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Abstract

A multilayer lattice gas model for adsorption and desorption is formulated and solved using transfer matrix methods.
Ramifications of nearest neighbor and next nearest neighbor interactions on equilibrium properties, on the growth modes,
and on the desorption kinetics are studied in numerous examples. A variety of adsorbate structures and growth modes is
obtained. Mass transfer between the layers can be induced, both under adsorption and desorption conditions.
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1. Introduction

Whereas adsorbates with mainly repulsive lateral
interactions are generally restricted to the submono-
layer regime, those with mainly attractive lateral
interactions exhibit multilayer growth. Examples of
the latter are most physisorbed systems such as rare
gases and inert molecules on metals or insulators [1],
but also strongly chemisorbed systems such as noble
metals on transition metals and others [2]. But there
are also systems where repulsive lateral interactions
dominate in the submonolayer regime and attraction
takes over in higher layers; alkalis on transition
metals are an example. Although such systems have
been studied experimentally for many years and are
obviously of great interest and importance, little
progress has been made on the theoretical side de-
spite major advances in our understanding of adsorp-
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tion and desorption in monolayer adsorbates. In this
paper we will present a theory of multilayer adsorp-
tion and desorption based on a lattice gas.

Most of the applications of the lattice gas model
to crystal growth have been concerned with calculat-
ing phase diagrams and critical properties, e.g. to
establish the roughening transition [3-9]. Others,
based on the solid-on-solid lattice gas model, have
been to the study of detailed growth mechanisms
[10,11]. The literature on the modeling of crystal
growth is enormous, and is mainly concerned with
phenomenological descriptions, see for example Refs.
[12,13].

Our main interest is in the adsorption and desorp-
tion kinetics of the first few layers where effects of
the adsorbate—substrate interaction are still at play.
Our model of multilayer adsorption and desorption,
to be presented in Section 2, is based on a lattice gas
with nearest neighbor and next nearest neighbor
interactions within and between the layers. Its equi-
librium properties are calculated, essentially exactly,
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using the transfer matrix method. For the kinetics,
described in Section 3, we assume that fast surface
diffusion maintains the adsorbate in quasi-equi-
librium. We present detailed results in Section 4, for
bilayers, of the desorption spectra, heat of adsorption
and growth modes.

2. Multilayer lattice gas

Most microscopic theories of adsorption and des-
orption are based on the lattice gas model. One
assumes that the surface of a solid can be divided
into two-dimensional cells, labelled i, for which one
introduces microscopic variables n,=1 or 0, de-
pending on whether cell i is occupied by an ad-
sorbed gas particle or not. In its simplest form a
lattice gas model is restricted to the submonolayer
regime and to gas—solid systems in which the sur-
face structure and the adsorption sites do not change
as a function of coverage. In this paper we generalize
this model to allow for the formation of multilayer
adsorbates. We therefore introduce, in addition to #,,
second layer occupation numbers, m; =0 or 1 de-
pending on whether the site i in the second layer is
empty or occupied. Further layers are described simi-
larly. To introduce the dynamics of the system one
writes down a model Hamiltonian

1
H=Ey Eni +E522nimi +3Vi Z nn;
i i n.n.
1
+ EVﬁ Z nngt+ Vi, Z nymn;

n.n.a. n.no.

1 ER v
+3Va Z nymnm; + >V Z nimn;m;
n.n. n.n.n.

+.... (1)

Thus an isolated particle in the first layer con-
tributes a single particle enmergy E;, and in the
second layer it contributes E,. In this paper we
assume on-top sites for the second layer although we
can also deal with second layer adsorption sites in
bridge or hollow sites, at least in one dimension.
Returning to (1) we identify V;; (V],) and V,, (V},)
as the lateral interactions between two particles in
nearest neighbor (next-nearest neighbor) sites in the
first and second layers, respectively. The interaction
V., is a trio interaction but because for m, =1 we

must also have n; =1 we can also interpret V;, as a
next-nearest neighbor interaction with one particle in
the first layer and another in the second layer, The
nearest neighbor interaction between a particle in the
first layer and another one on top of it in the second
layer is accounted for by E, which also contains the
residual interaction with the substrate.

If we want to study adsorption—desorption kinet-
ics, the number of particles in the adsorbate changes
as a function of time and a proper identification of
E,; is mandatory. Arguing that the lattice gas Hamil-
tonian should give the same Helmholtz free energy
as a microscopic Hamiltonian (for non-interacting
particles) one can show that the proper identification
is given by [14]

Ey = =V — k3T In(q$0g(R) 2)

and a similar expression for E,. Here V{! is the
(positive) binding energy of an isolated adparticle in
the first layer. V{? is the binding energy of a single
adparticle in the second layer atop an isolated parti-
cle in the first layer, ie. the difference V" — V{®
accounts for the interaction between these particles
and the shielding action of the first layer on the
interaction of the second layer with the substrate.

93 =4q,4,, (3)

is a vibrational partition function with respect to the
substrate with

qz=exp(th/ZkBT)/[exp(hvz/kBT) - 1] (4)

its component for the motion perpendicular to the
surface. Likewise, g,, is the partition function for
the motion parallel to the surface for which we will
take a product of functions like (4). We have also
made adjustment for the fact that the internal parti-
tion function for rotations and vibrations of an ad-
sorbed molecule might be changed from its free gas
phase value @, to g, if some of the internal
degrees of freedom get frozen out or frustrated.

3. Adsorption-desorption kinetics

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 situations
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the system at temperature 7' is completely character-
ized by the coverage, 8, with all correlation func-
tions given by their equilibrium values. If non-equi-
librium develops within the adsorbate during adsorp-
tion or desorption, these correlations deviate from
their equilibrium values and a kinetic lattice gas
model must be developed [14] to determine their
time evolution.

The time rate of change of the coverage is due to
an excess flux of molecules hitting the area, g, of an
adsorption site and sticking with a probability S(6,T),
ie. [15]

dé A —
py S(B,T)ash (P-P). (5)
Here, A =h/QmmkgT)/? is the thermal wave
length of a particle of mass m, P is the instanta-
neous pressure above the surface and P is the
equilibrium pressure needed to maintain a coverage
6 of atoms at the temperature T. Writing P in terms
of the chemical potential of the adsorbate, 4, we
get for (5)
de/dt=Rad _Rdes’ (6)

where the rates of adsorption and desorption are

A
Ry =5(6.T)a, P, (7)

kgT ST
Rdes=S(6’T)asWQinte#ad B (8)

The chemical potential we split into a configura-
tional term for a non-interacting lattice gas, x(6),
and a contribution, w,, due to lateral interactions

pea(8.T) = = Vi = kpT In 6§y
+kgTlnx(6) + u,(6,T). (9)
For an adsorbate restricted to two layers one can
show that x(8) is the positive root of

¥*(2-60)y+x(1-6)—-06=0, (10)
with
y = exp[(E®x — E®) /kyT]. (11)

For n layers we get an nth order polynomial
instead of (10). With this we get for (8)
RdCS = S( 97T) aSk_B—]z-‘ antx( 6) e(_ Vél)+ ‘u.i)/kBT-
hA 939
(12)

To make connection with the familiar monolayer
lattice gas we note that y << 1 if the binding of the
second layer is much weaker than that of the first. In
this case we find for § <1

x(6) =6/(1-6) +0(y), (13)
which is the configurational partition function of an

ideal monolayer lattice gas. The second layer contri-
bution is

x(8) =(0-1)/y(2=6) +1/(6~1) +0(y).
(14)

Since y is small the overpressure which is propor-
tional to x must be large to force occupation of this
layer.

To complete the theory we need (i) to specify the
coverage dependence of the sticking coefficient and
(i) to calculate the lateral interaction part of the
chemical potential, u,;, of the adsorbate. The sticking
coefficient is a measure for the efficiency of energy
transfer in adsorption and desorption. As such it
cannot be obtained from thermodynamic arguments
but must be calculated from a microscopic theory or
be postulated in a phenomenological approach, based
on experimental evidence for a particular system or
some simple arguments. For interacting systems it is
generally both coverage and temperature dependent.
To simplify matters we assume in this paper that
sticking is independent of coverage as it is appropri-
ate, e.g. for metals on metals.

We obtain the interaction part of the chemical
potential, w;, by employing the transfer matrix
method [16—22]. The transfer matrix is constructed
for interactions between particles in a pair of adja-
cent rows, with periodicity of the interactions.im-
posed for each row. As each adsorption site may
contain 0,1 or 2 particles, corresponding to the states
|n,m;) =100, 110} and [11), it is convenient to first
recast the Hamiltonian (1) using the three-state basis
with occupation numbers 7{? =n,(1 —m,) and n{®
=n,m; The associated grand partition function,
E(T, M, w), with u the chemical potential of the
particle reservoir over the surface, is then obtained as
the leading eigenvalue, A;, of the transfer matrix,
E =\, with the coverage given by

kgT 8In 5

M |

(15)
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In practice, it suffices to consider only the totally
symmetric subblock of the transfer matrix for this
calculation; 6 is obtained from the corresponding
eigenvector. Also, it is computationally expedient to
specify coverage and temperature meshes and iterate
to a consistent w(6,T), from which all quantities of
interest can be interpolated. Exact results can be
obtained by this method for large enough M. For the
results on a square lattice presented below, we have
used M =4, which more than suffices to illustrate,
accurately, the essential features.

The partial coverages for the two layers and the
total coverage are defined in terms of the occupation
numbers by

6, =Ns_1 E<ni>’

0, =Ns_1 Z <mi>’

(16)

where N, is the number of lattice sites in each layer,
i.e. equal to M for the transfer matrix calculation.

4. Numerical examples

As we are primarily interested in exploring the
influence of the binding and interaction energies on
the adsorption and desorption characteristics of mul-
tilayer adsorbates, we shall reduce the number of
parameters in the calculations by assuming, from
now on, that the vibrational frequencies of isolated
particles are the same in three directions and in both
layers, i.e.

a5 = g (17)

and that the gas phase and the adsorbate consist of
atoms only, so that Q; . = g,,, = 1. We now proceed
in stages of classes of lateral interactions,

4.1. No lateral interactions

To establish a reference we start with an adsor-
bate in which lateral interactions are negligible. Fig.
1a shows temperature programmed desorption (TPD)
rates, R, for a situation where the difference be-
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Fig. 1. (a) Total desorption rates in TPD (with heating rate @ =5

K s™1) for a system without lateral interactions. Parameters, ﬁxoed

for all examples: V{"=14500 K, m=28 amu, a,=10 A?,

v, =v,=y,=5x10" s7!, Binding difference AV, =500 K.

Initial coverages: 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.1 .... 1.9. (b) Partial
rates of first layer (solid) and second layer (dashed).

tween the second layer binding energy and the first
layer binding energy

AV, =V - V@ (18)

is a few percent of either. This results in TPD spectra
with a slight peak shift to lower temperature for
increasing initial coverage due to the prior desorp-
tion of the less strongly bound second layer, as
shown in Fig. 1b which depicts the partial rates.
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Increasing AV, will result in a splitting of the
desorption peak as in Fig. 2a with the lower peak
corresponding to desorption from the second layer,
see Fig. 2b. Fig. 2c shows the partial coverages as a
function of temperature. Of interest is the fact that,
for initial coverages around one monolayer and be-
fore significant desorption occurs, particles are trans-
ferred from the first to the second layer as tempera-
ture increases. This happens because (i) the effective
binding in the second layer is lower, and (i) nearly
all the sites in the second layer are now available for
promotion of the first-layer particles. This transfer
can be enhanced by interactions between the parti-
cles. Because the slopes of the partial coverages,
6,(T), are proportional to the partial rates, a decrease
in 0, implies a (positive) partial rate, —d#,/ds,
below 400 K, where the total rate is still zero (for
initial coverages around a monolayer). The comple-
mentary partial rate from the second layer is thus
negative (but not shown in Fig. 2b). Of course, only
the total rate is observable and it is never negative.
This results in the crossing of the first layer rate
curves for initial coverages of order unity. Recall
that we assumed that fast surface diffusion maintains
the adsorbate in quasi-equilibrium so that the partial
coverages remain at their equilibrium values, i.e. in
the ratio (for a non-interacting adsorbate)

6,/0,=1+1/xy=1+x""1er"o/ksT, (19)

where x = x(6) is given by (10). Note again the shift
in the peak positions to lower temperature, for each
layer, as the initial coverage is increased. This time it
is not due to the overlapping desorption, as the
second layer has essentially disappeared at the peak
rates for the first layer. Nor is it to be interpreted as a
typical manifestation of lateral repulsions, which are
not present in this example. Rather, it is due to our
choice of a constant sticking coefficient. This can be
seen from the expression for the desorption rate (12)
of a monolayer adsorbate maintained in quasi-equi-
librium during desorption. In the absence of lateral
interactions u,=0, x(6) is given by (13) and the
rate is first order, and will not show a peak shift in
TPD, if S()=S,(1—6). For a non-interacting
multilayer adsorbate the sticking coefficient should
be

S(6) =S$,(1~6,) +5,6,, (20)

8 T T Ty T T
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Temperature (K)
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Temperature (K)

Fig. 2. Same as Fig. 1 but with AV;=2000 K; (c) partial
coverages, corresponding to (b).
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Partial Coverages — 1st, 2nd layers
N

.6 8 1.0 1.2 14 16 18 20

Coverage (ML)

Fig. 3. Isothermal layer growth curves for temperatures spanning
the desorption range. Top to bottom: 8, for Fig. 2 (AV, = 2000
K, long dashed lines) with T =300, 450, 600 K; 6, for Fig. 1
(AV, =500 K, solid) with T =300, 450, 600 K; 6, for AV, =
—2000 K, short-long dashes) with T =650, 500, 350 K. The
remaining curves are 8, curves, in reverse order.

because sticking on the bare surface is controlled by
the available number of sites, 6,, and in the second
layer by the number of occupied sites in the first.
Thus if §; =S, we see that the denominators of (13)
and (14), arising from the configurational entropy,
are responsible for the observed shifts. Choosing
S, # S, will re-adjust the relative peak heights and
cause small shifts in their positions.

A further weakening in the second layer binding,
ie. AV, increasing, results in a larger splitting, AT,
of the TPD peaks, which can be estimated from
Redhead’s formula AT = AV, /30 (for a heating rate
of 5 K s™! and a constant prefactor of 10%* s~1),
However, if the binding of the second layer is
stronger than that of the first this leads to a stabiliza-
tion of the first layer. As a result desorption from the
two layers is almost simultaneous and the total rate
is similar to that of Fig. 1a with the differences that

Fig. 4. Lateral aftractions in both layers, V;; = V,, = —1000 K,
Vi, =0 K, AV, = 2000 K. Other parameters as in Fig. 1. (a) Total
rates, initial coverages as in Fig. 1. (b) Isothermal heat of adsorp-
tion for T = 400, 500, 600 K (top to bottom at low @). T, = 567 K
for independent layers. (c) Pressure isotherms for the same tem-
peratures (bottom to top).
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(i) the spectra are narrower, (ii) the peak positions
shift to higher temperatures for increasing initial
coverage, and (ii) the trailing edges drop precipi-
tously.

Fig. 3 displays the layer growth curves, i.e.
isothermal partial coverages as a function of total
coverage for the three cases. Whereas for the system
of Fig. 1 there is a concurrent growth of both layers,
the system of Fig. 2 tends towards layer-by-layer
growth. Nevertheless, even here at high temperature
holes necessarily develop in the first layer due to
promotion of particles into the second layer. For the
system with a stronger binding of the second layer
there is dimer growth, i.e. more or less every first
layer atom is topped by a second atom, {n;) = {m,).

4.2. Lateral attraction in two layers

Adsorbates capable of multilayer growth must
have attractive interactions between the constituents
once the binding to the substrate becomes negligible.
In some adsorbates, such as rare gases on metals and
noble metals on transition metals, attractive interac-
tions already prevail in the submonolayer regime. In
this section we will discuss such systems restricting
ourselves to nearest neighbor interactions only.

We begin with a two-layer system in which the

second layer is bound considerably weaker to the

surface than the first, and the nearest neighbor inter-
actions in the first and second layers are equal,
Vi1 = V,, (in magnitude about twice as much as the
median desorption temperature), and V;, = 0 K. The
TPD spectra, shown in Fig. 4a, exhibit two peaks
indicating layer-by-layer desorption. Each peak has a
common leading edge corresponding to desorption
from a two-phase adsorbate. This is also illustrated
by the isosteric heat of ‘adsorption, per particle,

3ln P

o (0,T) =kgT?
leo( ) B aT 0

(21)

in Fig. 4b, derivable from sets of pressure isotherms,
as shown in Fig. 4c. These show, for each layer, the

Fig. 5. As Fig. 4 but AV, =500 K. (a) Total rates and (b) partial
rates. (c) Partial rate —d#@, /d¢ for 6,=1.0 (solid line) and
6 = 1.9 (long-short dashes), and —d#, /d¢ for 6, = 1.9 (dashed).
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features typical of a monolayer lattice gas for strong

- nearest neighbor attraction, namely at low tempera-

ture a chemical potential constant with coverage,
except outside the coexistence region where the
chemical potential increases rapidly at the comple-
tion of the monolayer and, correspondingly, de-
creases at low coverage. Thus the sharp features at
6 =1 reflect the strict layer-by-layer growth mode,
ie. 8,=0for <1 and 6, =1 for 6> 1. Although
finite size effects (M X « lattice) are present here,
the phase boundaries for the layers for M — « can
be determined from the transfer matrix by a power
law extrapolation on M [19]. These TPD spectra and
heats of adsorption are reminiscent of experimental
data for noble metals adsorbed on metal substrates,
e.g. Cu [23] and Au [24] on Mo(110), Ag and Au
on Ru(001) [25] and Cu on W(110) [26]. A detailed
discussion of some of these systems will be given
elsewhere [27].

In our next example, Fig. 5, we decrease AV, to
that of Fig. 1 which shifts the second layer desorp-
tion peak onto the leading edge of the first layer.
Their partial rates in Fig. 5b still show apparent
independent desorption of the two layers with the
first layer trailing the second at higher temperatures
except for a small overlap. However, desorption
from the first layer is now constrained by that of the
second, resulting in an additional small shift of the
first layer peak (additional to the overall shift due to
zero order desorption) for initial coverages larger
than one monolayer to higher temperatures, as com-
pared to one monolayer. We illustrate this explicitly
in Fig. 5c for initial coverages, 6, = 1.0 and 1.9 ML.
The presence of the second layer suppresses the
desorption of the fraction of the first layer repre-
sented by the area under the ‘curve’ abe. This amount
of material will desorb instead at higher tempera-
tures, and under the ‘curve’ defg. This type of
feature is commonly observed, e.g. for rare gases on
metals [1]. For absorption of several layers the chem-
ical potential will tend towards its bulk value which
implies that the low temperature peak extends to
higher rates and somewhat higher temperatures.

If we bind the second layer more strongly than the
first but leave all other parameters as in Fig. 4 and
Fig. 5 then for temperatures below critical the system
will have two co-existing phases, i.e. a gas of verti-
cal dimers and a condensed phase, with the heat of

adsorption and also the chemical potential being
constant as a function of coverage. TPD traces then
show one common leading edge for both layers and
desorption essentially taking place in pairs with one
particle from the upper and then one from the lower
layer. However, this does not imply that the desorp-
tion products are dimers because for the latter to
form they must be stable in the gas phase at the
chemical potential which is equal numerically to that
of the adsorbate at the desorption temperature (and
remaining coverage).

4.3. Lateral repulsion in first layer and attraction in
higher layers

Some multilayer adsorbates show repulsive lateral
interactions in the submonolayer regime which
switches to attraction as a second layer builds up to
allow for multilayer growth. Examples are alkalis
and rare earth metals on transition metals which
form ‘ionic’ bonds with the surface. The formation
of dipoles in the submonolayer regime also leads to
repulsion which by simple reorientation can switch
to attraction in the higher layers.

We choose the repulsion in the first layer to be
equal in magnitude to the attraction in the second
layer, V}; = —V,, =1000 K. For this repulsion the
first layer alone would desorb as two well separated
peaks in TPD spectra with the separation in tempera-
ture being roughly 130 K for « =5 K s~!. For
AV, =7000 K, so large that the second layer peak
overlaps with the low temperature peak of the first
layer, we get the TPD spectra in Fig. 6a. Despite this
apparent overlap there is still a more or less layer-
by-layer desorption, with a small overlap of the
partial rates just above a monolayer, as demonstrated
in Fig. 6b where we plot the partial coverages as a
function of the total coverage. An interesting feature
also appears in the partial rates: because the second
layer is still present in the temperature region where
the first layer alone would have started to desorb, the
latter will desorb initially with abnormally high rates
as soon as the second layer is gone. This results in
the low temperature spikes in the first layer partial
rates in Fig. 6c. Subsequent desorption follows that
of the first layer alone. For completeness we also
give the heat of adsorption and equilibrium isotherms
in Fig. 6d and Fig. 6e. The drop in the heat of
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Fig. 6. Lateral repulsion in the first layer and attraction in the second, V;; = —V,, = 1000 K, V;;, = 0 K, AV, = 7000 K. Other parameters
as in Fig. 1. (a) Total rates, initial coverages as in Fig. 1. (b) Growth curves, 6; (solid lines) for T = 250, 400, 550 K (top to bottom), and
0, (dashed) in reverse order. (c) Partial rates. (d) Isothermal heat of adsorption for T = 250, 350, 450, 550 K (top to bottom at low 8, solid
curves). Dashed curve is the temperature averaged value, (e) Pressure isotherms for the same temperatures (bottom to top).
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adsorption at 6= 1/2, of magnitude 4V;;, is due to
the formation of a ¢(2 X 2) ordered structure arising
from the nearest neighbor repulsion. Its onset is also
signalled by the upturn of Q(6,T) just below half a
monolayer [21]. The features of this model system
are qualitatively similar to those observed experi-
mentally for Li/Ru(001) [28]; we will also present a
detailed analysis of this system elsewhere [29].

If we decrease AV, the second layer desorption
peak will be moved to higher temperatures and one
can have the situation of Fig. 7a where the two peak
structure of the first layer desorption of Fig. 6a is

Desorption Rate (ML/sec) x100

350 400 450 500 550

Temperature (K)
25 , ; .

20

Partial Rates (ML/sec) x100

0

Temperature (K)

Heat of Adsorption (kJ/mol)
3

350 400 450 500 550

completely suppressed, as also shown in the partial
rates of Fig. 7c. In contrast to Fig. 6 where approxi-
mate layer-by-layer growth and desorption occurred
we now find that the second layer already starts to
grow around §=1/2 and that for 8> 1.6 the two
layers go down together, as illustrated in Fig. 7b.
The heat of adsorption is correspondingly more com-
plicated, see Fig. 7d.

Provided the second layer attraction is strong
enough, and AV, is small, or even negative, it is
possible to recover the two-phase regime of a system
of dimers alluded to in Section 4.1. We show Fig. 8
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Fig. 7. Lateral repulsion in the first layer and attraction in the second, V;; = —V,, = 1000 K, V;, =0 K, AV, = 2000 K. Other parameters
as in Fig. 1. (a) Total rates, initial coverages as in Fig. 1. (b) Growth curves, 8, (solid lines) for T = 350, 450, 550 K (top to bottom), and
9, (dashed) in reverse order. (c) Partial rates. (d) Isothermal heat of adsorption for T = 350, 450, 550 K (top to bottom at low 0, solid

curves). Dashed curve is the temperature averaged value.
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as an example. In the absence of an absolute cover-
age determination the desorption might be inter-
preted as being from the coexistence regime of a
single layer. Essentially the same features are ob-
tained for a range of interaction and binding ener-
gies.

We next look at a system, Fig. 9, with negligible
interactions in the second layer and otherwise the
same as in Fig. 7. Although the absence of the
second layer attraction has eliminated the common
leading edge, the second layer desorption still con-
strains the lower peak of the first layer desorption to
higher temperatures but not as much as in Fig. 7¢
because the partial rate of the first layer in Fig. 9¢
still shows a two-peak structure, albeit compressed in
comparison to a situation where a second layer could
not form at all. The growth mode and heat of
adsorption in Fig. 9b and Fig. 9d, respectively, are
again quite complex but in some features reminiscent
of Fig. 7. The overlap of the first and second layer
desorption traces also manifests itself in the transfer
of particles from the second layer down to the first
around one monolayer total coverage as temperature
increases, Fig. 9e, and this despite the repulsion in
the first layer. For the system of Fig. 7 the transfer is
in the opposite direction. The transfer is also trans-
parent in the crossing of the isotherms in Fig. 9b
around 0.7 monolayers. As neither the total desorp-
tion rate mor the (featureless) pressure isotherms
signify this regime, other techniques must be em-
ployed to detect it, for instance work function mea-
surements.

4.4. Lateral repulsion in first and second layers

Although we are not aware of systems in which
two layers can exist with lateral interactions being
strongly repulsive in both, we present two examples
in Fig. 10 to show the complexity of such systems. If
the repulsion is such that for desorption from either

Fig. 8. Lateral repulsion in the first layer and attraction in the
second, V;; =—05 V,, =1000 K, V;; =0 K, AV, =—1000 K.
Other parameters as in Fig. 1. (a) Total rates, initial coverages as
in Fig. 1. (b) Partial rates. (c) Isothermal heat of adsorption for
T =400, 500, 600 K (top to bottom at low 6, solid curves).
Dashed curve is the temperature averaged value.
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Dashed curve is the temperature averaged value. (e) Partial coverages.
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layer (isolated) results in a two peak structure then
varying AV, will shift these pairs of peaks relative
to each other producing apparently complex TPD
spectra. The system Cu/W(100) [26] appears to be a
candidate for repulsion in the first layer and weaker
repulsion in subsequent layers.

4.5. Next nearest neighbor / trio interactions
between the layers

In layer-by-layer growth the effect of an attractive
next nearest neighbor or trio interaction, V,, be-
tween the layers can clearly be subsumed into the
difference in binding, AV, because each particle
adsorbing in the second layer ‘sees’ four next near-
est neighbors below. In terms of correlation func-
tions this implies that at completion of the first layer
(ninj> =1 so that (nl-minj> = {n,m;) = {m;) s0
that the effect of V,, can be absorbed into E, in the
Hamiltonian (1). Only at the high temperature end of
the desorption range, where depopulation of the first
layer occurs, can there be any departure from this
fact. In dimer growth with nearest neighbor attrac-
tion in the second layer there will also not be any
isolated trios at low temperature, ie. {n;mn;) =
(niminjmj>, so that the effect of V), can be ab-
sorbed into V,,.

Apart from these limits it is not possible to com-
pensate trio interactions by changing other binding
or nearest neighbor interaction energies, although

one might manage to produce qualitatively similar
TPD spectra or equilibrium properties by some ma-
nipulations. We present results for systems where
interesting effects occur which are entirely due to
trio interactions.

The system of Fig. 11 has the same nearest
neighbor interactions as Fig. 6 but a smaller binding
difference, AV;, and a repulsive trio interaction,
V1, =0.5V,,. The TPD spectra are somewhat similar
taking into account that the smaller binding differ-
ence moves the second layer desorption peak to
higher temperatures. This difference appears in the
heat of adsorption, compare Fig. 11 and Fig. 6d. In
both systems the drop at half a monolayer is 4V,;. In
Fig. 11d this drop coincides with AV}, so any devia-
tion from a constant heat of adsorption above half a
monolayer is the result of the repulsive trio interac-
tions. This also has an effect on the growth mode in
Fig. 11b. For comparison we include on this graph
the growth mode in the absence of trios: because the
heat of adsorption is constant above half a mono-
layer the probability of adsorption into the first and
second layer is the same so that with twice as many
second layer sites still empty, the second layer grows
at twice the rate. With the trio interaction suppress-
ing second layer growth an intermediate phase is
observed for coverages between 0.5 and 0.75. Since
only the attraction in the second layer can lower the
energy relative to any other mode of deposition this
structure must involve clusters involving both layers.
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For completeness we also show the partial coverages particles are transferred down, due to the trio repul-
in Fig. 11c. sion, to complete the first monolayer. The addition
If we double the trio interaction we get Fig. 12. of one particle above a monolayer causes a large
Although the TPD spectra contains features present increase in the internal energy of the system (again
in both Fig. 11 and Fig. 6, the heat of adsorption due to the trio interaction) which is negated by a
most closely resembles that of Fig. 6 which exhibited complete rearrangement of the adsorbate, namely
layer-by-layer growth. In contrast, the growth mode into a 2 X2 dimer structure, see Fig. 12c. Subse-
is totally different. At low temperature and up to half quent adsorption remains dimer-like due to the at-
a monolayer every second site in the first layer is traction V,,.
occupied. Then up to #=0.75 an intermediate phase For Fig. 13 we neglect interactions in the first
grows as in Fig. 1lc, after which the second layer layer and choose a strong attraction in the second,
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Fig. 11. Lateral repulsion in the first and attraction in the second layer, V;; = —V,, = 1000 K, and an interlayer trio V;, =500 K,
AV, = 4000 K. Other parameters as in Fig. 1. (a) Total rates, initial coverages as in Fig. 1. (b) Growth curves, §; (solid lines) for T = 300,
425, 550 K (bottom to top at 6= 1.0), 6, (dashed) in reverse order. Superimposed for V;, =0 K, 6, (long dashed) and 6, (dotted). (c)
Partial coverages. (d) Isothermal heat of adsorption for 7= 300, 400, 500 K (top to bottom at low 6, solid curves). Dashed curve is the
temperature averaged value.
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which favors dimer growth, and correspondingly
strong trio repulsion, which will suppress dimers,
which is clearly evidenced in Fig. 13b. The leading
edge of the TPD spectra in Fig. 13a is due to the fact
that between 1.6 and 0.8 monolayers only the second
layer desorbs and from a two-phase regime. For
initial coverages higher than 1.6 monolayers desorp-
tion is dimer-like. This crossover is also demon-
strated in the partial coverages of Fig. 13c.

20 e T T T

Desorption Rate (ML/sec) x100

200 250 300 350 400 450 500 550
Temperature (K)

5. Summary and outlook

We have formulated a lattice gas model to deal
with the adsorption and desorption kinetics in multi-
layer adsorbates. Its equilibrium properties are calcu-
lated using transfer matrix techniques. For adsorbates
in which fast surface diffusion maintains quasi-equi-
librium during adsorption and desorption we can also
calculate the desorption rates essentially exactly from
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Fig. 12. As Fig. 11 but V;, = 1000 K. Other parameters as in Fig. 1. (a) Total rates, initial coverages as in Fig. 1. (b) Growth curves, 8,
(solid lines) for T =250, 400, 550 K (top to bottom at §=0.8), 6, (dashed) in reverse order. (c) Schematic of the restructuring of the
adsorbate at 6 = 1.0. (d) Isothermal heat of adsorption for T = 250, 350, 450, 550 K (top to bottom at low 6, solid curves). Dashed curve is

the temperature averaged value.
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the chemical potential. Equilibrium properties,
growth modes and desorption kinetics are presented
for a variety of model bilayer systems. Many of the
features observed in this modeling have been seen in
experiments. Indeed, we will show in forthcoming
papers dealing with specific systems that quantitative
agreement can be obtained with data. We have em-
phasized throughout this paper, as we have done in
our previous work, the interplay between equilibrium
structures and kinetics. Neither set of data is usually
sufficient to unravel the physics of the system. As an
example, we point to the role of trio interactions
between adjacent layers to induce structures which
show up in both the growth mode and in the desorp-
tion kinetics.

The results presented in this paper are for a square
lattice with on-top growth. Obviously this does not
have the correct coordination for most systems for
which one expects the overlayer particles to sit in
bridge or hollow sites. One effect of this higher
coordination will be to enhance the confinement of
the lower layers. Thus many of the features of the
growth modes and desorption kinetics that we have
illustrated are expected to remain unchanged. The
generalization of the on-top model to other lattices is
straightforward and will be used in forthcoming pa-
pers dealing with particular systems. Judging from
the additional complexity of the equilibrium proper-
ties and of the kinetics obtained for the hexagonal
lattice in the submonolayer regime [22] we can ex-
pect interesting new features.

If surface diffusion becomes so slow that quasi-
equilibrium is not maintained, we expect modifica-
tions of the growth modes and the kinetics. As an
example, the re-organization of the adsorbate struc-
ture in the system of Fig. 12 will not occur instanta-
neously but the overall effect will persist. To deal
properly with the interplay of surface diffusion and
kinetics one avenue is the kinetic lattice gas model
which has already been used to deal with submono-

Fig. 13. Non-interacting first layer, V; =0, attraction in second,
V,, = —2000 X, and trio V}, =1000 K with AV, =500 K. Other
parameters as in Fig. 1. (a) Total rates, initial coverages as in Fig.
1. (b) Growth curves, 8, (solid lines) for T = 350, 450, 550 K
(top to bottom at 6 =0.8), 6, (dashed) in reverse order. (c)
Partial coverages.
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layer systems [14,30,31] and with precursor-medi-
ated adsorption and desorption [32].

The generalization of the on-top model to multi-
coordinated bonding sites is possible for a two-di-
mensional lattice within the transfer matrix formula-
tion, though relatively complex compared to the
present work. For a one-dimensional model we can
easily deal with bridge bonded multilayers .and thus
examine the effect of the on-top approximation. In
addition, the effects of diffusion can be examined
using the kinetic lattice gas model [31].
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