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Abstract

A lattice gas model for the adsorption and thermal desorption on stepped surfaces is formulated with different adsorption sites
on the terraces, the lower base and the upper edge of the steps and including various lateral interactions. We employ transfer matrix
techniques to get the equilibrium properties, correlation functions and temperature-programmed desorption spectra. A systematic
study is presented on the effect of varying terrace widths for atomic, molecular and dissociative adsorption with attractive and/or
repulsive lateral interactions. We also present preliminary fits to experimental data on Xe, CO and hydrogen desorption from stepped

Pt(111) surfaces. © 1998 Elsevier Science B.V.
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1. Introduction

Steps, kinks and defects play an important role
in the kinetics of surface processes such as adsorp-
tion, desorption and reactions [1-4]. The modifi-
cation of the electronic density in the vicinity of
the steps leads to: (1) different adsorption sites, i.e.
different in their geometry and their binding energy
from the flat terraces; (ii) different lateral inter-
actions between particles adsorbed at the steps;
and (iil) different reaction probabilities and even
reaction paths. That these features are most impor-
tant for heterogeneous catalysis has been known
since the beginnings of surface science and has
been the reason why, in addition to adsorption
studies on atomically flat surfaces, great efforts
have been made to understand the additional
processes and reaction pathways introduced by the
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presence of steps and kinks on well-defined stepped
surfaces as an important step towards a full com-
prehension of the reactivity of real catalysts.
Theoretical approaches to the kinetics at stepped
surfaces have been mostly phenomenological in
nature: one writes down a set of coupled rate
equations with phenomenological rate constants
which are fitted to experimental data. As has been
shown over recent years such an approach is not
even adequate for the much simpler situation of
the kinetics at atomically flat surfaces, most impor-
tantly because it does not incorporate the effect of
lateral interactions in the adsorbate. In this paper
we will therefore extend the theory of adsorption
and desorption on flat surfaces to include steps.
The theory is based on nonequilibrium thermody-
namics and uses lattice gas models to describe the
structure of the surface and the adsorbate. Similar
models have been used to describe surface diffusion
on flat and stepped surfaces employing Monte
Carlo techniques whereas our theory is largely
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analytical using transfer matrix techniques for the
final evaluation of thermodynamic properties
(adsorption isotherms, heats of adsorption,
adsorption entropies, growth modes etc.) and
kinetic data (TPD spectra}.

In the next section we define the lattice gas
model to describe the various adsorption sites on
the terraces and at the steps of a stepped surface.
We specify the Hamiltonian of the system by
assigning different adsorption energies and vibra-
tional properties to the various sites and introduc-
ing lateral interactions between the various
adsorbed species.

To model the adsorption—desorption kinetics we
will assume that fast surface diffusion (fast on the
time scale of adsorption and desorption) maintains
the adsorbate in quasi-equilibrium. In such situa-
tions the desorption kinetics are completely speci-
fied by the fugacity of the adsorbate and all we
need is the chemical potential of the adsorbate
from which we can also calculate the equilibrium
properties. Frequently sticking, dissociation and
reaction is enhanced by the presence of steps. This
can be incorporated in our theory by assigning
different sticking or dissociation probabilities to
the step and terrace sites.

In Sections 3-8 we present a systematic study
of adsorption and desorption at a sequence of
stepped surfaces with progressively narrower ter-
race widths. In numerical examples we will show
predominantly temperature-programmed desorp-
tion (TPD) spectra for the total desorption rates
and for the partial {site) rates, and also heats of
adsorption, adsorption entropies, growth curves
and correlation functions. Our purpose is to
illustrate the diversity and complexity that may
arise in these properties, both as the terrace width
is varied, with other system parameters held con-
stant, and as lateral interactions and site binding
energies are varied. Some of our examples are
representative only, but others are actual attempts
to fit experimental data.

In Section 3 we briefly look at adsorbates with-
out any lateral interactions to establish a reference
point for the ensuing discussion. In Section 4 we
look at adsorbates with predominantly attractive
interactions such as metals or rare gases, and in
Section 5 we give an account of Xe adsorption on

Pt(557) and Pt(112) for which experimental data
are available. In Section 6 we look at molecular ]
adsorbates with predominantly repulsive inter- f
actions, and in Section 7 we have a preliminary :
look at CO on two stepped Pt surfaces. In Section 8
we briefly study dissociative adsorption, such as
hydrogen, on these surfaces. We close the paper
with a discussion of extensions of the formalism
than can and should be undertaken. B

2. Lattice gas model

We assume that the surface of the solid provides
localized adsorption sites which do not change in
their geometric pattern as the coverage of the
adsorbate increases although the energetics of
course can. To define a lattice gas model we divide
the surface into an array of cells each containing N
one adsorption site which we label with an index
i {the generalization to more than one adsorption
site or different adsorption states in one unit cell
is straightforward and has been presented else- -
where [5,6] for flat surfaces). We allow the adsorp- -
tion sites at the base (b) and on the upper edge
(e) of the steps to be energetically different from
those on the interior of the terraces (t). We intro- z
duce occupation numbers 7", n{® and n® equal
to 0 or 1 depending on whether the terrace, base
or edge sites, respectively, are empty or occupied.
We then write the Hamiltonian of the system as _

H= Z (En® +En® + En®) + VIO S nPpl), —

la

b-b {b) (b
+ VPP Y nPnl,
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The first term in Eq. (1) accounts for the energy
gain due to the interaction with the surface. The
single particle energies are given (on the tenaces
as an example) by expressions like [5]

Ei=—Vi—ksTIn(¢¥=1}/Z,,), 2y
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where I is the depth of the adsorption potential
of a (terrace) site, ¢¥' is the single particle partition
function of a particle adsorbed in this site account-
ing for its vibrations perpendicular and parallel to
the surface. Z,, is the partition function for molec-
ular vibrations and rotations in the gas phase, and
z,, accounts for hindered vibrations and rotations
on the surface. The remaining terms in Eq. (1),
pre-multiplied by ¥, account for the lateral
interaction between two particles adsorbed on
nearest neighbor sites on a terrace except for
1% which couples sites across the step. Similar
terms with ¥, account for next nearest neighbor
interactions.

Our examples will be for the fec-n(111) x (100)
surfaces which have a (111) terrace width of »
(rows of ) substrate atoms. However, this need not
be the number of adsorption sites which enters the
construction of the lattice gas. E.g. in a monolayer
of Xe on Pt(557) (with n=6 Pt atoms per terrace)
there are only five rows of three-fold hollow sites
per terrace. We will therefore in the following use
a classification according to the number m of rows
per terrace in the monolayer adsorbate and denote
these as m-surfaces. In addition we distinguish
between adsorbates with the same lattice structure
as the substrate, e.g. for on-top adsorption (which
we will call the on-top model) and those with the
(\/E X \/§)R30" superstructure (which we will call
the rotated model). Fig. 1a shows an example of
the rotated model with nearest and next nearest
neighbor interactions for a terrace of width 5
adsorption sites (m=35). i.e. on a 7(111)x(100)
substrate with 7 substrate atoms per terrace.
Fig. 1b shows the situation for m=3; there are
two nearest neighbor bonds connecting the b- and
e-sites, V¢ on the terrace and V2 across the
step. For comparison we sketch in Fig. lc the
on-top model for m=4 showing that the number
and direction of nearest and next nearest neighbor
couplings are different from those in the m=4
rotated model.

To model the adsorption—desorption kinetics we
will restrict ourselves to systems for which surface
diffusion is fast enough, on the time scale of
adsorption and desorption, to maintain the adsor-
bate in quasi-equilibrium. This constraint has been
used successfully to model the desorption kinetics
on flat surfaces, and we expect it to apply to the
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Fig. 1. Schematics of adsorption sites and lateral interactions
on stepped surfaces. Single lines: nearest neighbor interactions,
e.g. along the top line of (a) ¥ and F{™®: double lines: next
nearest neighbor interactions, e.g. along the top line of (¢)
V4$7Y: dashed lines: interaction V8 across the steps. (a) The
rotated adsorbate structure for m=5. (b) for m=3, (¢) the
on-top structure with m=4. (d) Shows the two “columns” of
connected sites used in the transfer matrix construction for
m=>J.

terraces of stepped surfaces as well. Diffusion
across the steps may be limited by the presence of
more tightly bound particles in which case the
individual terraces may be decoupled. To what
extent this occurs depends on the nature of the
lateral interactions and the site binding energies
[7-9]. Systems in quasi-equilibrium are completely
characterized by the coverage, ¢, and we get the
adsorption and desorption rates, for nondissocia-
tive adsorption as an example, [5,10,11]

do

E :Rad_Rdesa (3)
/

Rad =S(0,T)(ls ; Pv (4)
keT Z,,
RdES —‘S(G T)(Z ——
[]30 :vtr

= V./kgT 9 (8, T)kgT
X e kg 1 Oeu,(v)/B , (5)



ith a, the area of an adsorption site, S(0.7) is
he sticking coefficient and P the instantaneous
ressure. The dependence of the desorption rate
n the binding differences. differences in site parti-
ion functions and the lateral interaction energies
etween t. e and b sites, is accounted for in the
teraction part of the chemical potential,
{6,7), which we must calculate from the
amiltonian {Eq. (1)). To calculate the coverage
nd temperature dependence of y; we employ the
ransfer matrix method [11]. The transfer matrix
constructed for interactions between two adja-
ent “columns” of m adsorption sites perpendicular
o the step edge, Fig. 1d, with the 2™ occupation
tates of these sites indexing the matrix. With the
onstraint of periodicity in this direction (i.e. the
-site at the end of the “‘column” may couple to
he e-site on the terrace above), two “columns”
corporate the interactions in Eq. (1). Unlike that
r the (homogeneous) foec(111) surface, the
ansfer matrix can no longer be block diagonal-
ed. This limits the width of the terrace () that
ne can study. As discussed elsewhere [12-16] the
ading eigenvalue of the transfer matrix corres-
onds to the grand partition function and its
orresponding eigenvector determines the proba-
ilities of the allowed states of the “column”. In
articular, the partial coverages for the t-, e-
nd b-sites are available as a function of coverage,
€.

=0, +0, 4+ 0, =[{n®>+ (m—2)nP> + (P S]jm.
(6)

To complete the theory we need to specify the
overage dependence of the sticking coefficient. It
a measure for the efficiency of energy transfer
adsorption and desorption. As such it cannot
¢ obtained from thermodynamic arguments but
ust be calculated from a microscopic theory or
ken from experiment. For a noninteracting
dsorbate the sticking coefficient decreases linearly
uadratically) on a flat surface for nondissociative
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direct nondissociative adsorption
S0, T)a,=SAT)(1 — ¥ Mag,
+ ST (1= )ay,
+8o(T) (1= (il )) age. , (7)

Here we also allowed for the areas of the different -

adsorption sites to be different. Even in this simple
form one can account for preferential adsorption

at steps by choosing S, much smaller than S, or
Sy To recover the simple 1 —0 dependence the

products of initial sticking and site areas are in

the ratio of the partial coverages. Sticking is gen-

erally effected by the lateral interactions in the

adsorbate. This leads often to a constant sticking

coefficient in adsorbates with lateral attractions

and to rapidly decreasing sticking for strong lateral

repulsions. Once precursors come into play the
coverage and temperature dependence of sticking
is further modified. The effect of lateral inter-
actions on precursor-mediated sticking has recently
been studied for adsorption on flat surfaces on the

basis of a kinetic lattice gas model [17]. It essen-

tially replaces the occupation probabilities in

Eq. (7) by correlation functions induced by lateral __

interactions leading to a great variety of coverage
and temperature dependent sticking coefficients.
Although this can readily be adopted to stepped
surfaces we will for the numerical examples in this

paper choose appropriate sticking coefficients phe-

nomenologically, _

In our numerical examples we will frequently
show and discuss the isosteric heat of adsorption,
i.e. the enthalpy change per particle adsorbed

Oiso =kp T? 0ln P/3T1y = —&(B)/2Blo. (8)

and the corresponding differential entropy

Ag’a,ds = _adsorbate _S—éas = _]\'B ln(P/PO) - Qiso/T-
9

In the interpretation of experimental data one
may write the desorption rate in the Arrhenius
parametrization, assuming a desorption order x

dé

'd_Ides = veff(g)gx exp(_Ed(g)/kB T)a (10) .
issociative into two fragments) adsorption. For d )
stepped surface this is still true for the depen-

ence on the partial coverages, i.e. one writes for

and extract the effective prefactor, v(0), and the
desorption energy, E4(f), from an isosteric analysis _
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of the TPD spectra. Note that for systems in quasi-
equilibrium the desorption energy is an average of
the heat of adsorption over the temperature range
of desorption and that the effective prefactor
is related to the differential  entropy.
VerrceXp(—AS/ky) (again  averaged over the
desorption range).

3. Atomic adsorption with zero/weak interactions

We use the lattice gas model defined by the
Hamiltonian (Eq. (1)) to explain the thermo-
dynamic and kinetic properties of dissociative and
nondissociative adsorption on a series of stepped
surfaces with decreasing terrace widths. Although
our examples will be for the fec-n(111)x (100)
surfaces, we do not expect qualitatively different
results for other surfaces. The majority of the
examples will be for an adsorbate with the
(\/3><\/§)R30‘“ structure. We limit our study to
terrace widths m=2-7 because this encompasses
most of the interesting experimental studies.

The calculations proceed as follows: Once the
adsorption sites. binding and interaction energies
are specified, the transfer matrix is constructed as
discussed above. From the grand partition function
we determine the chemical potential. 1,(6.7), self-
consistently as a function of coverage and temper-
ature which allows us to determine equilibrium
properties (isobars, the heat of adsorption. entropy
changes), and the desorption kinetics.

First we look at an atomic adsorbate in which
lateral interactions can be neglected altogether.
This will serve as a reference for the effects of
significant lateral interactions. Recall that adsorp-
tion on a flat surface such as a fee(111) surface
for the situation where the surface provides only
one type of adsorption site is simple: (i) the
equilibrium properties are given by the Langmuir
isotherm, (ii) the heat of adsorption is constant
and equal to the binding energy of a single atom
to the surface (plus small corrections from the
vibrational degrees of freedom), (iii) the sticking
coefficient decreases linearly with coverage due to
site exclusion only, and (iv) desorption is first-
order. This picture maintains for a stepped surface

in which the binding energy at the steps is so much
larger than on the terrace that the corresponding
TPD peaks do not overlap. If there are 1, and n,
adsorption sites per unit cell on the terrace and on
the steps, respectively. then the heat of adsorption
drops around a coverage n,/(n,+n,) from its value
at the steps to that on the terrace. Up to that
initial coverage desorption occurs in a high temper-
ature TPD peak from the steps only, and at full
coverage the areas under the (separate) TPD peaks
are in the ratio n,/n,.

The kinetics become interesting when the bind-
ing characteristics are such that desorption from
terraces and steps compete. In Fig. 2 we present
TPD data for an adsorbate on various stepped
surfaces neglecting lateral interactions and choos-
ing a sticking coefficient due to site exclusion only,
as appropriate for a noninteracting adsorbate. All
vibrational frequencies are taken to be equal, for
simplicity (though this is rarely the case in nature).
We have taken the binding energy at the base of
the step, V4. to be close to that on the terrace, Vi,
but much lower than that on the upper edge of
the step, V.. This is the case for the systems studied
here but not for all. As a result the desorption
peak from the upper edge is well separated from
the overlapping peaks from the bottom of the
steps and from the terraces, Fig.2a. The main
peaks, due to desorption from the t-sites, are all
around 520 K and are quite symmetric indicating
first-order kinetics. Although this would also be
the case for desorption from the minority edge
sites if they were not kept in quasi-equilibrium
with the b- and t-sites by fast surface diffusion,
their desorption peaks shift considerably to lower
temperature for increasing initial coverage. This is
due to the fact that at the elevated temperatures
of desorption from the e-sites the t-sites are empty,
and the Db-sites nearly so, and desorption can
proceed in two steps, 1.e. a fast repopulation of t-
and b-sites followed by desorption from there.
That desorption from the terrace and step sites is
not altogether independent from each other despite
the fact that there are no lateral interactions in
action, we can see from the corresponding partial
rates, as depicted in Fig. 2b. Here and elsewhere
we have rescaled these rates as follows: the partial
rate from the t-sites is reproduced on the scale of
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Fig. 2. TPD spectra for a noninteracting adsorbate on various stepped surfaces with the rotated adsorbate structure. Left column:
total desorption rates. Right column: partial rates (for every other initial coverage only) from t-sites {solid lines), b-sites {dotted) and
e-sites (dashed). Initial coverages 0.05, 0.1, 0.2, 0.3,..., 0.9, 0.98 and heating rate 1 K s™*. The factors by which the partial rates are

scaled are indicated in order on the axis label. Sticking coefficient S(#)=1-8. Commeon parameters:

V,=146¢€V,

=17V, V,=20¢eV, v,=v,=v,=105"! for all species, a,=16 A, m=28 amu. {a,b) 7-surface, (c,d) 5-surface, (e,f) 3-surface,

{g.h) 2-surface.

Fig. 2a but those of the e- and b-sites are enhanced,
for clarity, by a factor equal to the number of
terrace sites, m—2. Because fast surface diffusion
is assumed to maintain quasi-equilibrium during
desorption there is instant re-distribution of par-
ticles among the adsorption sites even before sig-
nificant desorption takes place. Once the
temperature is high enough to activate desorption
from the (slightly stronger bound) b-sites at the

bottom of the steps the latter sets in, but not with
the long rising edge seen at lower temperature for
desorption from the terraces. The total and partial
rates for m=35,3,2 are shown in Fig. 2c-h.
Clearly, desorption from the 7- and S-surfaces has
more in common than desorption from the 3- and
2-surfaces. Since on the m-site surface 1/m of a
monolayer desorb from the e-sites under the high
temperature peak, on the surface with e- and
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Fig. 2 (continued)

b-sites only, half of a monolayer desorbs from
either. As the asymmetry of the partial rates of
Fig. 2h indicates clearly, it would be wrong to
represent the double-humped TPD spectra by a
superposition of two independent desorption peaks
(as it is often done in the evaluation of experimen-
tal data) because desorption from the more
strongly bound e-sites is delayed as long as there
is a significant population of the more weakly
bound b-sites remaining. We elaborate this point
further with an analytical example in Appendix A.

In Fig. 3 we show a series of examples for which
the binding energies on the terrace and at the step

(Vo=14) are only marginally different (by about
10%). An inspection of the partial rates shows that
the TPD spectra of the step sites are, again, not
those of a noninteracting adsorbate, and the
desorption from the terraces is not first-order. In
fact, these single peak spectra look very much like
those originating from an adsorbate with weak
lateral repulsions which, of course, they are not.
The difference shows up in the coverage depen-
dence of the heat of adsorption (or desorption
energy). For an adsorbate with weak repulsion,
¥\, the heat of adsorption decreases linearly with
coverage whereas on the stepped surfaces the heat
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Fig. 3. TPD spectra for a noninteracting adsorbate on various stepped surfaces with the rotated adsorbate structure. All parameters
(and geometries) as in Fig. 2 except V,=1.8eV, ¥, =1.96eV {J},=2.0eV).

of adsorption shows distinct drops at the satura-
tion coverages of the e- and b-sites and remains
constant for larger coverages.

4. Atomic adsorption with mainly attractive
interactions

We next study the effect of lateral interactions
and concentrate in this section on adsorbates that
have mainly attractive interactions on the equiva-
lent flat surface, in our case fec(111). Examples

are rare gases and metals on transition and noble
metals. Let us further assume that on the flat
surface the lateral atfraction is so strong that
desorption proceeds below the critical temperature,
i.e. out of the co-existing dilute and condensed 2D
phases on the surface implying that desorption is
zero-order (for constant sticking) except for cover-
ages close to zero and one. The modification of
the electron density at steps has two effects: (i) it
(usually) increases the binding energy of a single
atom both at the bottom and on the edge of the
steps {CO on the steps of Ni(11l), however,




S.H. Puyne, H.J. Kreuzer | Swrface Science 399 (1998) 135-159 143

Desorption Rate (1072ML/sec)

500 600 700 800
Temperature (K)

2.0 T

Desorption Rate (1072ML/sec)

500 800 700 800
Temperature (K)

75

o |

.25

Scaled Partial Rates (1,1,1)

500 600 700 800

Scaled Partial Rates (1,1)
w

500 600 700 800
Temperature (K)

Fig. 3 (continued)

provides a counter example [18]): and (ii) it modi-
fies the lateral interactions between particles
adsorbed along the steps and to their neighbors
on the terraces. The latter may actually change
from attractive on the terraces to repulsive along
the steps, as it does e.g. for xenon on stepped
Pt(111) surfaces, but the gain in binding energy
at the steps is usually large enough to lead to the
decoration of the steps before adsorption proceeds
to the terraces.

If there is no coupling across the steps then the
terraces can be modeled as independent systems
of finite width. This implies that the discontinuities

of thermodynamic properties at the phase trans-
ition in the corresponding infinite system (flat
surface) are smoothed. In particular, there is no
sharp phase boundary and, correspondingly, there
is no coverage regime where the chemical potential
is strictly constant. The critical properties of such
surfaces with large step widths have been studied
by Monte Carlo and transfer matrix techniques
[19-22].

For our example we have chosen all lateral
interactions to be of the same strength and such
that on the fce(111) surface desorption is predomi-
nantly out of the co-existence region. The common
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Fig. 4. TPD spectra and heat of adsorption (for temperatures 500 K, 625 K, 750 K spanning the desorption range) for an adsorbate
with lateral attractions of —0.076 eV between all nearest and next nearest neighbors on various stepped surfaces with sticking

coefficient $=1, other data as in Fig. 2. (a—c) 3-surface, (d-f) 4-surface, (g-i) 3-surface.

leading edge, indicative of zero-order desorption,
essentially remains for the main peak from the
5-surface as seen in Fig.4a. Because a lateral
attraction narrows desorption peaks, what was a
broad low temperature peak due to desorption
from {(mainly) the t-sites and a shoulder from the

slightly more strongly bound b-sites (Fig. 2a) now,
in the presence of lateral attraction, shows up as
two distinct {and narrower) peaks. Because the
subsets of e- and b-sites are one-dimensional there
can be no co-existence and thus no zero-order
desorption feature for these peaks. Also the high
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temperature peak from the e-sites no longer shifts
to lower temperatures for increasing initial cover-
age but to higher temperature because, with more
particles adsorbed, more energy in lateral attrac-
tion is gained which has to be overcome in desorp-
tion. This is also clearly displayed in the partial
rates in Fig. 4b. The additional spike in the rising
edge of the partial rates from the b-sites is due to
the delay in desorption as long as the terrace sites
are energetically more favored. The zero-order
desorption region is evident in Fig. 4c as an essen-
tially constant heat of adsorption at lowest temper-
ature (500 K) for 0>2/5. The sharp rise as the
coverage drops below 2/5 is due to the larger
binding energy for the b-sites and at 1/5 due to
the e-sites. The slopes in the heat of adsorption in
the coverage regimes between these rises are due
to the lateral attraction between the e- and the
b-sites, 75 and VP, respectively. We note in
passing that the common leading edge for the
S-site surface pertains even if these latter second
neighbor interactions are switched off. However,
it disappears when we switch off V4", but is still
observed for the wider 7-surface.

We pointed out above that in some systems such
as Xe on the stepped Pt surfaces, the lateral
interactions along the steps can be repulsive. As
long as desorption from these steps does not
interfere with desorption from the terraces the
common leading edge in TPD remains.

As we move to the surfaces with narrower
terraces, Figs. 4d-i, the common leading edge com-
pletely disappears. Although we have kept the
same lateral attraction between all sites the binding
energy differences between the various sites destroy
coexistence at the same temperature, i.e. the sur-
face heterogeneity lowers the “critical” temper-
ature of the adsorbate, in these examples actually
below the temperature range of desorption. Again,
this is evident from the finite slope of the heat of
adsorption in the range of terrace coverage. If we
had chosen an overall binding energy for the
adsorbate such that at this heating rate desorption
would occur in the range 300 to 500 K we would
see the common leading edge on the 4-surface but
no longer on the 3-surface. The smoothing of the
thermodynamic singularities as a result of narrow-
ing terrace widths will also appear in adsorption

isotherms as has been observed experimentally for
Xe on Cu(610)[23]. We summarize: the disappear-
ance of a common leading edge as one goes to a
surface with narrower terraces (but of the same
orientation) is not necessarily due to a reduction
of the lateral attraction on the terraces but can be
the simple result of the energetic heterogeneity of
the surface. Terrace widths as small as seven
adsorbate rows can still exhibit the zero-order
desorption feature (within experimental accuracy)
attributed to homogeneous surfaces.

5. Xe adsorption on stepped Pt surfaces

As a specific example of some of the aspects
discussed above we look at Xe adsorption and
desorption on stepped Pt surfaces. As Rettner
et al. [24] have shown defects on flat surfaces may
influence desorption data significantly. The role of
steps was systematically investigated by Siddiqui
et al. by comparison of thermal desorption from
Pt(111), Pt(112) and Pt(557) surfaces [25]. On
the close-packed (111) surface a desorption maxi-
mum is found at 93 K upshifting with increasing
coverage indicating an attractive lateral Xe—Xe
interaction on the flat platinum terrace. On the
stepped ((100) microfacets) surfaces they found an
additional high temperature desorption peak with
an adsorption energy downshifting with coverage,
interpreted as due to repulsive Xe—Xe interactions
along the steps.

In a recent study of xenon thermal desorption
from flat Pt(111) as well as from stepped Pt(997)
surfaces high-resolution TPD spectra were simu-
lated with the present lattice gas mode! which
included different energetics for terrace and step
sites as well as different lateral interactions between
xenon atoms in five adsorption rows [26]. We will
now extend these models to the lower index sur-
faces studied by Siddiqui et al. [25]. We assume
the same binding energy, frequencies and lateral
attraction for the t-sites as were used in the fit to
the TPD data on Pt(111). For the e- and b-sites
we take the parameters obtained from the fit to
the Pt(997) surface [26] so that our fit to the lower
index surfaces of Siddiqui et al. [25] is parame-
ter-free.
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Although Siddiqui et al. favor an adsorption
geometry with five rows per terrace, the more
recent work by Widdra et al., showing that there
are five rows on Pt(997). suggests fewer adsorption
sites on the narrower terraces of Pt(557). We get
a good fit to the data, Fig. 5a, if we assume four
adsorption rows, m=4, i.e. excluding a row next
to the e-sites. In Fig. 5b we show theoretical TPD
spectra for a constant heating rate of 1 Ks™!
which, compared to the experimental data (points),
does not have enough weight in the high temper-
ature peaks. However, Siddiqui et al.’s TPD data
were generated with an increasing heating rate
between 0.5 K s7! at 90K and 3K s~ ! at 150 K.
With this heating rate we get Fig. 5c. The peak
height ratios are now in good agreement, and so
are the trends in the peak positions. namely that
the main (terrace) peak stays more or less fixed
whereas the high temperature step peak first shifts
to lower temperatures with increasing initial cover-
ages and then slightly back to higher temperatures.
Overall, the theoretical peaks have shifted to
slightly higher temperatures by about 4 K which,
however, might be within the experimental accu-
racy of the temperature measurement. It could be
compensated for by a reduction of the binding
energies of the t-, b- and e-sites by 2%. We stress:
this fit does not adjust any parameters but uses
those deduced for Pt(997) except that we changed
the number of adsorption rows from five on
Pt(997) to four on Pt(557).

Turning to the Pt(112) surface, Figs. 5d-f, the
same model parameters give a reasonable account
of the experimental data. Obviously the binding
energies for the e-sites are too high and for b-sites
too low. Without any terrace sites left on the (112)
surface one would indeed expect that the b- and
e-sites become more similar. However, there is
some uncertainty about the heating rate so that
quantitative conclusions cannot be drawn.

6. Molecular adsorption with repulsive interactions

Lateral repulsions in an adsorbate on a flat
surface induce ordered structures below the corre-
sponding order-disorder temperatures. In the pres-
ence of steps some of these structures may only
appear at much lower temperatures or be sup-
pressed altogether, and new ones may appear.
Whenever desorption occurs below and around
the order—disorder temperature these structures
produce additional peaks and interesting features
in the TPD spectra.

For reference we show TPD spectra, heat of
adsorption and differential entropy for nearest
neighbor repulsion, typical of molecularly
adsorbed species, e.g. CO, on a fce(111) surface,
see Figs. 6a-c. Below the order—disorder temper-
ature T,~0.3511"k,, (V3 xV3)R30° structures
are maximal at coverages 6=1/3 and 2/3. This
results (at low temperatures) in sudden drops in
the heat of adsorption at these coverages by
amounts of 3117 (and valleys in TPD) because
an additional particle adsorbed into the (V3 x V/3)
structure will experience the repulsion from three
neighbors. In the differential entropy the con-
tinuous decrease from coverage zero to 1/3 signals
the increased order as more and more particles
adsorb until the ordered structure is complete.
Above 0=1/3 additional particles can adsorb on
an empty sublattice randomly with order increas-
ing again until §=2/3 is reached. The process
repeats on a third sublattice to a full monolayer.
We have used a linearly decreasing sticking coeffi-
cient but one should remember that molecular
adsorbates with strong lateral repulsions usually
have sticking coefficients that drop off to zero
much faster than that [11,27]. A discussion of the
secondary features in the TPD specira can be
found in Refs. [11,16].

We now contrast this case of homogeneous

Fig. 5. TPD spectra for Xe on Pt(557) and Pt(112). (a) Experiment for Pt(557). (b) m=4 theory with heating rate 1 K's™* and (c)
with the experimental variable heating rate. Initial coverages as indicated. Scale in (b.c) is 0.0217 ML per division. (d-f) m=2 for

Pt(112). Parameters: 17=0.264¢V, },=0.287¢eV, 1.=0.398 eV,

‘,(:t.b.e):9‘0 % 1011 g~ 1 ‘,f‘(.b,e) =‘.fvt.b4e|= 3% 10 g1 Vrle»t)=

—0.004eV, 1= —0.011eV, 11"=-0.004eV. I'F9=0.016eV, V3= 1= pP¥=0, Experimental data reproduced from

Ref. [25].
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adsorption on an infinite hexagonal lattice to
that on a six-row terrace (V,=V,=V,, V&Y
=V =8 P =0)  with no coupling

between terraces (V12 =0) nor mass transfer -

between them, due to a high diffusion barrier, In
Fig. 7 we show adsorption—desorption data for

this surface. Although we again get a three-peaked

TPD spectra as depicted in Fig. 7a, the weights of
the peaks differ and originate from the fact that
the sites at the boundaries of the terrace see fewer
neighbors resulting in a higher desorption energy
as reflected in the partial rates, Fig. 7b, and partial

coverages, Fig. 7c. However, the adsorption pro-

cess is more complicated than the TPD spectra
imply as is revealed by the growth curves, i.e. the

partial coverages (presented in the figures as

average site occupations) as a function of total
coverage for fixed temperature, and the two-
site correlation functions for nearest neighbors
which give the probability that a nearest neighbor
site next to an occupied site is also occupied.
They are given as thermal averages, e.g:
<”§e)”5‘3—u>9 <n(ft>n?-?—a>n <ngt)ngg—)a> etc. The dEVia:,
tions from their values for a noninteracting adsor-
bate, e.g. n¥nl > — > (nlY,>, are a measure
for the effectiveness of the lateral interactions.

As the growth curves, Fig, 7d, show adsorption
at low coverage is equal for the three sites; at =
1/3 a local minimum has developed in the terrace
occupation at low temperature (6,=0 at 7T=0K
and 6=1/3) for which the e- and b-sites are
preferentially occupied since they have the lowest
coordination. At 6 =1/2 the e- and b-sites are fully
occupied (at low T) and further adsorption into
the terrace sites is accompanied by structural
re-arrangements. In particular, at #=2/3 the occu-
pation of the terrace sites at high temperature
which leads to a continuous rise in the t-t correla-
tor, is depleted at low temperature in favor of an

Fig. 6. TPD spectra and equilibrium properties for CO on a

model fee(111) surface with a nearest neighbor repulsion of
VEP=0.1eV and S=(1-0). Molecular properties {for CO):
gas phase T, =3070K and 7,,=2.77K; adsorbed phase:
Thoin=3000 K and 7., =600K; =146 ¢V. Other parame-
ters as in Fig. 2. {a) Desorption rates; {b) heat of adsorption
for T=200, 350 and 500 K (top to bottom at §=0.2); (c)
differential entropy for the same temperatures (bottom to top).
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ordered structure which has the six-fold coordi-
nated (interior) t-sites unoccupied leading to a
minimum in the t—t correlator at low T, see Fig. 7e.
Further information about the process is contained
in the heat of adsorption and the differential
entropy in Fig. 7f and g. The overall drop in Q,,
over the full coverage range must be the same as
for the homogeneous surface because the last
(terrace) particle added also sees six neighbors.
However, at intermediate coverages new structures
(sudden variations in Q,,, and AS) can form due
to differing local environments. For example, at
¢=1/3 there is a drop of V; in the heat of adsorp-
tion when the next particle adsorbs into a terrace
site.

We have investigated other terrace widths and
the on-top lattice structure and found that adsorp-
tion and desorption can be significantly different
from the above. There is obviously a variety of
phenomena which can be explored for finite sys-
tems with approximately homogeneous binding
and repulsive lateral interactions.

We now study a more realistic system in which
the binding at the three sites is distinct. In Fig. 8
we show adsorption-desorption data for the
7-surface with the differences in the site binding
energies being larger than the lateral repulsions
and including next nearest neighbor repulsions.
This results in a multi-peaked TPD spectra as
depicted in Fig. 8a. Again the origin of the various
peaks, and the complexity associated with the
repulsions, can be observed in the partial rates in
Fig. 8b. The highest temperature peak at 570 K is
due to desorption of isolated molecules from the
e-sites as is part of the desorption around 400 K
shifted down by repulsion, in part due to V&,
(The reason why the highest temperature peak is
not around 680 K as in Fig. 2a is due to the fact
that for the present molecular desorption the pre-
factor is larger by about two orders of magnitude
(due to the internal modes of CO) from the one
for atomic desorption in Fig. 2a.) The b- and the
t-sites desorb over a broad temperature range with
considerable overlap, again due to the intricate
competition between lateral repulsions and the
binding energy differences. The finite (negative)
rate for the b-sites (amplified by a factor of seven
in Fig. 8b) at lowest temperature is due to a

transfer of these particles to the e-sites and not
due to desorption. This can also be seen in Fig. Sc,
as a partial coverage initially increasing with tem-
perature during desorption.

Turning next to the equilibrium properties we
first look at the isothermal growth curves in Fig. 8d
for temperatures spanning the desorption range.
Starting with the clean surface the e-sites become
occupied first up to half of their number when the
more weakly bound b- and t-sites follow rather
linearly with coverage. Above half a monolayer
there is a trade-off between the growth on the e-
and b-sites. For isothermal desorption these
growth curves, followed in reverse from the highest
to zero coverage, give the depletion of the various
sites as the total coverage decreases. In TPD one
follows the partial coverages not along an isotherm
but curves that at the highest coverage start at the
lowest temperature and then gradually cross over
to the highest temperature at the lowest coverage.
Further details of the isothermal growth or desorp-
tion modes can be gained from the coverage depen-
dence of the correlation functions in Fig. 8e. Not
surprisingly the <n®n{,> correlations build up
first because the e-sites are filled first. Although
the b- and t-sites grow together initially one can
see from the fact that the t—e correlator is always
larger than the t-b correlator that the t-sites
adjacent to the e-sites are first filled rather than
the t-sites adjacent to the b-sites. Because the
growth of the t-sites is essentially linear with
coverage the corresponding t-t correlator is qua-
dratic in coverage.

As the last equilibrium properties we look at
the heat of adsorption (or cum grano salis, the
desorption energy) and the differential entropy,
see Fig. 8f and g. At the lowest temperature steps
are clearly visible in the heat of adsorption which
originate either at the appearance of an ordered
structure or at the saturation of a particular type
of adsorption sites. Thus at coverage 1/14 every
second e-site is occupied (at low temperature) and
above this coverage an additional particle goes
either into the b- or t-sites producing a drop in
the isosteric heat due to the binding energy differ-
ences. The decrements in the heat of adsorption
at higher coverages are again due to the competi-
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tion between the various lateral repulsions. We
also show as a dashed line the desorption energy
as obtained from an isosteric Arrhenius analysis
of the TPD spectra in Fig. 8a [28]. In effect it is a
temperature average of the isosteric heat over the
temperature range of desorption.

In Fig. 8¢ we show for completeness the
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differential entropy for which the details of
the coverage dependence is similar to the one given
above for an adsorbate on a flat surface, see the
discussion of Fig. 6¢c. Also shown is the prefactor -
from the Arrhenius analysis which is, of course =
related to the differential entropy because

vegrcc@Xp(—AS). Unlike the differential entropy
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Fig. 7 (continued)

the prefactor is not divergent as coverage goes to
zero because we have assumed a first-order desorp-
tion process (x=1) in the Arrhenius parametriza-
tion (Eq. (10}).

We now complement this picture of adsorption
and desorption on the 7-surface of an adsorbate
with strong lateral repulsions with the total and
partial desorption rates on the other surfaces of
narrower terrace widths, Starting with the surface
with b- and e-sites only (i.e. no internal terrace
sites at all ) the TPD spectra consist of overlapping
low and high temperature pairs of double peaks

for essentially independent desorption with the
double-humped structure in either pair reflecting
the strong repulsion along the rows of e- and
b-sites, see Fig. 9a—c. However, the overlap results
in a mass transfer between these sites as desorption
proceeds. On the 3-surface an additional row of
t-sites can be occupied between the e- and b-sites,
and there is now an additional interplay between
the b- and t-sites, due to both binding energy
differences and lateral repulsions leading to com-
plicated TPD spectra, and reflected in the growth
curves, see Fig. 9d-f. This picture changes as we
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go to the 5S-surface where the repulsion between tion, hence desorption, processes are noticeably
the t-sites sets in. leading to Figs. 9g-i. Observe different. Thus, one cannot infer from similar TPD
here that considerable exchange of particles specira (total rate) alone the equivalence of the
between sites is occurring before any desorption adsorption process on different terraces and one
sets in. Although the TPD spectra for m=3, 5,7 needs additional experimental information such as

are qualitatively similar, the individual site adsorp- partial coverages. T

i
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Fig. 8 (continued)

7. CO on stepped Pt surfaces

CO adsorption and desorption on stepped sur-
faces has been investigated thoroughly over many
years, see the references in Refs. [29,30]. As on
most other surfaces CO on Pt can adsorb in at
least two adsorption sites, on-top and bridge-
bonded. As an additional complication, there is a
re-orientation of the molecular axis on the terrace
as well as at the steps as coverage builds up [29].
Although we have incorporated such features in a
multi-site, multi-state lattice gas model on a flat
surface for other systems [6,31] our present model

of stepped surfaces (with on-top adsorption only)
does not include these features. Still, this model
allows us to reproduce the qualitative features of
TPD data for CO on Pt(112) and Pt(335). We
have taken the binding energy and the vibrational
frequencies on the terrace sites either from experi-
mental data for CO adsorption on Pt(111) or
from a fit to TPD spectra on the flat surface
[32,33]. In the absence of other information and
to keep the number of parameters small we take
the same frequencies for all sites on the stepped
surfaces.

We model the Pt(112) surface as having three
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ig. 9. TPD spectra (total and partial rates) and isothermal growth curves for the system of Fig. 8 but with varying terrace widths.

the other lateral interactions are chosen to give a~-

reasonable fit to the experimental TPD data [34].
It 13 also known that the sticking coeflicient is
approximately constant up to coverages close to
saturation. The resulting TPD spectra are shown
in Fig. 10b together with the experimental data in
Fig. 10a. The appearance of the low temperature




S.H. Payne, H.J. Kreuzer | Surface Science 399 (1998) 135-159

peak at 0.4 of saturation coverage (curve b in
Fig. 10a) is reproduced. Our low temperature peak
is not quite wide enough, it is also too high and
the valley between the peaks is too deep. We
suspect that these deficiencies can be overcome by
the introduction of additional binding sites of
slightly different energy. However, this is not the
point of our exercise here. Rather, we want to
show that with the same model parameters and
with addition of one more identical terrace sites
we can obtain a qualitative fit to TPD data of the
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Pt(335) surface. This is shown in Fig. 10c and
Fig. 10d. Further progress on these systems can
only be made with more data, both kinetic and
equilibrium, and a detailed model along the lines
outlined above.

8. Dissociative adsorption with mainly repulsive
interactions

We finally look at dissociative adsorption of
homonuclear diatomic molecules assuming that

1.0 - d

\Syaa

400 500
Temperature (K)

600

0l . ‘

400 500
Temperature (K)

80C

Fig. 10. TPD spectra for CO on stepped Pt. (a) Experimental and (b) theoretical (m =3, on-top structure) for Pt(112). (¢) Experimental

and (d) theoretical (m1=4. on-top structure) for Pt(553). Experimental data reproduced from Ref. [34]
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only atoms are present on the surface. The rate of
associative desorption is given by [5]
kg T .
Ries =S(0,T)a, % Z,. e Pkl res
hit(qy)?

-

% j ‘ eZ;tl(O,T)/kBT. (12)

(1-0)

Here €y is the electronic dissociation energy of
the gas phase molecule.

For our numerical examples we choose binding
energies and lateral interactions appropriate for
hydrogen on Pt surfaces [35] without attempting
detailed fits. The site binding energy differences
are actually the same as those for Fig. 2. Starting
with the 7-surface in Fig. 11a and b we note that
the main peak has the characteristic features of
second-order desorption from the fec(111) surface
with a common trailing edge in this case extended
to higher temperatures by desorption from the
more strongly bound e- and b-sites as demon-
strated by the partial rates. Indeed, desorption
from each site has this characteristic because of
the weak repulsion. There is some mass transfer
between the various sites depending on the initial
coverage. Reducing the terrace width to 5 sites
(Figs. Ilc and d) produces similar total TPD
spectra, but the transfer is noticeably increased.
For the 3-surface the desorption obviously approx-
imates those of three independent sites with some
overlap.

9. Summary and outlook

We have presented a theory of adsorption and
thermal desorption of atoms and molecules on
stepped surfaces. A lattice gas model has been
formulated with different adsorption sites on the
terraces, the lower base and the upper edge of the
steps and including various lateral interactions.
Using transfer matrix techniques we can calculate,
accurately, the equilibrium properties, correlation

functions and temperature-programmed desorp-
tion spectra. A systematic study has been presented
on the effect of varying terrace widths for atomic,
molecular and dissociative adsorption with attrac-
tive and/or repulsive lateral interactions. We have
also presented preliminary fits to experimental data
on Xe, CO and hydrogen desorption from stepped

Pt(111) surfaces.

There are a number of possible extensions of
this work that should be undertaken:

(1) When dealing with thermal desorption we
have in this paper assumed that fast surface
diffusion maintains the adsorbate in quasi-
equilibrium over the temperature range of
desorption. If this is not the case, e.g. due to
limited diffusion across the steps, one must
extend the theory to include nonequilibrium
effects. This can be done in a kinetic lattice
gas model as shown elsewhere for flat surfaces.

(2) So far we have assumed only one kind of
adsorption state for step and terrace sites. As
we have done elsewhere for flat surfaces, the
formalism can easily be extended to include
different adsorption geometries, e.g. on-top
and bridge sites [6,31]. Similarly, it can be
extended to describe multilayer growth, e.g.
as observed for Xe adsorption on Pt(997) [26]
and on Pd(810) [36]. This has been done
already for flat surfaces [37-39].

(3) In this paper we have assumed simple sticking
coefficients, either constant or due to site
exclusion only. There is enough experimental
evidence that on stepped surfaces the steps
play a major role in enhancing sticking, in
particular dissociative sticking [35]. Such
phenomena can again be dealt with in a kinetic
lattice gas model [17,40]. In a preliminary
investigation we have, as an example, been
able to show that the exponential decay of the
sticking probability as a function of coverage
for hydrogen on Pt(111) and Pt(997) is the
result of lateral repulsions as it was the case
for oxygen on Ag(100) [40]. The overall

Fig. 11. TPD spectra (total and partial rates) for dissociative adsorption of hydrogen on a metal surface with varying terrace widths.
Ve=3.0eV, F,=29¢eV, I1=209eV, M= Pi= D= JIro = Peo = 1402 10920.017 eV, S=(1—8)2. Gas phase parameters:
€ais=3.3eV, T, =6324K, T,,,=87.5K. (a.b) m=7, (c.d) m=3, (e.f) m=3.
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increase of sticking on the stepped Pt surface
is explained by the higher dissociation prob-
ability at the steps.

(4) With the overall theory in place one should
now turn to specific examples as we have done,
in exploratory fashion, for Xe and CO adsorp-
tion on stepped Pt surfaces, and fit experimen-
tal data on a series of stepped surfaces. To do
this accurately and meaningfully one needs
good TPD data, structural information and
also equilibrium data to assign unique values
to the various binding and interaction energies
and vibrational frequencies. There is also evi-
dence now that such microscopic parameters
may be extracted from ab initio calculations
as it was recently done for oxygen on
Ru(001) {411].
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Appendix A

In this appendix we elaborate on the discussion in
Section 3 that even for an adsorbate with negligible
lateral interactions the TPD spectra from a stepped
surface are not simply the superposition of several
independent peaks arising from the different bind-
ing sites except when these peaks are well separated
in temperature or completely overlap. We consider
a slightly simpler system, namely one where the t-
and b-sites are energetically equivalent and we
assume that there are n, rows of those plus one
additional row of e-sites per terrace. For N, ter-
races, each with »,+1 sites perpendicular to the
steps, and W, sites in the direction parallel to the
steps we have a total of Ny={(n,+1)N.N, sites on
the surface. The grand potential can then be writ-
ten as

) . N,
‘Q(Tst: w=-—
n, + 1

ks T'In(&), (A)

where the partition function for a row of n,+1
adsorbed particles (perpendicular to the steps) is

E={l+exp[—(E —p)/ke TT}"™
X {1 +exp [— (Ee —:ue)/kB T]}a

where we temporarily introduced different chemi-
cal potentials for the e- and t-sites which in equilib-
rium will be set equal. Differentiation of Eq. (Al)
with respect to y, and p, gives, respectively, the
partial coverages of t- and e-sites, namely

(A2).

6= — " fexp [(E.— ks T]+1} 71, (A3)
n+1
1 -
b= —— {exp [(E.— ks TI+1) 7", (Ad)

n, + 1

from which one can get the chemical potential,
U=, = U, as a function of §=06,+8, and T (by
solving a quadratic equation) as

e,u/kBT —

1+(1+4(1-0)0
g 4 -0) ,

x exp (E, + E)ky THH?) V2],
where
b=[exp(E,/kyT)+exp(E, kg T)]0

n,

1
[ PSR T) —

ny+ 7+

1 exp(E./kgT).
(A6)

For the partial rate of desorption from the
terrace sites we find (using Eq. (A3))

det /{BT )
'—!des = "'St(guT)as Ty exp(‘ut/i{B T): e
dt hi -
kg T ‘ n, +1
—S.(6,.T)a, f t e~VuksT g :
hi qg) 7y

X [1+exp(—E,/kgT) exp(u/k T)]. )
(A7)

For widely different binding energies for the t- and
e-sites, 1.e. for E,>» E,, this reduces to —

/\ B T _ Vt,v'kBT

dé,
_|des = St(atsT)as ¢

dt h2g

0;1[%—1 1 (AS)
t ne 1—86
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Because for a noninteracting adsorbate the only
coverage dependence in the sticking coefficient is
due to site exclusion leading to S,=S,o(1—0,) we
see that Eq. (A8) is nothing but the first-order
desorption from the independent t-sites without
any interference from the desorption at higher
temperatures from the much more tightly bound
e-sites. If the t- and e-sites are not energetically
quite different then they both contribute to the
chemical potential in the temperature range of
desorption and the total TPD spectrum is no
longer the superposition of two independent peaks,
as shown in Figs. 2 and 3 in numerical examples.
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