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Depolarization efFects due to the interaction between adsorbed dipoles on stepped surfaces
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A generalization of the Helmholtz equation for the interpretation of adsorbate-induced work-

function changes (WFC's) on stepped surfaces, which accounts for mutual depolarization effects on

the adlayer, is studied and discussed. The proposed equation, in connection with concentration
profiles obtained through Monte Carlo simulations, allows us to study simultaneously depolariza-
tion and adsorbate distribution effects on the WFC. The limitations of WFC versus coverage mea-

surements, performed at constant temperature on stepped and polycrystalline substrata, to obtain
information about the surface distribution and the polarizability of the adsorbate are also discussed.
The dependence of the electrical depolarization fields and the dipolar interaction energy on both the
polarizability and the distance to the step have also been studied. It is found that under certain cir-
cumstances specified in the text, the model predicts an unexpected phenomenon called
depolarization-induced dipole inversion, consisting in the change of the direction of some dipoles
due to the dipolar interaction. This phenomenon would cause an oscillatory behavior of the curves
of WFC versus coverage, provided that the nucleation of the adsorbate at the steps proceeds in a
row-by-row mode.

I. INTRODUCTION

Experimental evidence of dipolar interaction between
adsorbed particles on single crystals has been widely re-
ported. Typical examples arise from measurements of
adsorbate-induced work-function changes (henceforth
WFC's), ' thermal-desorption traces (henceforth
TD),3 6 and high-resolution ir spectroscopy (henceforth
HRIRS), ' etc. Also, models based on the calculation of
the depolarization effects and energetic interactions for a
planar array of adparticles, considered as point dipoles,
have contributed to the understanding of the above-
mentioned experiments (see, for example, Refs. 1 and
9—12 for WFC's, Ref. 13 for TD, and Refs. 7 and 8 for
HRIRS).

Directing our attention to the interpretation of WFC's
(b P), the original description is based on the well-known
Helmholtz equation, ' derived from classical electrostatics
for a continuous dipole sheet, which may be written as

60= —4mNp,

where N is the number of adparticles per unit surface
area and p is the corresponding dipole moment. More
refined models have since been developed in order to
correlate the measured WFC with the microscopic prop-
erties of the respective system. '

The aim of this work is first to generalize Eq. (1) in or-
der to interpret WFC's on stepped surfaces, considering
both depolarization effects between the adsorbed dipoles
and the substantial difference, frequently reported, be-

tween the dipole moment of adparticles at step sites and
on terrace sites (see, for example, the recompilation of
available experimental data in Ref. 15). Secondly, the
model proposed here, in connection with concentration
profiles derived through Monte Carlo simulations, is em-
ployed to study the influence of the polarizability, the
temperature, and the adatom-adatom and adatom-step
interactions on the WFC's. Interest in the present work
also arises because atoms at step sites contribute most to
the concentration of surface defects in crystalline substra-
ta. ' The study also gives insight into the understanding
of WFC's on polycrystalline samples. The structure of
the work is the following. The proposed generalization of
Eq. (1) is derived in Sec. II. The Monte Carlo procedure
used to evaluate the concentration profiles is briefly re-
viewed in Sec. III. The results are presented and dis-
cussed in Sec. IV and the conclusions are stated in Sec. V.

II. THEORY

In order to evaluate the modifications which have been
introduced in the Helmholtz equation [Eq. (1)] to account
for depolarization effects between adsorbed dipoles on
stepped-metal surfaces, let us consider that the dipoles
are adsorbed on a square lattice of size L &LT, where L
and LT (with L »LT) are the terrace length (which is
parallel to the step) and the terrace width, respectively.
In the present work it is assumed that the dipole moment
of the adparticles is positive (negative) when it is pointing
away from (toward) the surface, causing the work func-
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tion to decrease (increase). Only the component of the di-

pole moment perpendicular to the surface, which is the
relevant one for the evaluation of the WFC's, will be con-
sidered. The interaction between dipoles adsorbed on
different terraces is neglected. This approximation is
reasonable at low coverage and temperature due to the
preferential nucleation of particles close to the steps. '

Furthermore, the error due to this assumption decreases
when increasing the terrace width.

Let us direct our attention to a typical dipole adsorbed
on a site of coordinates (i,j) of the square lattice, with
1 &i & LT and L /2—&j & L /2. The indices i and j refer
to rows parallel to and columns perpendicular to the step,
respectively. In order to avoid boundary effects, the cal-
culations will be performed in the limit L = ~; therefore
it is convenient to select the typical dipole at the column

j =0 taking advantage of the symmetry without loss of
generality. Let p," be the component normal to the sur-
face of the dipole moment of an isolated particle ad-
sorbed at the site (i,j) Whe. n the coverage increases, p,
changes into p; due to the depolarization effects, that is,

T L/2
E = —(1/a') g g nkpk[(k —i)'+i J

k=1 l= —L/2
(6)

The introduced assumption, which implies that the di-
poles of each row are on average randomly distributed,
has been checked by means of a Monte Carlo simulation
on a two-dimensional lattice' and we expect that it
would also hold for the present case. Also, the curves nk
versus k are the concentration profiles which will be cal-
culated in Sec. III. For large values of L, Eq. (6) becomes

LT

E = —(1/a ) g nkAk;
k=1

(7a)

with

Pkl Pk +kl

where 0 kl takes the values 1 or 0 if the site of coordinates
(k, I) is occupied or empty, respectively. The summation
over occupied sites in a row is now replaced by summa-
tion over all sites multiplied by the fractional occupation
of the row [nk, for its definition see Eq. (15)],hence

0
p,, =p,, +aE.. . (2)

where a is the polarizability of the adparticles and E," is
the depolarization electrical field acting on the position of
the considered dipole, which is given by

1 2ElJ ElJ' +EI'J' (3)

T L/2

p„,a [(k i) +l ]-
k =1 l= —L/2

with the restriction (k, l)&(i,O), where a is the nearest-
neighbor distance on the square lattice. Under the as-
sumption just mentioned, one has that

The depolarization fields E;" (n =1,2) are due to ad-
sorbed dipoles (n =1) and their respective images
(n =2).

The physical origin of the dipole moment of an isolated
adsorbed particle merits a brief comment. The surface of
a clean metal has an extremely inhomogeneous short-
range electrical field which induces the polarization of
the adsorbate. The component normal to the surface of
the permanent dipole of the particle in the gas phase (if it
has any), self-depolarization, and charge-transfer effects
also contribute to the dipole moment of the adsorbed par-
ticle. To make the problem more tractable, all the
above-mentioned effects are assumed to be included in
the parameter p;, independent of the surface coverage.

p;J can be experimentally determined from the slope at
the low-coverage regime of WFC versus coverage curves
[see Eq. (1) and the discussion below].

For the evaluation of the electrical depolarization fields
it is reasonable to assume that on the average, the dipole
moments of the particles adsorbed at the same distance
from the step are of the same magnitude. Consequently,
the same argument is valid for the electrical fields and
therefore one can leave aside the index j in Eqs. (2) and
(3). According to the classical electrostatics, E; is given
by

Ak; ——g [(k i) +l—]

=Amok

(7b)

LT

E; =(1/a ) g nkpk(Bk; —Ck;)
k=1

with

(9a)

Bk

and

+ oo 3(2P/a )

[(k 0'+ i'+(2p/a —)']'" (9b)

Ck; —— g [(k i) +l +(2—p/a) ] C

(9c)

Replacing the depolarization fields given by Eqs. (7) and
(9) in Eq. (2) one has

LT

I(+/a ) y nklk(A'i'k —i
i ik —

[
+Cik-

k=1

(10)

that is, A k; depends on
i
k i

i
and—in summation (7a)

one should remember that 1&0 for
i
k i

i

=—0.
The depolarization field due to the images of the ad-

sorbed dipoles can be written as

+ 00

a [(k i) +l—+(2p/a) ] i

Pkl

a [(k i) +—i +(2p/a) ]
with the restriction (k, l)&(i,O), where p is the distance
between the point dipole and the image plane. Under the
same assumptions used to obtain Eqs. (7a) and (7b), one
has that Eq. (8) can be written as
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with 1(i (Lz. Regrouping the terms in p, one obtains a
system of Lz equations with Lz unknowns, i.e., the di-

pole moments p,-.
Now the system of Eq. (10) has to be solved for various

coverages, and Eq. (1) for the adsorbate-induced work-
function changes on stepped surfaces (b,P, ) can be gen-
eralized to account for the depolarization interaction as
follows:

L~

AP, = —4n(l/a Lr) g n;p; .

A similar formalism has also been employed to explain
experimental results on both work-function changes upon
coadsorption' and adsorbate clustering. " The treatment
developed above also allows us to calculate the dipolar
potential energy e., of a dipole at the ith row which is
given by

E, = p, (E,'+—& ) .

III. THE CONCENTRATION PROFILE

V(i) = VOW/i, 1 &i &Lr (13)

where the strength of the potential Vo is a dimensionless
parameter which allows us to express V(i) in the Wener-
gy scale. Under the above assumptions, the Hamiltonian
(H) of the system is

H= —Uo g cr„—W Q o;~o; J
—g V(i)o,j,

i j (ij ij'') ij
where ( ) denotes a nearest-neighbor pair of sites. At the
first step of the Monte Carlo simulations, the lattice sites
are filled in with probability 6 (6 is the surface coverage
which remains constant through all the procedure). Fig-
ure 1(a) shows an example of an initial configuration on a
lattice size L =121 by Lz- ——21 with 8=0.40. Since the
adparticles are randomly distributed only small clusters
can be observed at low coverages (6 &0.5). After depo-
sition at random, the diffusion of adparticles is simulated.
At each time step the probability that a randomly chosen
particle at the site h jumps to a randomly chosen q
nearest-neighbor empty site is exp( —5H/kT) if 5H &0,
or 1 otherwise; where k is the Boltzmann constant, T the
temperature, and 6H is the energy change due to the
movement of one particle from h to q. After a large num-
ber of jumps, the equilibrium configuration is obtained
(for more detail see Ref. 15). Figures 1(b) and 1(c) show

I.et us now briefly discuss the Monte Carlo procedure
employed to obtain the concentration profiles. ' The par-
ticles are assumed to be adsorbed on a two-dimensional
square lattice of size L XLr (L =153 and Lr &51).
Periodic boundary conditions along the direction parallel
to the step have also been used in order to avoid edge
effects. Double occupancy of lattice sites is forbidden.
Each particle is bound to the surface with a binding ener-

gy Uo and each pair of particles in nearest-neighbor sites
contributes an amount 8' to the potential energy. Also,
each particle in the ith row experiences an additional po-
tential energy V(i) due to the step placed at i =0, given
by

m~h

C~. 0 . T.'"M

FIG. 1. Snapshots of the adsorbate distribution on a terrace
of stepped surface, as obtained from Monte Carlo simulations.
~, particles and clusters in contact with the step indicated by
the heavy line at the upper part of the respective figure. +, the
remaining adsorbed on the terrace. 6=0.40, L =151, and
L& ——41. Note the periodic boundary conditions in the direction
parallel to the step. (a) Configuration of particles deposited at
random. (b) and (c) Snapshots of equilibrium configurations ob-
tained assuming 8'/kT =1.0 and Vo ——1 and 5, respectively.

L

n, =(1/L) g o,, 1&i &Lr .
j=l

(15)

The values of n; to be replaced in Eq. (11) for the evalua-
tion of the WFC's are obtained by averaging over 100
equilibrium configurations (similar to those shown in Fig.
1) for each value of 6, Lr, W/kT, and Vo.

In the Monte Carlo simulations the dipolar potential
energy c.; can be neglected as compared with W and this
approximation becomes better when increasing the polar-
izability (see also the last part of Sec. IV). For more de-
tails of the Monte Carlo procedure the reader is referred
to our previous work. '

snapshots obtained, at the equilibrium regime, assuming
8'/kT =1 and different values of the potential strength
Vo ——1 and 5. The strong attractive interaction between
the adparticles leads to the formation, in all cases, of
bigger and more compact clusters than for random ad-
sorption [Fig. 1(a)]. Moreover, in the competition be-
tween particle nucleation at clusters on terrace sites
(crosses) and clusters attached to the step (solid squares),
the latter becomes clearly dominant when the step-
adatom interaction is increased (that is, on going from
the upper to the lower part of Fig. 1). A great variety of
adsorbate-adsorbent systems exhibit selective growth of
adparticles at step sites. In fact, since the early experi-
ment of Basset, ' this preferential growth is the basis of
the well-known "surface decoration technique, "which al-
lows the detection of surface defects, such as steps, dislo-
cations, etc. (See, for example, Ref. 18.) The concentra-
tion profile (n; ) of adparticles in the direction perpendic-
ular to the step placed at i =0 is obtained by using
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IV. RESULTS

For the sake of comparison we have considered it use-
ful to present only those results obtained keeping fixed
some parameters of the model. Therefore in all cases dis-
cussed further on, one has I.z ——11 and a =5 A. Avail-
able results show that P is of about half the substratum-
adatom bond length, " i.e., 2P=R, +a/2 where 8, is
the atomic radii of the substratum. In the following we
assume 2P=a, i.e., 8, =a/2, while in principle P is an
adjustable parameter of the model. Furthermore, we
have used p, =p

&

——0.9 D for isolated dipoles at step sites
and pr ——p, =0.3 D (with 2 &i & Lr } for isolated dipoles
at terrace sites. The values ofp, and pz have been select-
ed considering the reported difference between the mag-
nitude of the dipole moments for particles adsorbed at
step and on terrace sites as it follows from WFC measure-
ments on well-characterized stepped surfaces' ' (see also
Table I in Ref. 15).

Figure 2 shows the %FC's versus e as evaluated using
Eq. (11) for stepped surfaces assuming Vo ——5, a=O, and
different values of W/kT. The slope of the straight line
obtained for the high-temperature behavior (W/kT=O,
i.e., random adsorption) defines an effective dipole mo-
ment p,s ——pr+(p, pr)/Lz. —(Ref. 15) with p, s.=0.35 D.
In this particular case, measurements of the WFC's are
not sensitive to the presence of surface steps since the
same straight line should be obtained by using a flat sur-
face and assuming p,s as the dipole moment of the adpar-
ticles. Lowering the temperature of the sample, the
Monte Carlo simulations show (see Fig. 1) that the parti-
cles are preferentially adsorbed close to step sites in
agreement with most of the available experimental data.
This behavior which is introduced into Eq. (11) through
the concentration profiles is clearly evidenced in the cal-

culated WFC's as it is shown in Fig. 2 for W/kT =0.5
and W/kT=1. 0. Precisely, the preferential adsorption
at step sites, with higher dipole moment, causes the work
function to change more than for the previous case of
random adsorption. For W/kT= 1 and strong enough
step-adatom interaction ( Vo = 5 }, the plot of b P, versus
6 has two well-defined regions of linear variation which
allow us to recover the input values of p, and pz-. This
behavior is in excellent agreement with available experi-
mental data for the systems Xe/Ru(0001) (Ref. 19) and
Xe/Pd [8(100)X(110)], as it has previously been ana-
lyzed in detail, ' therefore it has been briefly discussed
here for the sake of comparison with the results presented
further on.

Figure 3 shows the dependence of both the concentra-
tion profile and the total electrical depolarization field E;,
given by Eqs. (3), (7), and (9) on the distance perpendicu-
lar to the direction of the step, for 6=0.4, W/kT =1,
and the same parameters as those used in Fig. 2. The
abrupt decrease of the concentration profile upon increas-
ing the distance to the step indicates the preferential nu-
cleation of adparticles close to the step as has just been
mentioned. For a=0, and due to both the higher dipole
moment of the adatoms at step sites comparing with
those on terrace sites and the preferential growth close to
the step,

~
E;

~

also abruptly decreases upon increasing
the distance to the step. In fact, for the example shown
in Fig. 3 the field at the first two rows (i =1,2) close to
the step is roughly 1 order of magnitude higher than the
field at the last (i =Lr ) row. This situation can no longer
remain for a & 0, but in order to analyze this case it is
convenient to make some remarks about the polarizabili-
ty. Since in the system of equations which gives the di-
pole moments [Eq. (10}]the polarizability always appears
combined with the nearest-neighbor distance in the form
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FIG. 2. Plot of hP, vs 8 as calculated witk Eq. (11) for ad-
sorption on stepped surfaces. L&——11, a =5 A, p& ——0.9 D,
p;=0.3 D (2&i &L&), and a=0. (a) 0, random adsorption
( W/kT=0). From the slope of the straight line an effective di-
pole moment of p,I=0.35 D has been obtained using Eq. (1).
(b) A Vp =5 W'/kT =0.5. (c) ' Vp =5 W/kT = 1. From the
slope of the low- (high-) coverage-regime straight line a step
(terrace) effective dipole moment ofp, =0.3 D (pz ——0.87 D) has
been obtained.

QQ

FIG. 3. The concentration profiles (n„right-hand axis) vs the
distance to the step in units of the nearest-neighbor distance a;

Ly'= 1 1 Vp =5 W/kT = 1.0 0=0.4. Plot of the depolari-
zation field (E;, left-hand axis) vs the distance to the step. 0,
ap ——0.0; 0, ap ——1.0. The lines have been drawn to guide the
eyes.
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a/a, it is useful to define a dimensionless polarizability
by ap=a/a . The relevant range of ap can be deter-
mined using typical values of a and a. For example, for
free-space metal atoms such as Ag, Au, Pt, Ir, and W, a
increases from 9.2 to 16.8 A, ' while for these metals a is
roughly about 2.8 A, which gives 0.4 ap 0.8. Also,
for Xe one has a=4.01 A (Ref. 21) and a =4.5 A, that
is ap=4. 4)&10, which is consistent with the fact that
Xe-induced WFC's are well interpreted by Eq. (11) with
a =ac——0 (see Fig. 2). It should also be mentioned that a
fourfold adsorption-induced enhancement of the polari-
zability has been reported for Ni on Ni(111) (Ref. 2)

(af ——7 A and a, =24 A for the free and the adsorbed
Ni atom, respectively). Therefore, in the present work we
have analyzed the range 0 & ap ( 1.0 which involves most
of the cases of interest. Adsorption systems with higher
polarizabilities such as alkali-metal atoms on transition-
metal surfaces lie out of the studied range of ap, but also
the concentration profiles derived through the Monte
Carlo simulations are not useful for these systems since
the structure of the adlayer is determined by the dipolar
repulsion ' rather than by the energies considered in the
Hamiltonian of Eq. (14).

For ap Q 0 the depolarization field causes the reduction
of the dipole moments with the consequent reduction of
the depolarization field in a self-consistent manner. This
behavior is evidenced in Fig. 3 for ap ——1.0, where E;
smoothly depends on the distance to the step. An addi-
tional effect, due to the strong depolarization field close
to the step, is the change in the direction of the electrical
dipoles in some rows, as is discussed further on.

Figure 4 shows the influence of the polarizability on
the WFC's for random adsorption on stepped surfaces
(WlkT =0). The straight line for ao ——0 has also been
included for the sake of comparison with Fig. 2. For
ap&0 deviations from the straight-line behavior are a
consequence of the dipolar interaction which causes the
dipole moments of all the rows to decrease with respect
to the value for isolated adsorbed particles. Obviously
for a fixed coverage and ap) 0 all the calculated WFC's

are of less magnitude than for the case ap=0. Neverthe-
less, bent curves with a marked tendency for saturation at
high coverage, as those shown in Fig. 4 for ap 0.5 do
not give enough information by themselves to infer some
of the properties of the system under study, such as sur-
face distribution of the adsorbate, polarizability, etc.
This statement can be easily understood after inspection
of Fig. 5, which shows the dependence of the WFC's
upon coverage for the case of preferential nucleation at
step sites with Vo ——5, WlkT =1, and difFerent values of
ap. The case ap ——0, with the typical two-straight-line be-
havior, has also been included for the sake of comparison
with Fig. 2. For ap) 0.25, the knee observed with ap ——0
can no longer be distinguished and after a visual inspec-
tion the curves are similar to those obtained for both ran-
dom adsorption (Fig. 4 with ac&0) and interactive ad-
sorption at the intermediate-temperature regime (Fig. 2
with ao ——0 and WlkT =0.5).

Summing up, let us stress that the results presented in
Figs. 2, 4, and 5 clearly point out the limitations of the
WFC measurements performed at a single temperature.
The situation may be even worse in the case of WFC's
upon adsorption on polycrystalline samples due to the
preferential nucleation of the adsorbate not only at step
sites but also at grain boundaries, intercrystalline gaps,
and other surface defects. Also, one may expect that par-
ticles adsorbed at these sites should have different dipole
moments. For ap ~ 0.2, careful measurements on stepped
surfaces covering a width range of adsorption tempera-
tures should be compared with results from single-crystal
flat surfaces, in order to allow an independent determina-
tion of pT from the initial slope of the WFC versus e
curves.

Another interesting prediction of the model is that, due
to the depolarization electrical field and depending on ap,
the dipole moments of the particles adsorbed on some
rows of a stepped surface could have the opposite direc-
tion from isolated adparticles on the same rows. In fact,
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FIG. 4. Plot of hP, vs 8 as calculated with Eq. (11) for ran-
dom adsorption (WjkT=0) on stepped surfaces. LT ——11,
a =5 A, pl ——0.9 D, p; =0.3 D (2 &i & LT), and different values
of ao. ~, ao ——0.0; L, ao ——0.25; +, ao ——0.50; 8, ao= 1.0.

FIG. 5. Plot of hP, vs 6 as calculated with Eq. (11) for ad-
0

sorption on stepped surfaces. LT ——11, a =5 A, pl ——0.9 D,
p, =0.3 D (2&i &LT), V, =5, W/kT=1, and different values
of ao. ~, ao=0.0; ~, ao ——0. 10; L, a0=0.25; $, ao=0. 50; +,
ao=1 0



38 DEPOLARIZATION EFFECTS DUE TO THE INTERACTION. . . 7937

I09 $$~~ (tt)~ ~g~g
n o6 — ~
pi
(')o3-

0.0—

(b) (c)

I
~ I=)

Fig. 6 shows the dependence ofp; (1 &i & 3) versus ao for
6=0. 10 and two cases: random adsorption
( W/kT =0.0) and preferential nucleation at step sites
( Vo ——5 and W/kT =1.0). At this low coverage and for
W/kT =0.0, the dipole moments of all the rows slightly
decrease with respect to the values of the isolated parti-
cles. On the other hand, the preferential adsorption close
to the step causes the depolarization field to increase in
this region, and consequently the dipole moment appreci-
ably decreases for i =1. The inhuence of the depolariza-
tion effect is more dramatic for i =2 since the dipole mo-
ment changes its original direction for ao~ ao;, where ao;
is the value of the polarizability where the dipole moment
at the ith row is zero. In Fig. 6 a02-0. 25. At low cover-
ages, 8=0.10 in the example of Fig. 6, only minor
differences between random and preferential adsorption
can be appreciated for i ~ 3.

It is also interesting to study how this depolarization-
induced inversion of the dipole moment is propagated
through all the rows at higher coverages. Figure 7 shows
the variation of p; (1(i &6) versus ao for 8=1.0. Note
that the assumptions made for the evaluation of the depo-
larization fields in Sec. II, concerning both the random
distribution of the particles along the rows and the mag-
nitude of the dipole moments, are strictly valid for
6=1.0, while on the other hand, the assumption of
noninteraction between dipoles adsorbed at different ter-
races becomes weaker. At this coverage the direction of
the dipole moment is reversed in three rows i =2, 4, and
6 with ao&-=0. 21, a~-=0.67, and a06-=0.90. Note that
the change in the direction of the dipole moments of rows
2 and 4 compensates and even reverses the decreasing
trend of the dipole moments of the neighboring rows
(i =1, 3, and 5). In Fig. 7(a) (first row), we have also
shown the dependence of p, versus ao assuming full ad-
sorption on the first row only, in order to show the corn-
pensation of the decreasing trend of p„observed for
6=1, due to the depolarization effects of the other rows.
The depolarization-induced inversion of the dipole mo-
ment should. be clearly evidenced in measurements of the
WFC's caused by adsorption on stepped surfaces in a
"row-by-row" mode, i.e., a one-dimensional analog of the
well-known "layer-by-layer" Frank- van der Merwe
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FIG. 7. Dependence of the dipole moments of the difFerent
rows on the polarizability for adsorption on stepped surfaces.
LT ——11, a =5 A, p, =09 D, p;=03 D (2&i (LT), and
6=1.0. (a) , first row; 8, second row. The dashed line (A)
shows the dependence of p &

vs ao assuming row-by-row growth
up to the completion of the first row only. (b) 0, third row; ~,
fourth row. (c) ~, fifth row; S, sixth row. The arrows indicate
the polarizability at p, =0 (i =2, 4, and 6).
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growth mechanism in two-dimensional substrate. Figure
8 shows the WFC's versus 6 for a row by row growth as-
suming o.o= l. Also the WFC's for random and preferen-
tial adsorption {Vo ——5, WlkT=1. 0) for ao=1.0 have
been included for the sake of comparison. At low cover-
age, 6 ~ 0. 1, the curves for the row-by-row mode and
preferential adsorption at step sites are overlapped, as ex-
pected due to the growth at step sites in both cases. Nev-
ertheless, the depolarization-induced dipole inversion
causes an oscillatory behavior of the work function, sub-
stantially different from the smooth variations observed
for random and strong step-adatom interactive adsorp-
tion. Maxima and minima on the WFC versus 6 curve
are observed at the completion of odd and even rows, re-
spectively, in agreement with the results shown in Fig. 7.
A similar behavior to that shown in Fig. 8 for the row-
by-row mode has been reported for the WFC's upon hy-
drogen adsorption on Pt stepped surfaces where the di-
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FIG. 6. Dependence of the dipole moments of the rows close
to the step on the polarizability for adsorption on stepped sur-
faces. L&——11, a =5 A, p, =0 9 D, p, =0 3 D (2 (i & LT), and
6=0.10. ~, 8'/kT=O. O, , Vo ——5 and 8'/kT=1. 0. (a) First
row, (b) second row (the arrow indicates the polarizability at
p2

——0), and (c) third row.

Plot of b,P, vs e as calculated with Eq. il]) for ad-
sorption on stepped surfaces. LT=11, a=5 A, p&

——0.9 D,
p; =0.3 D (2 &i (LT), and 0.0=1.0. + V0=5 and
8'/kT=1. 0; 0, random adsorption (W/kT=O); 0, row-by-
row growth mode. The arrows indicate the completion of the
successive rows.
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I )
I i I ( I 1 ao & 0, as evidenced by the diminution of roughly 1 order

of magnitude in c, shown in Fig. 9.

V. CONCLUSIONS

'k col'
(moll 0.0—

I &» I i i i I

FIG. 9. The dipolar interaction energy (c;) vs the distance to
the step in units of the nearest-neighbor distance a. L& ——11,
6=10, a =5 A, p&

——09 D, and p, =03 D (2&i &L&). 0,
ao =0.0' 8 ao ——1.0 (note the enlargement of the scale) ~ The
lines have been drawn to guide the eye.

pole moment of the hydrogen atoms at the first row is
negative while for the second one it is positive. ' ' Nev-
ertheless, the origin of this particular behavior remains
without an unambiguous explanation.

Another interesting consequence of the
depolarization-induced inversion of the dipole moment
concerns the dipolar interaction energy [s;, see Eq. (12)]
on the adlayer. Figure 9 shows the dependence of c; on
the distance perpendicular to the step for 8=1.0. For
ao ——0 one has pi ——0.9 D and p; =0.3 D (2 & i & 11) and
therefore the interaction energy between dipoles is repul-
sive (s, &0). Also, as expected, s» s, (2&i & 11). When
increasing the polarizability one passes through the suc-
cessive values of ao; and therefore the depolarization-
induced inversion of the dipole moments begins to play a
role. In fact, for ao ——1.0 the interaction energy at each
particular row not only decreases, roughly 1 order of
magnitude, but also all the rows labeled with an even in-
dex experience an attractive dipolar interaction.

It should be noticed that the concentration profiles ob-
tained through the Monte Carlo simulations can be used
to evaluate the WFC's with the aid of Eq. (11) when the
dipolar interaction is negligible with respect to the
adatom-step and adatom-adatom interaction energies
which appear in the Hamiltonian of Eq. (14). This as-
sumption does not represent a severe restriction for the
results discussed above. In fact, for a =5 A, p &

——0.9 D,
p, &p, (i & 1), and a0=0, the strongest repulsion energy
between nearest-neighbor dipoles at the first row ( =0.1

kcal/mol) is roughly one-half that of the bulk nearest-
neighbor interaction 8'b between Xe atoms. The ap-
proximation becomes improved for adsorbates with in-
teracting energies 8'b larger than for noble gases and for

The dipolar interaction between particles adsorbed on
stepped surfaces is studied and discusses. From the re-
sults obtained we conclude the following.

(1) The proposed generalization of the Helmholtz equa-
tion to account for the dipolar interaction in the adlayer
on stepped surfaces [Eq. (11)]in connection with concen-
tration profiles obtained through Monte Carlo simula-
tions allows us to study the influence on the polarizability
and the temperature on the adsorbate-induced WFC's on
stepped surfaces.

(2) The well-defined two-straight-line behavior of the
measured Xe-induced WFC's versus coverage on stepped
surfaces is a consequence of the different dipole moment
of the adatoms at step and on terrace sites, the preferen-
tial nucleation of the adsorbate close to the step and the
negligible depolarization interaction between the adatoms
(a0-=4.4x 10 ).

(3) The adsorbate-induced WFC's on stepped surfaces
depend on the surface distribution and the polarizability
of the adparticles, the former being a function of the
adatom-adatom and step-adatom interactions ( W/kT
and VOW/kT, respectively). Since the WFC versus cov-
erage curves obtained for some different values of ao,
W/kT, and Vo are quite similar, it becomes difficult to
properly separate the relevant influence in measurements
performed at constant temperature on stepped surfaces.
In light of this result we expect that WFC measurements
on polycrystalline surfaces can only be described in a
qualitative manner.

(4) Dipolar interaction between adparticles would
cause the so called depolarization-induced dipole inver-
sion. This phenomenon consists in the change of the
direction of the dipole moments in some rows with
respect to the dipole moments of the respective isolated
particles in the same rows. It will be expected that this
behavior could be evidenced in measurements of the
WFC at low adsorption temperature and for the case of
very strong adatom step attractive interaction, i.e., the so
called row-by-row growth mode.

(5) Dipolar effects for ao& 0 cause both the depolariza-
tion field and the repulsive dipolar interaction energy to
decrease with respect to the value for a0=0. In particu-
lar, when the increment of ao causes the depolarization-
induced dipolar inversion, the dipolar interacting energy
becomes attractive in some rows.
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