (0) =voexp(nH). 8 In Eq. (4) cr; is the occupa-
tion number of the ith chemisorption state, and 0 is
the fractional coverage of chemisorbed tnolecules.
The system of coupled differential equations describ-
ing desorption from ail chemisorption states is solved
numerically. During each computational cycle
(6 T & 0.5 K), the appropriate number of molecules is
selected from each chemisorption state according to
Eq. (4) and removed from randomly chosen lattice
sites to avoid the introduction of artificial correlation
effects. The calculation is repeated until all molecules
have desorbed.
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FIG. 2. Thermal-desorption spectra for N2 on RU(001) at
various adsorbate coverages: (a) experimental results (Ref.
9), and (b) TDMC simulation and thermal-desorption
modeling.

The interaction of N2 with the Ru(001) surface has
been examined by this methodology. The results of
TDMC simulations are in good agreement with the ex-
perimentally measured adsorption coefficient9'o (cf.
Fig. 1). Experimentally measured TDS are shown in
Fig. 2(a). Although two peaks are observed at adsor-
bate coverages above 0.25, electron energy-loss spectra
indicate that chemisorption of N2 occurs only at atop
sites. '0 Figure 2(b) shows TDS computed with the as-
sumption of a single binding geometry at atop sites.
Quantitative agreement between calculated and experi-
mental thermal-desorption spectra is obtained for all
adsorbate coverages.

TDMC simulations of N2 adsorption on Ru(001)
have been performed for a surface temperature of 77
K on a lattice composed of 9216 Ru atoms. Maps indi-
cating the locations of chemisorbed N2 molecules chart
the growth of adsorbate lattice structure as a function
of coverage (cf. Fig. 3). Because of the hexagonal
geometry of Ru(001) and the nature and magnitude of
adsorbate interactions, the energetically favored over-
layer structure (as indicated by a well-developed
LEED pattern9 at 95 K) possesses (Z3X J3)R30
symmetry. However, three independent, degenerate
adsorbate phases can exist on this hexagonal surface
which are distinguishable by 120' rotations about a
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FIG. 3. Maps displaying the locations of N2 chemisorbed on sections of the Ru(001) surface generated by (a)—(d) TDMC
simulations of adsorption, and (e), (f) thermal-desorption modeling. Open circles represent surface Ru atoms, while dots
represent N2 chemisorbed atop Ru surface atoms. The solid lines represent the three degenerate phases characterizing this sys-
tem. The fractional N2 coverages are (a) 0.06, (b) 0.15, (c) 0.29, (d) 0.53, (e) 0.29, and (f) 0.15.

threefold axis centered within the triangle formed by
three adjacent Ru atoms. Distinct adsorbate domains
can be observed on a surface where two or more of
these phases coexist.

An examination of both S (8) and maps of the
chemisorbed overlayer allows a detailed description of
the adsorption process. Chemisorption at 77 K occurs
in four distinct stages: (I) island nucleation, (II)
growth of isolated island domains, (III) simulataneous
growth of island domains and antiphase-domain boun-
daries, and (IV) growth of antiphase domains. The
chemisorption of isolated molecules, acting as nu-
cleation centers for the growth of numerous, small is-
land domains, characterizes stage I [cf. Fig. 3(a)].
Cooperative behavior dominates stage II as S(0) un-
dergoes a threefold increase. Increasing order is ob-
served in the chemisorbed overlayer as the edges of is-
land domains serve as the most probable sites for
chemisorption [cf. Fig. 3(b)]. The growth of isolated
island domains continues up to a fractional coverage of
approximately 0.22. "Crowding" between neighbor-
ing islands signals the onset of growth stage III [cf.
Fig. 3 (c)]. Adjacent domains of the same phase
coalesce to form larger islands, while adjacent domains
of differing phase develop grain boundaries. During
stage III, S(H) suffers a fivefold decrease as appreci-

able chemisorption occurs at grain boundaries in addi-
tion to the more energetically favorable island
domains. The onset of stage IV is accompanied by a
change in the slope of S(0) at 0.4 monolayer (cf. Fig.
1). At adsorbate coverages above 0.4, chemisorption
occurs in regions of antiphase domains. Saturation
coverage occurs at approximately 0.55 because of a
steady-state balance between the rate of precursor-
mediated adsorption and the rate of desorption from
the chemisorbed states [cf. Fig. 3(d)].

The influence of lateral interactions between coad-
sorbates on the kinetics and mechanism of molecular
desorption can be evaluated by an examination of both
the adsorbate lattice maps and the coverage-dependent
TDS. For coverages below 0.25, the TDS consist of a
single peak at a surface temperature of approximately
125 K. This peak is associated with desorption from
the perimeters of isolated islands. The N2 chem-
isorbed within isolated islands experience attractive
lateral interactions which increase the activation bar-
rier to desorption above that experienced by an isolat-
ed adsorbate. At adsorbate coverages above 0.3, a
second peak at a surface temperature below 100 K ap-
pears in the TDS. This peak is associated with desorp-
tion from antiphase domains. Molecular N2 chem-
isorbed within these antiphase domains experience
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TABLE I. Kinetic and energetic parameters characterizing the interaction of molecular
nitrogen with Ru(001) with energy in units of kcal/mole.

Intrinsic precursor binding energy
e„.. Extrinsic precursor binding energy
eb. Chemisorption state binding energy

Precursor state migration barrier
Attractive next-nearest-neighbor

interaction energy
Repulsive nearest-neighbor interaction energy

X: Ratio of precursor preexponential factors
of desorption to migration

uo'. Desorption preexponential factor
(low coverage limit)

0. '. Desorption preexponential coverage dependence

1.6
1.4
5.8
0.3

0.45
0.25

500-1000

1O» s-~
17

repulsive lateral interactions which decrease the activa-
tion barrier to desorption. At saturation coverage, the
number of molecules desorbing from antiphase
domains and the number desorbing from isolated-
island perimeters are nearly equal, as are the intensi-
ties of the two thermal desorption peaks. The value of
this type of numerical simulation is clearly evident: By
the relating of the adsorbate structure to kinetic mea-
surements, the two peaks appearing in the "high"-
coverage (0) 0.3) TDS are shown to result solely
from lateral interactions between molecules chem-
isorbed only at atop sites [cf. Figs. 3(d) —3(f)].

Numerical values of the parameters characterizing
the system N2 on Ru(001) (Table I) are obtained by
minimization of the differences between the calculated
and experimental coverage-dependent adsorption coef-
ficients and TDS. Although precursor-state —chemi-
sorption-state and chemisorption-state —chemisorp-
tion-state lateral interaction energies are treated as
separate parameters, adsorption and desorption simu-
lations yield nearly identical values for both. This simi-
larity in lateral interaction energetics is due primarily to
the weak binding energy of chemisorbed molecular nitro

gen on this surface.
Examination of the maps of adsorbate positions as a

function of coverage reveals obvious differences
between the mechanisms of precursor-mediated
molecular chemisorption and thermal desorption from
the chemisorbed state. The absorption mechanism is
dominated by kinetic trapping which results in the for-
mation of numerous, small island domains [cf. Fig.
3(a)—3(d)]. Thermal desorption is dominated by re-
laxation (annealing), as evidenced by the formation of
fewer, but much larger, island domains [cf. Figs. 3(e)
and 3(f)]. The ability to disclose in microscopic detail
the interrelationships among energetics, kinetics, and
adsorbate overlayer structures demonstrates the value
of this integrated approach to molecular chemisorption

and thermal-desorption simulations.
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