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Abstract

The potential response of a non-planar dielectric crystal surface to a fluctuating electronic charge density of
admolecules is characterized using a discrete approach and quasi-static approximation. In this method, the
multipolar response function of the ionic crystal is introduced from a general propagator of potential and the
electric properties of the adsorbed molecules are described as the electric susceptibility. This allows us to obtain an
iterative self-consistent determination of the long-range van der Waals interaction potential. The discrete description
of the crystal matter takes into account the influence of the face specificity and adsorption sites of the substrate. The
multipolar (electrostatic + induction) contribution and the quantum (dispersion) terms are determined for the
dipolar and the quadrupolar moments of the molecule. A numerical application of each contribution is given for a

xenon atom adsorbed on an MgO surface.

1. Introduction

When a molecule (or an atom) is located in the
vicinity of a solid body it gives rise to a permanent
electric polarization. This permanent electric polariza-
tion is due to the deformation of the charge distribution
which results from the influence of the dispersive, in-
ductive and electrostatic long-range interactions be-
tween the two bodies.

Collision-induced spectroscopy in the far-IR and mi-
crowave range manifests this induced polarization [1],
and, as is well known, the change in work function due
to the adsorption of atoms on a metal surface is at-
tributed to the net dipole acquired by the atom-—surface
system [2]. Moreover, on another scale involving
nanometer size structures, new local probe methods
(e.g. near field microscopy) have shown that polariza-
tion induced in the probe plays a dominant role in the
prediction of images of corrugated surfaces [3, 4]. The
quantitative prediction of these physical effects is im-
portant for interpreting such phenomena.

Several theoretical approaches to determination of
the permanent electric polarization for adatoms have
been developed on the basis of a dynamic treatment
with continuous description of the substrate [5, 6], and
have shown that the magnitude of the induced dipole
moment varies as d~*, where d is the atom-surface
distance.
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The polarization induced for molecules adsorbed on
a solid body has been less investigated. The first contri-
bution on this subject was that of Linder and
Kromhout [7], who calculated the induced dipole of an
arbitrary molecu’z interacting with an arbitrary system
described as a continuum medium of dielectric constant
&(w) limited by a perfect planar surface.

Nevertheless, although these models represent appre-
ciable improvements in the quantitative understanding
of this mechanism, they all neglect the discrete nature
of the matter and, more particularly, they disregard
possible adsorption site and face-specific effects. Indeed,
recent experimental studies of the adsorption of a
xenon monolayer on the (100), (110) and (111) surfaces
of palladium have shown an increase in magnitude of
the induced dipole of the xenon atom physisorbed
successively on the (110), (100) and (111) faces of
palladium metal {8]. In this paper, we present an alter-
native method for calculating the van der Waals mo-
ments of the adsorbed molecule on a solid surface,
taking into account the discrete nature of the matter.

This model allows us to explain the adsorption site
effect which takes into account the dispersion, induc-
tion, and electrostatic long-range interaction. The gen-
eral propagator of the potential is calculated using a
new method which recognizes the discrete nature of the
substrate where the correlation between the atomic sites
is neglected.
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In Section 2 we present the determination of the
dipolar and quadrupolar moments in the admolecule.
Detailed expressions used to describe the substrate are
given in Section 3. Section 4 is devoted to the applica-
tion of a xenon atom adsorbed on the (100) face of an
MgO surface.

2. The permanent induced multipolar moments of the
admolecule

When a molecule is placed near a solid, its initial
charge distribution g,(r, w) is modified by the van der
Waals interaction between the two bodies. A permanent
induced multipolar moment of nth order M™(r,, w) of
the adsorbate molecule is produced

M(")("Oa w) = Me(")("o’ w) + M(ry, w) + M;(r,, w)
(1

This induced moment M™ (r,, w) may be connected
to the charge density by
plr, ) = ¥ 5 M, Y, 8 =) (2)
where V, is the gradient operator of nth order. In eqn.
(1), the two first classical terms, M.™(r,, ) and
M "(ry, w), correspond respectively to the electrostatic
effect due to the local electric potential ¢,(r) generated
by the charges present in the ionic substrate and the
modification induced by the potential image of the
initial charge density pq(r) of the isolated molecule in
the substrate.

In the linear response theory, the electrostatic and
inductive modification of the charge density of the
molecule may be obtained by a series expansion in
terms of the local potential ¢,(r), linear susceptibilities
?y?(r, r,, ) of the molecule and of the potential propa-
gator operator K(r,r,, w) of the solid

pe(rs CO) = Jplp(,.’ r, w)d)(rl) drl (3)

and

pi(r, ) = fj”x"(r, ri, 0)K(ry, ry, ©)po(ry) dry dr,

+ Jff”z”(r, r, 0)K(r,, ry, w)

X PgP(ry, 13, 0)y(rs) dry dr, dry ©)

The last quantum term M "(r,, ®) in eqn. (1) corre-
sponds to a dispersive effect which is due to the correla-
tions between the charge density fluctuations in the
system (molecule + solid). It is shown in ref. 9 that the
dispersive modification charge density py(r, ®) may be

expressed in terms of the non-linear response function
PP e(r, ry, ¥y, y, ,) of the adsorbed molecule.

+o
f .
pd (r’ U)) = ~2-7’: j‘ d& JJPZHP(’, ry,r, 169 0)
0

x K(ry, ry, &) dr, dr, (5)

For the weak extended molecule, we neglect in the
following contributions of higher order than quadru-
polar. After the substitution of eqn. (2) into eqns. (3),
(4) and (5), and straightforward calculation, one
finally obtains compact expressions of the electrostatic,
inductive and dispersive contributions for the induced
dipole u(ry, @) = Mr,, w) and quadrupole 8(r,, ) =
M(r,, w). We give these contributions in ref. 10 ex-
pressed in terms of the electric field E,(r) and of
its gradient F,(r) corresponding to the local potential
¢,(r) and in terms of the multipolar propagator
Sy, r,, w) of the successive field gradients gener-
ated by the surface and defined with the general propa-
gator K(r, r,, w) of the potential by:

MSEr, 1y, @) =[V,"V, K, 1, )<y -1y (6)

where r, denotes the position vector of the center of
mass of the molecule.

3. A microscopic discrete approach for the solid

The substrate properties may be described using the
general propagator K(r, r,, ) of the potential and the
local potential ¢,(r). We present here a new method to
determine K(r, r,, w). In the particular case, the MgO
solid crystallizes in a cubic close packed structure with
two atoms Mg and O per unit cell. Using the micro-
scopic discrete model presented in ref. 11 in which we
neglected the correlation between the various atomic
sites of the substrate and the contributions of higher
order than dipolar of each site, leads to

(m)S(n)(r’ Vo, (l)) = Z as(a))(m)T(l)(ra Ri)(l)T(n)(Ria rO) (7)

)

where the index i denotes the ith order of the site and
(mT®(p, R;) is the multipolar propagator of the field in
the vacuum. In the quasistatic asymptotic case this
(m + n)th rank tensor has a very simple form:

(=" ¢ oy _onf !
(2n — N VAV )[[r—m:l ®)

After the substitutions of eqns. (7) and (8) into eqn.
(6), and straightforward calculations, one obtains the
same expression for the general propagator K(r, ry, w)
of the potential as that determined in ref, 12:

DT, R,) =
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dk
K(r, ry, 0) = Z Y exp(ig - 7,,) Jk|k e

5P g
xK-a(w) K*exp{—ilk 1—(k+g) I}
x explk(z —z,) + [k +g|(z' = 2,)] 9

The vector k is defined by its components
k = (k. k,) and its modulus k. S and g represent the
area of the unit cell and the reciprocal lattice vector
(2n)a)(g,x + g,y) respectively. We also define the posi-
tion r = (I, z) and the relative position vector t,, of the
atoms of the substrate in a given cell and in two
different planes p. We may also write the expression of
the local potential ¢, (r) in the reciprocal planar lattice
[12]:

L .
40 =% LT —2,) +ig (1 =7,)]

(10)

where L, and ¢, respectively denote the screening factor
and the sth atom charge of the primitive cell. We
introduce the continuum (g = 0) and corrugated (g # 0)
characters of the substrate matter in the expression of
the propagator K(r, ry, w).

K(r, ry, ) =% Y a(w) Jd" explik’ - (' = D]
xexp] —k(z —z,)] exp[ —k'(z' —z,)] (11
and

_, 2
K, r,, 0) = g, Z Z Z o, (o) jdk[l(k, g.2.2)

xcos(l' ky—1 k—g-t,) (12)
with

k-g+k>+kk
n(k,g,z,:'>=<———g P )

x exp][ —k(z

—z,)] expl —k,(z' — z,)]
(13)

Equations (12) and (13) take into account the discrete
description of the ionic crystal.

4. Application to adsorbate atoms on an MgO crystal

When the molecule is reduced to an atom, the non-
vanishing contributions for the induced dipole and
quadrupole moments are

”e(roa (,O) = ]al(w) ’ El (ro) (14)

+ ¢

ﬂd(r()s U)) = _% Jv [lxl+2(i£’ 0) E(])S(z)("O? rO, lg)
0
+ 12T (EE, 0) SV ry, #o. 18)] dC (15)
and
0. (ro, ) == al(w) cFi(ry) (16)

UJ

+ L

h
04(ry, ) = ——— | 2x'71(E 0) : S Drg, 1y, 1) dE
2n

0

(17

For the numerical calculation, we evaluate the hyper-
polarizabilities 'y'**w,0) and *y'*'(w,0) of the
adatom as an isotropic three-dimensional harmonic os-
cillator with frequency w,:

' w, 0 =2 (0, 0) =" (o, 0)

2

=112(0, 0) — 22— (18)
w,”— o
with
2
IXI+2(0~0) — __h" (19)
(0]

a

where # is the parameter calculated by Byers Brown
and Whisnant [13].

We also introduce the strength coefficient Cy(s) be-
tween the physisorbed atom and cations Mg>* (s = 1)
and the atom and anions 0>~ (s =2):

+ X

S J a,(1&)a(ig) d¢ (20)

0

Cel(s) =

The parameter Cq(s) of the various pairs (atom, ion)
are obtained from refs. 14—16. In Table 1 we list all the
parameters of the system (atom + solid) used to calcu-
late the induced dipole and quadrupole moments of the
physisorbed xenon atom on the (100) face of MgO. Use
of egns. (6), (9), ..., (20), leads to

felre) = — Z[ g‘éu gZﬂ »4s expl —g(d + pb)lf(h)
| (21
Outr) =~ W LY ¥
x L,q, expl —g(d + pb)1f(ly) (22)
and
fa(ro) = 23"; 2@% (23)
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TABLE 1. The system (Xe—MgO) parameters in atomic units (a.u.)
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Xenon Ce(s =1)* Ce(s =2)2 n w, a 292
parameter
Value 27.95 166.04 150° 0.535 27.11 110.4
MgO
parameter T, T, a b q/e q.le
Value (0,0) (2.81, 2.81) 5.63 3.93 1.99¢ —1.99
*Calculated values [16].
Estimated value [6].
°e is the elementary charge [17].
; nn Cs(s) n )
0 = 24 ] @) !
alho) = 4 a5 Z,, (d +pb)* (24) - !
. 2nmn
ry) =
#d( ‘ hwao‘SS-ZI;gIZ‘O gzz#() @
Co(s)g’ ‘ .
———— K, (g(d b)) f(1 25
(d + pb)? 3(g(d + pb)) f(hy) (25)
20
Baro) = Y Y Y GoWgdfty) (26

3hwaS 5P g1>0g2+#0

The parameter b corresponds to the distance between
two consecutive planes parallel to the surface and
S(h) =coslg - (I — 7,,)]. The function W(g, d) may be

defined by:
k- 24+ k kg — 12k - k
W@,d)zfdk( g+k*+ ki])(gc g — 1/2k - kg)

xexp[ —(k + kg)(d + pb)] (27)

Using the values given in Table 1 it is possible to
evaluate the different contributions, eqns. (21)—(26),
for the dipole and quadrupole moments of a xenon
atom adsorbed at the equilibrium distance d = 3.2 A on
four particular sites defined in Fig. 1. Some remarks
can be made about this process (see Table 2).

(1). The magnitude of the total induced dipole mo-
ment (4, + y4; + pq) of a xenon adsorbed on site 2 can
be estimated to about 0.3 debye. The non-negligible
dipolar contribution ¥, of the induced polarization can
describe the mediated energy of an adsorbed mono-
layer. Indeed, for a (2 x 2) overlayer structure of xenon
[16] in which each atom occupies site 2, one finds that
V,. =10 mV per adsorbed atom.

(2) When one goes from an oxygen site to a magne-
sium site, the electrostatic dipole moment varies from
+0.18 to —0.18 debye. Such a contribution is very
sensitive to the corrugation of the surface and then to
the adsorption site.

(3) The influence of the corrugation of the surface
on the dispersive induced dipole moment is smaller and
contributes to the total magnitude by 20% only. This
result is close to that obtained for the corrugation
energy with respect to its continuum part.

0 o
Fig. 1. Xenon atom physisorbed on the four adsorption sites of

MgO which are defined as (1), (2), (3) and (4): O oxgyen atoms:
@ magnesium atom; € xenon atom.

TABLE 2. Dipolar and quadrupolar contributions (in debye
units) for a xenon atom adsorbed on four sites of a (100) face of
an MgO crystal

Site iy fia A by ty

() 0.000 0.125 0.003 0.000 0.139 —0.004
(2) 0.172 0.125 -0.013 —0.290 0.139 —0.017
(3) —0.172  0.125 0.019 0.290 0.139 0.021
4) 0.000 0.125 —0.002 0.001 0.139 —0.003
References

1 Z.J. Kiss and H. L. Welsh, Phy. Rev. Lett., 2 (1959) 166.

2 P. R. Antoniewicz, Phys. Rev. Lett., 32 (1974) 1424,

3 B. Labani, C. Girard, D. Courjon and D. van Labeke, J. Opt.
Soc. Am. B, 7 (1990) 936.



B. Labani et al. | Adsorbed atoms and molecules on an ionic crystal 229

4 D. van Labeke, B. Labani and C. Girard, Chem. Phys. Lett.,
162 (1989) 399.

5 B. Linder and R. A. Kromhout, Phys. Rev. B, 13 (1976)
1532.

6 Ph. Grossel, D. van Labeke and J. M. Vigoureux, Chem. Phys.
Lett., 99 (1983) 193,

7 B. Linder and R. A. Kromhout, J. Chem. Phys., 86 (1987)
6531,

8 K. Wandelt and J. E. Hulse, J. Chem. Phys., 80 (1984)
1340.

9 C. Girard, J. Chem. Phys., 85 (1986) 6750.

10 C. Girard, B. Labani and J. M. Vigoureux, Surf. Sci., 222
(1989) 259,

11 C. Girard, Phys. Rev. B, in the press. C. Girard and X. Bouju,
J. Chem. Phys.. 95 (1991) 2056.

12 C. Girard and C. Girardet, J. Chem. Phys., 86 (1987)
6531.

13 W. Byers Brown and D. W. Whisnant, Mol. Phys., 25 (1973)
1385.

14 A. Lakhlifi and C. Girardet, J. Mol. Struct, 110 (1984) 73.

15 P. W. Fowler, P. J. Knowles and N. C. Pyper, Mol. Phys., 56
(1985) 83.

16 T. Meichel, J. Suzanne, C. Girard and C. Girardet, Phys. Rev.
B, 38 (1988) 3781.

17 M. Causa, R. Dovesi, C. Pisani and C. Roetti, Surf. Sci., 175
(1986) 551.



