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Near a surface an atom acquires a permanent electric dipole. When we take into account the

presence of neighbors, three processes simultaneously contribute to the reduction of its dipole: a di-

polar, a quadrupolar, and a quantum one. These depolarization processes of an adatom by its neigh-

bors are particularly important for large coverage of the surface. We discuss them and give the ex-

pression for the dipole moment induced by such effects on an adatom. We then express the formu-

las with respect to the dipolar and quadrupolar polarizability and a nonlinear coefficient g, which

leads us to propose numerical estimates of these effects for hydrogen and inert gases. For realistic

distances of the adatom from the surface and from its neighbor, we show that the dipolar term has

the greatest influence and that the quadrupolar-induced term always has a negligible influence on

the neighboring adatom.

I. INTRODUCTION

It is well known that an important consequence of the
interaction of an atom with a surface is the electric disper-
sive polarization of the initially symmetric atom. The ap-
pearance of such a static dipole moment has been for
what may be the first time shown by Antoniewicz' and

accurately restated by I.inder and Kromhout 3 and Gala-
try and Girard ' in the case of an adatom. We recently

gave a presentation of this problem in the general case in-

cluding retardation effects. All these results are quite
important to understand experimental results about ad-

sorption. However, they are incomplete because they do
not take into account cooperative effects between ada-
toms.

Our aim in this paper is then to study the depolariza-
tion of an adatom by its neighbors. This problem has
been previously considered in a classical manner, for in-

stance, by Topping and Miller. We show that three dif-
ferent processes contribute to the depolarization. The
most important one arises from the static electric field
(and from the static image field} of the permanent dipole
induced on the neighboring atom by the surface. It varies
as X (Xbeing the distance between the two adatoms) in
the whole half-space, both in the short and in the long
range. Numerical calculations for inert gases allow us to
estimate this depolarization at about 5% when only one
neighbor is considered. This result of course moves to
higher values as the coverage of the surface is increased.
Although this process is the most important, we also
present two other processes which contribute to depolari-

zation at the same order of perturbation: The first one

can be understood as the effect of the static electric field

(and of the static image field) of the quadrupole moment

induced by the proximity of the surface on the neighbor.
It is a static effect varying as X whatever the distance
between the two adatoms. The other process, more signi-

ficantly, is a typical quantum effect. It varies as X in

the short range and as X in the long range.
I:n these calculations we use quantum electrodynamic

formalism as adopted in previous papers ' ' '" to study

interactions of electromagnetic radiation and matter or in-

teractions between atoms or molecules near a surface. Al-

though a similar formalism has been used by
McLachlan' (for calculating the interaction energy} and

by Babiker' (for studying energy transfer between ad-

sorbed molecules), this method is not usually used in sur-

face molecular physics. However, we think that it can

give a clear description of surface phenomena (such as in-

termolecular forces, physisorption, light scattering, non-

linear effects, etc.) in a single theoretical framework. On
the other hand, another advantage of this formalism is

that, since the presence of the surface (with all charac-
teristics of the solid half-space) is included in the defini-

tion of the propagator of the field, we may calculate all
the possible interactions near the surface exactly as we do
for a free field in vacuum. But for the final step when we

must make the exact form of the propagator explicit, the
results obtained in vacuum and near the surface are quite
similar. This is helpful for anticipating and understand-

ing surface effects.
Because of the above-noted remark and in order to sim-
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plify the presentation of this paper, we restrict our study
to atoms or centrosymmetric molecules near a Perfect me-

tallic surface. It would be easy to generalize calculations
to the case of a dispersive medium by modifying the field
propagator ap]pearing in final results. It is well known
(Mavroyannis, " Galatry and Girard, ' Schmeits and Lu-
cas, ' and Grossel' } that the consideration of a more real-
istic surface f—ree-electron gas decreases image effe:ts
in a proportion of about 40%. This will then be taken
into account in further numerical estimates.

We neglect exchange and overlap. Such effects have
been studied by using the functional electronic density
(Kohn and Sham' and Lang's), the charge-density sus-
ceptibihties (Linder and Kromhout' ), or the nonlocal po-
larizability densities (Hunt ). Such calculations are quite
general. However, since numerical expressions for the
nonlocal polarizability are not known (except for hydro-
gen), calculations such as that presented in this paper
remain useful. Our numerical estimations are given for
inert-gas atoms for which such effects are less important.
We also give numerical values for hydrogen. This atom
has been extensively studied by baruch and Ruijgrok2' who
used perturbation and variation methods to calculate the
interaction energy and the induced dipole and quadrupole
in the hydrogen-adsorbed ground state. Their leading
term coincides with results presented in this paper.

II. PRESENTATION OF OUR FORMALISM

To begin this presentation of our formalism we note
that, for purposes of comparing our results with those of
other authors, some notations or even some definitions are
not the same in the present paper as in our previous work.

As explained in Sec. I we use quantum electrodynamic
formalism as extended for interactions near surfaces in
prev1ous papels. '

In vacuum, calculations involving atoms or molccules
interacting with one another or with a radiation field are
generally simpler with the multipolar Hamiltonian than
with the minimal coupling one. The connection between
these two Hamiltonians can be performed by using a
Power-Zienau transformation which may be used near a
surface as recently shown by Power and Thirunamachan-
dran. With this multipolar Hamiltonian, interaction be-
tween two systems A and 8 are only mediated by trans-
verse modes of the field. Consequently instantaneous
Coulombic interactions do not explicitly appear provided
we consider neutral systems.

We consider two systems A and 8 (atoms or molecules
without any permanent electric dipole or quadrupole) lo-
cated at the same distance d from the plane of a metallic
surface and separated by a distance X (Fig. 1). Coordi-
nates of A and 8 are then, respectively,

Rz ——(0,0,d) and Ra ——(X,O, d) .

We denote by I f„) and
I fa) the fundamental states

of the two systems and
I eg ), I

eg ), . . . , I ea ), I ea ),. . .
their respective excited states. Energies of these states are
written Ef,E„E,„.. . , respectively.

The Feynman propagator D;J of the electromagnetic
mode (in the presence of the surface} between two time-
space points (Rz, ~z ) and (Ra, ~~) was defined in Ref. 6.
With R~a= IRa —R~ I

and RAB IRa —R„-
I

where

A is the image of 3 in the mirror, we have

F 1 itic +~
~ FD; (Rg, rg, Ra, &a ) = — dkpexP[ ickp(ra ——tg )][gi '(kp RAa )+eigi '(kp RAa )j2 (Zm) ep

)J l lJ

where e; is the reflection coefficient of the perfect mirror

e;= —1 fori =x ory; e;=1 fori =z

and g,j is the Fourier transform of the Feynman propagator of the free field in vacuum,

g;;(kp, R)=e '
I
kp I

' 1

Ik, IR R' IkpIzR'
1

Ikp I'R'

The use of this propagator takes into account retarda-
tion effects (see, for instance, Ref. 6). This formalism is
thus valid whatever the distance between A, 8, and the
surface; that is to say, both at the long range (physisorp-
tion) and at the very long range.

The multipolar Hamiltonian that we use here is (in the
0-spin approximation)

0= —p".E(Rg) —
3 Q ":V.E(Rg) —M".B(Rq)+ (3~8),

0, (

Yr r X8/i 'YPJ/'c F/VJ//'///'//'///////

FIG. 1. Frame of reference for our calculations. The two
systems A and 8 are placed at points (0,0,d) and (X,O, d),
respectively. The x axis is directed from A towards 8.
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A 3 I 2
Qrj ——g —, e—(r;rj —, r—5;j). (4)

p"' ', Q"' ', M"' ' are the dipolar electric, quadrupolar
electric, and dipolar magnetic moments of the system A

(8). In order to calculate the dipole and quadrupole in-
duced by the surface we use a fictitious external static
field that we note as E'. Let us point out that, for effects
considered in this paper, magnetic terms can be neglected
in Eq. (3) because of the symmetry of the field propaga-
tor.

To calculate explicitly and to illustrate clearly the depo-
larizing processes we use Feynman diagrams. In such dia-
grams (see, for example, Fig. 2} we choose to represent
electric dipole and quadrupole vertices by 0 and 2,
respectively.

Horizontal lines represent external static fields and
wavy lines correspond to virtual modes of the electromag-
netic field near the surface. As explained in Ref. 6, we
emphasize here that, because the interface is included in
the definition of the electromagnetic modes, calculations
are to be performed exactly as we do in a free field in vac-
uum. In other words, internal photon lines take into ac-
count all specific surface effects.

III. ATOMIC DEFORMATION INDUCED
BY A SURFACE

A first important consequence of the interaction of an
atom and a surface is the appearance on the adatom of a
permanent electric dipole At t.he same order of perturba-
tion, another effect necessary to understand the atomic
deformation induced by the surface is the appearance of a
quadrupole moment. As far as we know, this effect was
calculated for the first time by Grossel, Van Labeke, and
Vigoureux.

To make explicit the depolarization of an adatom by its
neighbor we need the expressions of these surface-induced
dipole and quadrupole moments. Consequently we sum-
marize here the principal results concerning these two ef-
fects. To do this we refer to the papers of Refs. 6 and 7
and, as explained above, we seize the opportunity to modi-

FIG. 2. Graph illustrating the appearance of a permanent
electric dipole induced on the system by the surface. O and C3

indicate a dipolar and a quadrupolar interaction, respectively;
the ~avy line corresponds to a virtual mode of the electromag-
netic field near the surface. Horizontal lines correspond to a
static electric field.

fy some of our previous notations.
As explained in Ref. 6, the dipole moment p of the sys-

tem can be obtained by differentiating the interaction en-

ergy b, U with respect to an external fictitious static field

Q gjk lQ, R Ik IJ 0,?Q (6)

Let us note that the difference between this result and
that of Ref. 6 only arises from the definition of X(O, iu)
that we express in the present work in terms of the qua-
drupolar electric moment given in Eq. (4),

, AU.
Er'

In the lowest order, b, U can be evaluated by adding
contributions of all the Feynman diagrams similar to the
one presented in Fig. 2.

As calculated in Ref. 6, we thus obtain the expression
for the dipole moment induced on the atom by the sur-
face,

pi = g (1+8;8j8k)8jB;1

4m' 6m',

~lk, j'(o i»= g &f I pi I

e'& &e'
I pk I

e &&e
I 8ij If &

l,j
1 1 1

X +
E~ Ej I 'ri+ l fK—'u —Eq EI—i 7/ —i ffcu—

1 1 1
+ &f I j i I

e'&&e'
I 8; I

e &&e I j k lf & +
E, —EI—tg E,—Eg —iq+&ficg E,—Eg —)q —g~g

+&f Ivk Ie'&&e'I j i Ie&&e I8j lf &

1

1

(E, Ej i g i Acu )(E—, E—j—i i) i lieu )—— —

In a similar way me can calculate the permanent quadrupolar moment
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Bb,U

B(8kEi')

induced on the atom by the surface by using all permutations of Feynman diagrams presented in Fig. 3 (see Ref. 7). We
thus obtain

1 Ae oo FQki= g(e;+ej) dugj(iu, R)Xik,j(O, iu),
4m' 4m l,J

&ik, j(0 iu)= g 2&f
I eik le'&&e'IPJ' Ie&&e lv If &

e, e'

1 1 1
X +E, Ef ——ir/ E, Ef ——i 7j+ ifKu E, Ef ——i g —iflCu

+&f lpj le'&&e'leo le&&e lp If&

1
X

(E, Ef i—ri+i —hcu)(E, Ef i—ri+i —ficu )

1+
(E Ef i ri i Itc—u —)(E, Ef —i ri —i hcu —) (10)

Results given in Eqs. (6) and (9) are quite general and in-
clude retardation effects. We give their expressions in the
near zone where the propagator (2) can be restricted to its
only last term,

F — 1
gj{ko ~)=-

8
If the species is spherically symmetric we also have

[both for Eqs. (7) and (10)]

Xik, 'J'(0 iu)=~ (0 iu)( T'5''5kl. + 4~'k~jl+ 4~il~jk) '

(12)

By inserting Eqs. (11) and (12) into Eqs. (6) and (9) we
get the nonretarded (electrostatic limit) results

1 3' 1
Px =By =O» Ps =— du X(O, iu), (13)

4m' Sm

Equations (13) and (14) give a picture of the deforma-
tion induced in the atom by the surface: Because of the
existence of an attractive potential energy between the
atom and the surface, the spherical electronic cloud of the
atom is attracted towards the surface and the centers of
gravity of the positive and negative charges are then
separated (p, &0). Another consequence just as impor-
tant as the first one is the deformation of the initially
spherical cloud: Near the surface the atom is not now
spherical but looks like an ellipsoid whose major axis is
perpendicular to the surface (Q~ = —2Q = —2Q~„&0).

Noting

l&f Ie-ln&l'
cg= 2

n

Q =Q~= ——,'Q = —
~ I du X'(Oiu) .

4m-eo 32m. d'

(14)

TABLE I. Numerical calculation for the permanent dipole
moment induced on the atom by the surface. These results cor-
respond to the case of a perfect metallic surface and use formula
(17). The nonlinear coefficient g has been taken from Ref. 24.
Let us emphasize here that the value of q for Xe cannot be
found in the literature. The value q=150 used in this table is
thus our own estimate.

FIG. 3. Graph illustrating the appearance of a permanent
electric quadrupole induced on the system by the surface.

H
He
Ne
Ar
Kr
Xe

7l

Ref. 24
(a.u)

16.5
2.525
8.617

39.21
73.06
(150}

pz
(a.u)

6.19
0.95
3.23

14.70
27.40
(56)

pgd
(DA )

1.22
0.19
0.64
2.90
5.46
(11)
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TABLE II. Numerical calculation for the quadrupolar mo-

ment induced on the atom by the surface. Let us recall that

Q = —2Q~= —2Q~. Formula (18) has been used and the
quadrupolar polarizabihty o.g was found in Ref. 25.

H
He
Ne
Ar
Kr
Xe

Ag
Ref. 25

(a.u. )

15
2.44
6.42

50.21
95.55

212.6

Q d3

(a.u. )

—0.62
—0.10
—0.27
—2.01
—3.98
—8.85

—0.42
—0.07
—0.18
—1.38
—2.64
—5.88

FIG. 4. Graph illustrating the modification the permanent-
induced dipole of the system A by the proximity of the system
8. (a), (b), and (c) illustrate the three different effects discussed
in the text.

00

u 0iu (16)

results (13) and (14) can be written

~o
Q~ = —

z4 &g«o

'3

In the above results, e and ao are the proton charge and
the Bohr radius, respectively. Using numerical estima-
tions of Byers Brown and Whisnant we obtain in the
case of the hydrogen atom

p, =6.19t.ao
ao

r 3
Qo

Q~ = —0.625eao (20)

For hydrogen atoms the above-noted results coincide
with those of Bruch and Ruijgrok. '

Numerical estimates for inert gases are given in Tables
I and II (Ref. 25).

(the prime indicates that the ground state
i f ) is excluded

from the summation), and introducing the r) coefficient of
Byers Brown and Whisnant

obtained, as in Eq. (5), by differentiating the energy shift
of the coupled system with respect to a fictitious external
static field. In the case where the two coupled systems are
atoms (or spherical molecules) the parity selection rules
show that hU can be obtained in the lowest order from
graphs of Fig. 4 (we do not represent there the additional
graphs which only differ by all the possible different posi-
tions of the quadrupole and dipole vertices).

As expected, three quite different graphs (and thus
three different processes) contribute to the reduction of
the permanent dipole of the adatom by the neighbor. The
first one is illustrated by Fig. 4(a). Its physical meaning
becomes clear when we identify the graph of Fig. 2 as a
part of that in Fig. 4(a): This process corresponds to the
polarization of the atom A by the static electric field of
the permanent dipole p, (induced on 8 by the surface)
[Fig. 5(a)] and of its image [Fig. 5(b)].

In the same way, Fig. 4(b) (in which we identify Fig. 3)
corresponds to the polarization of A by the static field of
the permanent quadrupole (induced on 8 by the surface)
and of the image quadrupole. The last graph in Fig. 4(c)
is an irreducible diagrain which cannot be separated (as
the two first) into two distinct physical processes: one
acting on A and the other on 8. To be brief, in Sec. IV A
we call it the "quantum contribution" to polarization.

In order to calculate b, U we have to add contributions
of all these diagrams. However, to be clearer in further
discussions we consider successively these three different
effects.

IV. van der O'AALS INTERACTIONS
BET%'KEN ADATOMS

Sinanoglu and Pitzer showed that the vicinity of a
surface strongly modifies van der Waals forces between
two systems. Our aim, now, is to show that in a quite
similar manner, the surface modifies the permanent dipole
[Eqs. (6), (13), and (17)] of each adatom.

To calculate this effect we proceed exactly as Vi-
goureux did in calculating the static dipole moment of
two coupled atoms. The dipole moment p„of 3 can be

A B
0= 0

g;&[k, R)

A

0
(ko, R)

FIG. 5. Schematical representation of the polarization of sys-

tem A by the induced deformation of system 8. (a) indicates
the direct influence of 8 on A; (b) indicates the image influence
of Bon A.
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A. Depolarization of A by the static dipole
induced on 8 by the surface

This first effect is described by 12 different graphs ob-
tained from the graph in Fig. 4(a) by permuting different
vertices. Given thcsc diagrams onc can 1IHlcdlatclp write
down the corresponding matrix clement. %c shall not
dwell on this graphical method at this point since it is lu-

cidly set forth in Refs. 6 and 7 where we set forth in detail
expressions associated with each external and internal
atomic lines, internal photonic terms, and vertices.

The essential feature of this calculation is as follows:
%hen integrating on aB possible electromagnetic modes,
k' exchanged between A and 8, only the zero-frequency
mode (k'=0} gives a nonzero contribution to hU. Substi-
tuting this value (

~

k'
~
=0) into Eq. (2} it is clear that the

field propagator reduces to its only last term (11) not only
in the near zone (London zone} but also in the whole
half-space (Fig. 6). Its R-dependent part is thus varying

A

(a) (b)
FIG. 6. Resulting graph. Only the k'=0 mode has a

nonzero contribution: The static electric field of the induced di-

pole 8 polarizes the system A.

as R 3 without approximation whatever the distance be-
tween the two adatoms.

Taking the above-noted remark into account, we find
for the contribution of the graph in Fig. 4(a} to hU,

~U(.)=—
2 g g~'p[gai(ORa~}+8. g i(oRa~)]

0 6~ i j,k, la, P

Xa"P(0) I du Xlk;j(D,iu)(1+8;8i8k)8jB; [gik(iu Ra)], (21)

where cap(0} is the static polarizability of system A,

&f l(u I« l(ua I(f
(22)

Using then in Eq. (6) the contribution of both the static dipole y,a (induced on 8 by the surface), and of its image to
the dipole moment of A, we have

q ~u(a) 4 +PI [gal(0 RBA)+8agal(O, Ra&)]a"p(0) .
4m@0 i

(23)

Introducing expression (2) of the propagator in the particular case
~

k0
~

=0 into this result we get

(up ——— gaia p(0) 5), —A~(a) p ~
4@co I R

3RIPi ~ + -3 la5
R

3R/Ra

R
(24)

As shown in Fig. 1 the distances R =Rz& between A

and 8 and R =Ra& between A and the image of 8 can be
written

A+-(a) A a(d)1
Px = —

4
o' Pz

~0

6Xd
(X'+4d')'"

(27)

R=(X,O, O), R =X,
R=(X,0,2d), R =(X'+4d')'~',

(25) ( ) 1 „a(d) 1 Sd —X2 2

4~&0 X (X +4d )

a p(0)=a5 p,
Eq. (24} leads to

(26)

respectively. Using then Eq. (25) and taking into account
that for a spherically symmetric system
[a~(0)=a~(0) =a (0}=a]

It can easily be shown that in Eq. (27), for p„ the term in
parentheses is negative whatever the values of X and d.
The calculated effect is then always a depolarizing one.

If A and 8 are two identical adatoms in contact with
both the surface and with one another, we have (d is then
the radius of the adatom)
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R =X=2
R =(X'+4d')'" =8'"d,

and Eq. (27) becomes

1 0.066p„=— — a p

1 1 g p 9 3X(X —16d )

X' (X'+4d')'"

(b) 1 1 „p (3X —8d )

4ne 3 (X i 4d2)~~2

(32)

(33)

~-(a) 1 o1o2 ~ pd)Pz = —
4 d3

& P

(29)

In order to discuss this result in the simplest possible
way, we shall rewrite these results by inserting the con-
stant ri from Eq. (16). We get in units of cgs

A 8"-"=—0 ozsPx

In this last equation, we note that since X is always
greater (or equal) than 2d, the induced quadrupolar mo-
ment of adatom B depolarizes the adatom A.

If 3 and 8 are two identical atoms in contact with the
surface and with one another, we obtain by using (28)

(g) 1 171g 10

(30)
A-+(b) 1 5 5X 10

(35)
~A 8

A (a)
O O38Pz

8. Depalarization of A by the static quadrupole
induced on 8 by the surface

This second effo:t is represented by the graph in Fig.
4(B} [and all five others deduced from 4(b) by permuting
vertices]. It can be calculated by using Refs. 6 and 7. As
in the study of the first effect (presented in the above
paragraph) the essential feature of the calculation is that
integration over k' reduces the graph in Fig 4(b) to i.ts
only "static" term. This can easily be interpreted by iden-
tifying a part of the graph in Fig. 4(b) with Fig. 3: The
surface induces a quadrupole moment Q

p on the atom 8;
the static electric field of this quadrupole and of its image
polarizes the atom A and thus creates a static dipole

A+—(b)

g —,
' g,',a'„[g.', (O,R„,)

4@co

+8~~((O,Rgp)]a"p(A) .

(31)

Making then use of Eqs. (2) and (25) and inserting the
value of gp from (14) we obtain for spherically sym-
metric systems

In order to later discuss this second process we shall
rewrite these results by inserting Eq. (18); we find in cgs
units

A~(b) 355 ~ 10 5
Px

d

o.'o,~
p" ' '= —11.5&10 eg 7 (37)

C. "Quantum contributions" to the dipole moment of A

As explained above, these effects correspond to the
graph in Fig. 4(c} which is characterized by the impossi-
bility of separating the interaction into two different
physical processes acting on A and 8, respectively. As
far as we know, this effect has never been studied for ada-
toms. When permutating vertices in Fig. 4(c), there are
two types of Feynman diagrams which appear. These are
shown in Figs. 7(a) and 7(b). In the first, the atom 8 first
absorbs the virtual photon emitted by A and there emits a
second photon to come back into its initial state. In the
second process, the act of emission by 8 precedes that of
absorption of the initial virtual photon. One readily veri-
fies using the rules we have derived in Refs. 6 and 16 to
calculate such graphs, that the contribution of these two
Feynman diagrams to hU is (taking into account all other
permutations of vertices)

+ +(z) = — g g El f du (x~p(lu)Xki, j(O, lu)
0 ~ ij,k, la, P

X I [gpk(lu, Rag )+8pg pi, (iu&Rpg )]8,"[g)~~(iu,Rqs )+8jg, (iu, R„s)]

+[gi p(l»R~p)+8kg'kp(l»R~p)]d"[g, (iu R))~ }+8u,(iu, Rpg)]) .

(38)

It is necessary to note the upper indice A in the differential operator 8,"which indicates that the derivative is to be calcu-
lated for the components of the A position only in the expressions of R„p and R„il.

The expression (38) is very general and takes into account retardation effects. However, for adatoms, it will be suffi-
cient to restrict the propagator to the nonretarded term [Eq. (11)]. Using then the following symmetry properties of g J:
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A

0
9 -0

/// ///////////'/'// / J/ ///l'//////////

(b)
&i9ij =0

IJ
/// // ///////// //'/'

B
0

////// ////////'///

FIG. 7. Graphs illustrating the quantum contribution of sys-
tem 8 on system A. (a) and (b) are the direct and crossed
graphs vvhich make the dynamical polarizability of system 8
appear.

(cj (d)
FIG. 8. Schematical representation of the exchange of virtual

photons between the t~o adatoms. The dipolar or quadrupolar
vertices can correspond to the direct or reflected part of the pho-
ton.

g p(iu, R)=gp (iu, R),

e~.p(iu, R„,) =epg~(iu, R,„),
Eq. (38) reduces (apart from a multiplicating factor of 2) to its only first term and can be written

1~ U(.~
=—

16m eo 3

(39}

X g QEi' f du a p(iu)Xki;J(O, iu) i 5kp-
i,j,k, l a, P

3E.kRP +ek ~i p—
3RkRP

R

xB;, 5J,—
R

3RjR~ +e, 5i— (40)

Four different processes appear in Eq. (40). The first term of the product (which is varying as R ) corresponds to the
free field effect calculated for two atoms in vacuum. ~ The two following terms (varying as R R and R ~R ) are
illustrated in Figs. 8(b) and 8(c): One of the two virtual photons mediating the interaction is directly exchanged between
A and 8; the other is reflected by the surface. In other words, system A is interacting both with 8 and its image. In the
last term [Fig. 8(d)] the two photons are exchanged via the surface. By using Eq. (5) we obtain, in the case of two spheri-
cally symmetric systems located at the same distance d from the surface [we note in this case i =R =(X +4d )' ],

p
' =

2 du a (iu)X, (O,iu)
+2 2s {j g7 I3+4

d +X 12 X d' —X
I' + l'X' I

J

(41)

(let us note that, when taking d ~ 00 we find the usual result for two atoms in vacuum ~),

1 Pic ~d p . g
(

.
)

6 d 9X+4d

Although it is not the &most concise form for p„' and

p," ", the above explanation has been used in order to
clearly distinguish between the different contributions of
processes 8(a), 8(b), 8(c), and 8(d) which appear in the
same order as in results (41) and (42). In the case when A

and 8 are trvo identical adatoms in contact both with one
another and with the surface, we obtain, using Eq. (28)
and keeping different processes 8(a), 8(b), 8(c), and 8(d) in
the same order,

(,) 1 Rc 18—2.65—0.79+ 1.12S

16m e() 2ir X

X dQcK l,u g O, iu

1 tie 15.68
du a~(iu)X" ~(O,iu),

eo' &~ X
(43}
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( ~
1 Ac ( 1.85 —1.12)

pz
16m eo 2~ X

Q A~ EQ +~zg OslQ

ative importance of this effect with respect to the induced
dipole moment p,"by taking the distance d to be 2 A, ap-
proximately the radius of the Xe atom. It becomes

1 Ac 0.73
du a (iu)X (O,iu) .

16~262 2

(44)

In order to more easily estimate these terms it wi11 be
helpful to express them by using the D coefficient intro-
duced by Byers Brown and VA.isnant, 2

D = — I du a(iu)g(0, iu) . (45)

We thus find

A+—(c)
p

A ~(c)
p

0.87 D
(4n ec) X

0.04 D
(4m to) X

(47)

V. DISCUSSION

As explained above, three different processes contribute
to the reduction of the permanent dipole induced by the
surface on the atom. Our aim is now to estimate each of
them. For obvious physical reasons we will only turn our
attention to the z component of p".

A. Contribution of the static dipole induced
on 8 by the surface

AMa) A

= —0.1029
p,"

(48)

Using then numeric:al values given by Standard and Cer-
tain' for the polarizability a of hydrogen atoms and of
inert gases we find results presented in Table III.

In the particular case of Xe we obtain an idea of the rel-

This first term, given in Eqs. (27) and (30), can be com-
pared with the permanent dipole p" [Eq. (17)] induced by
the surface in absence of a neighbor. By using Eqs. (17)
and (30) we can write (in cgs units)

p

Let us emphasize that these results correspond to the first
term of the development of the consistent interaction of
the permanent-induced dipole 8 on the atom A. On the
other hand we have, in fact, only considered here one
neighbor. For large coverage of the surface by the ada-
toms this classical reduction is of course more important
(see, for instance, Topping ). The consideration of a more
realistic surface will also explain the face specificity re-
cently observed by %andelt and Hulse. However, this
first process of depolarization will give the same order of
magnitude.

B. Contribution of the static quadrupole Qs induced
on 8 the surface

The second process is illustrated by Fig. 4(b) and ex-
pressed in Eqs. (32), (33), (36), and (37). It can be com-
pared with the value of p," ' given in Eq. (30). Thus us-

ing Eqs. (15), (37), and (30) we obtain (in cgs units)
A+-(b) A

=3&(10 e (50)
pz

This ratio can be estimated for each inert gas and for the
hydrogen atom by using numerical values given by Byers
Brown and Whisnant for ri (see also Table I) and by
Standard and Certain ' for a&. We thus obtain results
presented in Table IV. By looking at Table IV, it becomes
obvious that it is enough, for numerical estimates, to take
(ag/ri)=1. We thus find that p," ' '=0.003@,"~', and,
consequently, the second process is always negligible com-
pared to the first.

C. Contribution of quantum effects

The third process, presented in Sec. IV C, will be com-
pared to the first. On using Eqs. (47) and (30) we can
write

A ~(c)
=8.21& 10

Pz

TABLE III. Calculation of the relative dipolar depolarization

p, "' vs the permanent-induced dipolar moment p&. a is taken
from Ref. 25 and the second column is calculated vrith (48).

TABLE IV. Numerical estimates of the relative quadrupolar
depolarization. q is taken from Ref. 24 and a~ from Ref. 25.

H
He
Ne
Ar
Kr
Xe

CX

(a.u. )

4.5
1.38
2.66

11
16.7
27

{p," "'/p, )d'
(a.u. )

—0.46
—0.14
—0.27
—1.13
—1.72
—2.78

H
He
Ne
Ar
Kr
Xe

'9

(a.u. )

16.5
2.52
8.62

39.2
73.06
(150)

15
2.44
6.42

50.21
95.55

212.6

ag /g
(a.u.)

0.91
0.966
0.745
1.28
1.30

(1.41)
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(a.u. )

TABLE V. Numerical estimates of the quantum depolariza-
tion. 0' and q are taken from Ref. 25.

07 D /o. q
(a.u. ) (a.u. ) (a.u. )

e

H
He
Ne
Ar
Kr

388
16.8
95.4

1698
4360

4.5
1.38
2.66

11.1
16.7

16.5
2.52
8.62

39.21
73.06

5.22
4.83
4.16
3.90
3.57 F

(b)

Calculations of this ratio can be made by using previous
values for a arid g after having estimated D . This can
be made by using the paper of Whisnant and Byers
Brown,

07=6CIg I+9cug2 (52)

Numerical results are presented in Table V. We thus see
that quantum effects contribute to the reduction of the
surface-induced dipole moment for about 3% of the can-
tribution of the process {a). Although it can thus be
neglected, it can be helpful to note that the last effect is
more important than the second.

D. Final remarks

The complete quantum calculation presented in this pa-
per clearly shows that the main proces of depolarization
of an adatom A by its neighbor 8 is a classical one which
corresponds to the interaction between 3 and the static
dipole induced on 8 by the surface. This justifies the use
of the Topping's formula in a usual interpretation of ex-
perimental results.

The recent paper by Wandelt and Hulse on the ad-
sorption of xenon on palladium shows that different di-
pole moments are obtained on the three low-index planes
of palladium Pd(100), Pd(110), and Pd(111). To explain
this it would be necessary to perform calculations based
on a more realistic description of both the geometry of the
surface and its physical structure. At this point the non-
linear characteristics of the surface as recently presented
by Girard and Galatry could have, at this same order of
perturbation, an interesting infiuence on interactions be-
tvveen neighbors.

Lastly let us note that an effect of self-polarization of
the adatom would be considered at this same fifth order
of perturbation. The process illustrated by Fig. 9 can be

FIG. 9. Graphs illustrating the five-order perturbation term
of the induced permanent dipole of the system A above. Some
of the 60 different graphs correspond to the classical influence
of the induced dipole (at the third order of perturbation) of A on
the system A [e.g., (a)]. Some others correspond to the classical
influence of induced quadrupole of A on system A [e.g. , (b)).

calculated by using all the possible different diagrams ob-
tained by permutating quadrupole and dipole vertices
present in Fig. 9.

Among these some 60 Feynman diagrams, those in
which

~

e")=
~
f) will contribute to classical effects. It

is to be expected that their contribution to the total self-
polarization of the adatom will predominate and that they
will increase the initial permanent-induced dipole of the
atom. Among the classical effects we can distinguish be-
tween two different processes: The first one is illustrated
by Fig. 9{a). Its physical meaning becomes clear when we
identify (noting again that in this case

~

e")=
~ f ) ) the

graph of Fig. 2 as a part of the one of Fig. 9(a). This pro-
cess thus corresponds to the self-polarization of the atom
by the static electric field of its own permanent dipole.
The other process, presented in Fig. 9(b) can be interpret-
ed by analog considerations; it thus corresponds to the
self-polarization of the atom by the static field of its own
permanent-induced quadrupole. In the geometry of this
present paper, the increase of the initial permanent dipole
of the atom could be about 15% for the first effect for
Fig. 9(a) and about 1% for Fig. 9(b).
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