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ABSTRACT
A classical point dipole model is used to calculate the lécal field
effect on the optical properties of adsorbed molecules on a substrate.
The spatially non:Vafying component Qf»thé local field at the molecules.can

be described by using a local-field correction factor. Equally import- -

- ant is the spatially varying component of the local field which arises

mainly from the molecule - substrate interaction. The rapid variation over
the molecular dimension can appreciably modify‘the transition matrix ele-
ments and break down the electric dipéle selection rules. The effect be-
coﬁes insignificant if the molecules are more than 2.5 A away from the
substrate even in the metal case. Both compénents of the local field con-
tribute to the effective linear and_ndnlihear polarizabilities of the ad-

sorbed molecules. Nonlinearity due to molecular response to the harmonic
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I. INTRODUCTION

The potential of nonlinear. optical techniques for surface studies
has récently been'recognized.l' Initial attempts in this area has proven
to be very successful. The second—order'nonlinear érocesses, in particu-
lar, éppearvmost attractive because of their'éxpefimental simplicity and
their rélativelyhighsurface sensitivity.2 By symﬁétry, such processes
are forbidden in media with an inversion cehtef, but ﬁhey are al-

- lowed on surfaces or interfaces. This surfacefspecific nature makes the
second-ordérbnonliﬁear,optical processes most appropriatevfof probing of
molecules adsofbed at an interface between two.centrésymmetric media.

The lack of inveréion symmétry of an adéorbed molecular monolayer
resuits ffom”twé possible causes. First, the molecules themselves may
have no inversion Symmgtry;_ Their alignment on the surface through ad-
sorption forms a molecular layer with no inversioﬁ centér. Secoﬁd, evén
if the molecules are:¢éntrosymmetric, the mdlecule—substrate interaction
can effectively break the symmetry. We.shall call the interaction, in the
absence of any applied field, the "chemical" interaétion. This interac-
tion modifies the eigeneﬁefgies and eigenfunictions of the adsorbed mole-
cules, and therefore, changés the properties of the molecules. Then, in
the presence of an applied field, there also exist the induced dipole-
induced diﬁole interaction between moleculeé and induced dipole-image di-
pole interaction betwéenvthe,molécules and the substrate. We shall call
these field-induced interactions the "electromagnetic'" interaction. It
results in the creétion of a local field at the moleculeé different from
the aﬁplied field, and hence, an effective polarizability for the molecules

different from the real ome. In this paper, we shall only be concerned
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with the electromagnetic intéraction,

The quantum. theory of local field is admittedly very difficult, es-—
pecially when the eigenstates of the adsorbed molecules and the substrate
are not_known.3 "There, however, éxists the classical local-field theory
based on. the point-dipole model_.4 Bagéhi et al.5 has recently used such
a theory to caléulate the effective linear optical polarizability of mole-
cules adsorbed on a substrate. As in the buik,.a local-field correction
factor is adopte& to‘degcribe the average local field at the moleculeé.

It depeﬁds on the mblecular pola:izability; the distances between mole-~
cules and.between‘the mclecules and tbe substrate, and the dielectric
constant of the substrate.

InAcalculating the leffective nonlinear polarizability of the adsorbed
molecules, the same loczl-field correction factor should also appear in_
conjunction with each field component.6 In addition,f-« the electromag-
netiC'intera;tibﬁ also breaks the inversion symmeéry-ofva céntrosymmetric
molecule sitting_on a substrate? Using the_point-dibole model, Antonie-
wicz7 has shown that the second-order nonlinearity of an adsorbed molecule
can indeed arise from the induced dipole-image dipole interaction. Assume
an incoming field at Q induces an 6scill&ting dipole on an adsorbed mole-
cule. The induéedAdipoie—subsﬁrafe interaction can then be described by
the induced dipble—image dipole interaction. Since it is only the elec-
tron cloud in the molecule actually responding to the optical field, both
the induced dipole and the image dipole should have their centers vibrat-
ing iﬁ space at the frequency w. Consequently, the local field at the
molecule created by. the oscillating image dipole should have a harmonic

component at 2w. This results in a 2w component in the dipole oscillation,
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and leads to tﬁe second-harmoﬁiq generation from the édsorbed molecule.

The same picture can bé e#tended to yield a local field with all the har-
monic components. Using this model, Antoniewicz propesadﬂu:ekplain the
observed second-harmonic geﬁetétign from éenfrdsyﬁmetric molecules adsorbed
on silver'.8 A similar ﬁodel was previously used to explain the surface>
enhanced Raman scattering.9 In bqtﬁ céses,rbbwever, a rather small dis-
tance betweén—the moleculés and the subétrate was chosen in order to yield
the observed signal étrength, indicating.that other mechanisms are prbbab1y
more important.

The above model of Antoniewigz should be éxpectéd to fall naturally
from a local-field theory that properly takes into éccount all the dipole
interactions. Agide_from the hérmonic componenfs,lthe local field should
also have a strqng spaﬁial variafion along the surface normal. If the lo-
cal field varies_significantly across aAmolecule, thenvthe induced polaf—
ization on the molecule should result not only from the dipole contribu-
tion, but also from'thé higher-order mulﬁipoLe contributions.6_’10 Actu-
ally, the muitipolevexpansion may not even be appropriate in this case,
considering the very rapid spatial variation of the field. An immediate'
consequehce of this is that the transition matrix elements are now differ-

ent from the dipole matrix elements. Accordingly,'both the linear and

nonlinear polarizabilities of the molecules are modified, and the parity

selection rules broken. Such a mechanism is clearly more important for
molecules with more exténded wavefunctions.

The main objective of this paper is to formulate the local field pic~-
ture outlined above for v of the effeéf of the electromagne-

tic interaction on the second-or&er.nonlinearity of adsorbed molecules.
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We use the classical theory and the point-dipole model to describe the
local field arising from the induced dipole-induced dipole interaction
and the induced. dipole-image dipole interaction. The local field, shown
explicitly with its spatial dependence and the harﬁonic components, is
then'used in the semi—cléssiéal theory to éélculate the induced poiariza-
tion (or the effective dipole) on the adsorbed molecules. It wili be
seen that iﬁ addition to the local fieid éorrectioﬁ faétor, the local
field with its strong spatial variation can also change the polarizabili—
ties of the molecules significantly. It will also be shown that the se-
cond-order nonlinearity of the adsorbed.molecules is most like}y domin-
ated by the nonlinear response of the molecules to the fundamental compon-
ent of the local field rather fhan the linear response to the harmonic or
mixed frequency component of the local field.

In Sec. II, the point-dipole model used to calculaﬁe the local field
at the adsorbed molecules is reviewed, and an expression for the spatially
varying loéal field with its harmonic frequency components is obtained.
The local field is then used in Séc. ITT to defive the effective linear
and second-order nonlinear polarizabilities of the adsorbed molecules.
Final;y, Sec. IV is devoted to general amalysis and discussion from which
‘we gain some insight into the extent the linear and nonlinear optical
propefties of the adsorbed molecules is affected by tﬁe electromagnetic

interaction.

ITI. LOCAL FIELD AT ADSORBATES
Following Bagchi et al.,5 we assume a monolayer system of adsorbed

molecules forming a two-dimensional square lattice on a substrate with a
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lattice constant "a". The substrate which occupies the semi-infinite
space of z 2 0 is characterized by‘'a dielectric constant €. 1In an applied

field, a dipole ié induced on each adsorbed molecule. The centers of the

‘dipoles are taken asrRij = (ia, ja, - Zo)_where i and j are integers, and

Z, is the distance of the molecules from the substrate. We also assume

_ that the molecules are axially symmetric, with the molecular axis perpen-

dicular to the surface of the substrate. The linear polarizability of the

molecules is then a tensor with only the diagonal elemehts ¢ T ayy and

a_ .

z2z ‘
The point-dipole model together with the image-dipole approach is now.

used to calculate the local field at the molecules: The dipoles induced

on the molecules at ﬁij by an applied field E(w) are

T =aw - E, W W

goc

where Ezoc(w)'eif(w) . E(w) and_f(w) is the local field correction factor.

The image dipoles appear at ﬁij (ia, ja, Zo) and have the expresSion5

[- e uyy + uzZ}]- _ . (2) |

ew) -
e(w) +

|

Kl(m =

The local field ié the sum of the applied field and the dipole field. Let
T be thevpbsition of a locdl point in a molecule with reference to the
center of the molecule;‘-We choose the molecule at ioo = O as the repre-

sentative one. Then, the local field at T is given by

- > > ‘ .
Eloc(r) ='E + "E’dip(r) + Edip’l(r)‘. : (3)
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Here, (?)'is the field at T ¢reated by all the induced dipoles on the

E
dip

N .
adsorbed molecules except the one at which r is located.

o > > > > > > 2
3F + ®,, - DIER - D -IR,, - D -
By, @ = =1 - 4)
dip 1 521 R -0
1,] (Rij r)
- - > )
Edip I(r) is the field at r created by all the image dipoles.
b R .
oo > . >, —-r'.—)' '_;-)- ;—r >, __‘—->2
- & - Z 3[1‘11 Ry - DR - 1) uI(Rii r) )
le,I i’j=-°° (-ﬁ]!-:] = ;)5

It is easily seen that ]Edip(;)] is centrosymmetric with respect to the

center of a molecule, but lEdip I(;)l is not in the z-direction. The sums
. . bl .

in Eqs. (4) and (5) with T=0 have already been calculated by Bagchi et

al.5 The result yields

£, G=0=fw - fw (6)

with the local field correction factor given by

‘ 0Lxx(w) -1
L. (w) = Lyy(w) =1 +—;§—’[Eo - o(m)EI]
a
_ O‘zz(m) -1
Lzz(w) = {l - -—:;;—' [50 + D(w)EI] (7)
where
€o = - 9.0336

cont'd
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47

compares with a. This is fair

' ~ .2, 2.7 ‘ 5
& = 1672 Y X @+ ) Pexp|- —2 (1% + jz)i]
=~ = a
i=0 j=1 : .
p(w) = [e(w) - 1]/[e() + 1].
. . ) B ‘
The gradient of the local field at r = 0 can also be calculated. We
find, with VE neglected,
v = V] =
xEloc,y yEloc,x 0
2u_ (w)
V = V = - V =
xEZoc,x yEzoc,y 2 zEloc,z p(w) a3' gIM
' LAC)
V - v =
zEﬁoc,x xEﬁoc,z p(w) 3 gIM
. 2a
u_(w)
v =V = >
zEloc,y yEloc,z o (w) 9 3 gIM (&
a v
where :
4TrZo 2. .2.%
IRl R 9.~ (1435
T G+ ie -
M = 2m i=0 j=1
a . 417 L
. o ,.2,.2.7%
= 2, 2k e T
2 X @ +iD%
i=0 j=1.
To see the importance of the local field correction, we show in
Fig. 1 an example of how L__ and L__ vary with Z_. We assume a = 5 A,
. v XX zz o
‘ _ 3 ' _ . _ .
e(w) = 10, axx(w) =6 A7, and azz(w) = 11 A. While L= Lyy is always
larger than 1, Lz.z can be larger or smaller than 1, depending on how Zo

ly easy to understand from the dipole field
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pattern. In the x direction, the dipole field from Mo and u always adds

I,x
to the incoming EX field. 1In the z direction, the dipole field from uI,z'
also adds to Ez’ bu; that from M is opposite.to-Ez. We should note that
unlike the bulk case, where the-léqal field correction factor is usually
defined as the correction on the average macrdscoﬁi; field in a medium,
thé local field correction faétor here is defined with respeét to the ap-
plied field oﬁtside a medium. Coﬁsequen;ly;LxX, L&y and Lzz in the presentt‘
case are much closer to 1 than the usual local field correction factor in a
bulk condensed matter.

Because of the intrinsic asymmetry of the su;face; the spatial varia-
tion of the local field at the molecules can be quite strong if Zo < a.
It is mainly due to‘thé field created by the image dipoles. An example
with Z0 = l-a = 1.7 A and e(w) = 10 is shown in Fig. 2. The curve of E

3

versus z exhibits an appreciable variation in a region comparable to the

fo0c,2

size of a molecule. In fact, the variation is so strong that it cannot even
be approximated by a linear function, Such a'strong variation of the field'
over the dimension of a molecule will cértainly affect the polarizabilities
of the molecule since the electric dipole approximation is no longer valid
in the semi?classical derivation of the polarizabilities. Even the multi-
pole eipansion is not_really appropriate in this case. We shall discuss the
derivation of the polizabilities at length in the next section.

In the above discussion of local field, we have assumed that thé centers
of the dipoles remain -unchanged. More realisfically,-ﬁowever, the cénters
of the oscillating dipoles also oscillaté in space with respect to their
equilibrium positions. Let {gij(t)} be the time-varying centers of the in-

duced dipoles and image dipoles. Then, the local field at T created by the
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dipoles at {gij(t)}.instead of at {ﬁij} can be calculated from Eqs. (3-5)
with'{iij}'réplaced by'{gij(t)}. We notice that since the dipoles are in

phase, we have

-> L e - > >
Eqip(T » {le}) - Eygip(F = 5500 {r J})
> -> > -> > R . R _).:
Edip,I(r R {Sij}) = Edip,I[r - X(Soo)x - Y(Soo)y + z(Soo)z, {Rij}],

Therefore, by Taylor's series expansion, we find

- - > > -> > > -
Eloc(F ? {Sij}) _vEJLoc(r ? {$ij}) -_vEloc ) Soo + )
>
where VE is defined as
fLoc
- ~ ~ > > > > N > > > >
v = + -V ’
Eloc (x + y)[VXEdip(r) vxEdip,I(r)] + z{ zEdip(r) + szdip,I(r)]

Since Zégoo(t) is the induced oscillating dipole at frequency w, the se-

cond term in Eq. (9) describes an oscillation at 2w, and the higher-order
oscillations

termsAat'higher harmonics. Thus, the local field contains not only the
incoming freduency w, but also all the harmonic frequencies. 1In case two

frequehcies Wy and wzlére'present in the incoming wave, the local field

should contain ‘all the mixedvfrequencies mw., + nwé, with m and n being

1

integers. As a result, the induced polarization on the molecules will.
have all the harmonic or mixed frequency components. This appears as an
additional contributuion to the apparent nonlinearity of the adsorbed

molecuies.s’9
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IITI. LINEAR AND NONLINEAR POLARI.ZABILITIES OF ADSORBATES
- We now discuss the derivation of linear and second-order nonlinear
polarizabilities of molecules adsorbed on a substrate. For simplicity,
single

we shall assume aAmonochromatic incident beam at w. The interaction Hamil-

tonian for an adsorbed molecule in the local electro-magnetic field is

=_.e__- = . % > 3 ) ‘ T, {3 ‘._> |
Hine = Tme [P © Ao (S4D) + £y o (55 5,59 - pl
b3 & 8,.h - & (G, 8. (10)
I TYS R § goc T’ “Pij

> - e . . >
where Azoc(r’ {Sij}) is the vector potential of the local field at r with

the center of the incduced and image dipoles at {gij}' Having

(r, {S,.}) = -

> > 1 8 - > >
¢ 3t Mpoc(Tr BBy (1)

we obtain;"from Eq. (9), the funadmental and second harmonic frequency

components of ¥, as
int |

e ->

| e s
ﬂi(w) " Tm P Ezﬁc(r, {ﬁij})

L GO E ) . T - e [E(.‘*’)P & })]2 (12)
2mw © goc "’ “Tij HAW mez goc T* thij )

J(’z (2w)

To find the polarizabilities, we use the following procedure. The

current density operator is

) = -

glo

> e >(w) ~» >
[3+238) ¢, 3] (13)
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. which can be decomposed into V

3 =30 + 3@ +F@wy 4 - - -
Jo=-2%
> e2 >(w) ~> ->
JW) = - imw Ero(r’ {Rij}?
2 : ‘ :
Jaw) = - 2 ES G ® D - W as)

C - .
We then notice that the time-average expectation value of J * A can be

written as
> .7 - _ >(w) R N . “+(1) . >(w) -
St A ime T Ero(o’ {Rij}) @™ () Eloc(o’ {Rij})
>(2w) ,, > * . *(2) . >(w) > >(w) >
+E) . (0,.{Rij}) a " (2w) ¢ B, (0, {Rij})Eloc(o’ {Rij})

- - ' (15)

Using the density matrix formalism to carry out the perturbation calcula-

tion, we can identify
= (w) > * (1) . _)(w)' ‘+ - >(w) ~ -> | * .
W 0, 0" - TP - B0, &) = ={ERE &) - Toew

+ 3<w>o<0>1}

cont'd
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Loc

B2 0, & »" -« P - EE) 0, @ DES O, &b
- =520 @, @, 0" - B +Twew +Tawe@l}  as

where the density matrix p can be decomposed into p = p(0) + p(w) + 0(2w)
+ - - -. The perturbation calculation leads to the following expressions

for the linear and second-order polarizabilities.

2 B .
1 * > -
ai(j)(w) = - .E_Q.E <g[fw(r)fm(r) |g>61jpg(0)
o m g

<8lf (I')P [m><m[p f (r)‘g>

- 2 Z h(w - wmg)

<n| f;,@)pilgxglpjfm(;) | m>

hiw + wmg)

-+

og(O)

v e (0, (&, Da (1)

(2) e * > > oF 20c,] %ok
a sl 2w) = +—=) <glf, (DE(r)|g>s, o_(0)
ijk 2mw2:§: 2w w ij éw) . (0, {ﬁ }) g '
* >
. o <g|fzw(r)pilm><mlpjfw(r)|g>
rnel & (20 - up)
|ty Do, |g><alp,f, D lw> | VL) (0, & D D o
+ 3
h(2w +w__) (w) %ok g
g G (], })
* >
_ o3 <g|fzw(r)pi|m><m|fw(r)fw(r)|g>
i&m2w3 g,m h Qo - wmg)
<ml f;w(;)pi|g><g| fw(-xt) fw (-I)') |m>
+ 00 T wmg) og(O)
o3 _ <g|f (r)f (r)lm><mlpkf (r)lg>
12m2w3 g,m hlo - 8)

cont'd
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* > -> >
<w|£,, (DE, @) |e><elp, £, (@) [w>

+ e _(0)
h
(w + wmg) g
3 <g|f* (?) Im><m|p f (;)[n><n[p £ (;)[g>
__e 20 7Py i w K w
33 2 o
- h - -
i2m”w”. g,m,n (2w wmg)(m wng)
155 (@p, ln><alp. £, (D) |g><glp £, (D) |
) m fm(r)pi n><a|p. LT 187<8lpy LT im
h -
(w + wmg)(w wng)
1£5 (D)o, |g><glp,£ (D) [w><mlp, £ (D) |n>
: n r)P.8><glp. r) {m><m|p, £- (1) |n
+ 2w i W "kTw pg(o) (17)

2
h
(w + ng)(Zw + wng)

where we have defined f (r) = E(w)(r, {R })/E (0 {ﬁ })

The above expressions reduce to the. usual ones for a free molecule
if f; (r) is replaced by exp(lk . r) and if the flrst two terms in ai ; re
~dropped. With the molecules adsorbed on the substrate, the spatial vari-
ation of the local'field at the molecules can become quite significant
over the molecular dimeﬁsion. As a result, the matrix element <m|fw(;);|n>
can be very differeﬁt from.<mlgln>. In ﬁarticular, becaﬁsé f(?),is heither
odd nor even in ?, there no longer exists a parity éelection“rulé for the
transi;ion métrix elements. The first two terms in ai?i(Zw) of Eq. (17)

~arise from the 2wAfrequency component of the local field. They

are proportional to the gradients of the dipole fiélds at the molecules.
We notice that ﬁhése terms, in féct, describe the same second-order polar-
izability discusse& by Anto:niewicz8 using a simple image-dipole model with
the spatial variation f(;) negiected, but the problem we have treated here
. is more general.

If we now incorporate the local field correction factor L into the

polarizabilities in the usual way, we find the effective linear and second-
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order polarizabilities as
L (1) ] - 1,
5 @] g = Ly @ef L W D

if the incoming and outgoing waves are of different modes;

[aii)(w)]eff = “ii)(“)Lii(“) | (19)

if the incoming and outgoing waves are of the same mode; and

B (0L (0)). (20)

(2) - _ ,
L’ (w=w) + “2)]eff RIPACOLAS A

ijk
IV. DISCUSSION
Tﬁe results ih Sec. III show that the local field arising from the
electromagnetic interaction éan significantly modify the polarizabilities
of the adsorbed molecules. In comparison with the case of free molecules
in the gas phase, the modification comes in two ways. First, the average
local field at the adsorbed molecules leads to a local field correction
factor f for each independent field component attached to the polarizabil-
ities. Then, the rapid spatial variations of the local'fields at the mo-
lecules can yield transition matrix elemenﬁs very different from the usual
dipole matrix elemeﬁts. In the nonlinear case, the local field can fur-
ther modify the poiarizabilities via its harmonic or mixed frequency~com;
ponents. Because the local field here results from the induced dipole-
induced dipole and induced dipole-image dipole interaction_.5 its deviation

from the applied field is expected to increase monotonically with increase



17 ' LBL-16006

of the surface molecular demsity, increase‘éf moiécular polarizability,
-increase of.the reflectivity pfythe substrate,.and decrease oflthe dis~
tance of the adsorbed molecules:from the substrate.

If the closest distance between adsorbed molécules is smaller than
or comparable to the distance of the adsorbed molecuies froh the substrate,
the induced dipole—induced dipole interaction between the adsorbed mole- -

'culesvis mainly responsible fdr the local field correction factor. This
is because ;herdiﬁole—dipole interaction is of short range, and a molecule
sees severél induced dipoles but on;y one image dipole at its nearest
neighbor sites. In such a case? LXX and-Lyy should be less than 1, an@
Lzz should be larger than 1, as we have already‘mentioned‘in Sec. III.

An explicit ex;unple_ is shown in Fig. 1. There, with ¢ = 10 and a = 5 A,
the contributions of the image dipoles to LX# = Lyy and Lzz are seen to
have dropped_tq nearly zero for Zo > 2.3 A, For émalier values 6f'e, the‘
image dipole effect is evén weaker. 1f ¢ is 3 instead of 10 in Fig. 1,
then thé imége dipole contribution to T is negligible for Zb > Z.A,‘and
if ¢ = 1.5, it is negligible for z, > l.?_A; ,Cleariy, with a smaller
surface coverage of molecules, i.e., a larger_"a", the local field correc=
tion should become iess important (with T close to 1), but the relatiﬁe
importénce of the image dipole éontribution tg-f-ié expected to increase.

As ﬁe have remarked earlier, only the "average? locai field at the

.moleculés is described by the local field correction factor. Therefore,
it should not change'éhe seleétion rules of the transition matrix ele-
ments. However, the local field at the adsorbed molecules can actually

have a significant variation over the molecular dimensions. Such a rapid

spatial variation indicates that the multipole contribution in the transi-
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tion matrix elements is non-negligible fér the adsorbed molecules. ‘As a
result, the usual selection rules for electric dipole transiéions are no
1ongef applicable here. A direct consequence of this is that even for a
centrosymmetric molecule very Weakly adsorbed on substratés, it can have
a significant 3(2).

We have used f(?) in the matrix élements of Eq. (17) to-describe the
spatial variation of the local field across a molecule. Strictly speaking,
f(?) should be a tensor,Abut we expect, from dipole-dipole interaction,
that the tensorial character of f(;) isbweak. The variation of the local
field is mainly along the surface normal z, and is due to induced dipole-
image dipole interaction. Therefore, it is more significant if the ad-

sorbed molecules are closer to the substrate and the dielectric constant

[

of the substrate is larger. An example of how f(;)' f(z) varies with z '

is shown in Fig. 2, assuming Z_ = %—a = 1.7 A and ¢

- . . .
iation of f(r) over a molecular dimension indicates that the electric-di-

10. The strong var-

pole approximation used to calculate polarizabilities is no ionger valid.
However, as ZO increases, the dependence of f(z) on z quickly dimiﬁishes.
To estimate the importance of f(z), we divide f(z) into symmetric and an-
tisymmetric parts, f(z) = fs(z) + fa(z), and define a ratio ¢ = [fa(z)/
fs(z)]z=r , where T, denotes roughly the half size of the moiecﬁles. Note

| . ) (s , -
that to the first order, fs =~ 1, and fa(z) = z( EQOC,L/EROC(O)' With

9z
.ro chosen to be 0.7 A, we find, for aii) = 10 A and € = oo, the ratio ¢ is
larger than 0.1 only when Zo < 2,3A., Fore=3and e =1.5, we find ¢
> 0.1 only when_Zo < 1.8 A and 1.6 A, respectively. If aii) becomes 5 A
insﬁéad, then for € = o, 3, and 1.5, we have ¢ > 0.1 when z, < 1.8 4, 1.6

A, and 1.3 A, respectively. Thus, crudely speaking, if the center of an
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adsorbed molecule (i.e., center of the electronlc cloud respon81ble for
the 11near polarizability) is more than 2. 5 A away from a substrate, the
spatial variation of the local field has negligible effect on the polarl—
- zabilities. On the ofhef hand, if the center of the molecule is less
than 1.5 A away from a substrate,.the spatial variation of the local field
can modify the ﬁolarizabilities appreciably.. In the latter case, a cen-
trosymmetric molecule can have a significant second-order nonlinear polarf‘
izability eveﬁ if the distortion Qf wavefunctions due to adsorption is
'negligibie. |

As pointed_out by Antoniewi'cz,7 thevlinear reséonse of the molecuie
to the second-harmonic or mixed frequency component of the local field can
also contribute to the second—order noniineerity of theiabsorbed molecules.
This effective‘nonlinearity is eroportional to thedipdlefield gradients

(2)

at the molecules, as shown exp11c1tly in the first two terms of aljk in
Eq. (17), and therefore,Aincreases rapidly as Z0 decreases. However, it

is probably at most of the same order as the other terms invK.v(l7).
This can be seen as follows. Assume centrosymmetric molecules so that

L@

0 in the absence of local field. If we use the approximation'of '

R:

f(z)

1 in the electric~dipole allowed matrix elements and £(z) = 1 +

9 . . . ' . .
(az loc(z)) /Ezoc(o) in the electric-dipole forb;dden matrix elements

in Eq. (17), then with w and 2y far away from resonances, we can simplify

(2)

the expre551on of o, ijk

)

first two terms of aijk in Eq. (17) become

by the closure property of the eigenstates. The

B (2) (D, Dy (m)

! _2_ o (w)
le 1 e "ij %ok 2 Lo

50, (R DI,

0, (Ry;})

cont'd
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The rest of the terms of ai?i in Eq. (17) becomes
(2)) . .34 (3 | |
l 1Jk12 3e"<r >(3 (z)) /E oc(0)° (22).

(2) 2)
I l 1]1('2

case where the ground state wavefunction is more spread out, a larger dif-

Since <r4> is always larger than <r2>2, we have |a In the-

ference is expected. As an example, we use the BPz'wavefunction of Ar, -

¥ = Nzr exp(- r/0.444), to calculate <r®> ‘and <r4>, and find laéiill/
l éi;lz ~ 0.4. A more careful calculation taking into account the higher

order terms in f£(z) gives even a much smaller fatio. “his makes us be-
lieve that the effective second-order nonlinearity arising from the linear
response of the molecule to the second-harmonic frequency component of the.
local field is not aé-important as that arising from the nonlinear response
to the fundamen;al componeht of the spatially varying local field.

(2)

is nonvanishing even in the

(2)

For non-centrosymmetric molecules, «

absence of local field. The local-field contribution to a via f(r) be-

(2)

. e > >
comes comparable to the intrinsic o only when |<fa(r)>[ ~[<fs(.r)>|.

Then, accdrding to our earlier estimates, the local field variation has

(2)

a large effect on o only when the distance of the molecules from the

substrate, ZO, is small, say, less than ~1.5 A, and in all cases, the
contribution from the linear response to the second harmonic component of

(2)

the local field is small compared to the instrinsic a .
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V. CONCLUSION

From what we have discussed;'we can arrive at the following conclu-
sion. The electromagnetic interaction between molecules and between the
molecules and the substrate .can be accountedvby the local field effect.
It appears in two-respécts: a local field correction factér arising from
the spatially non-varying part of‘the_local field at the molecules, and
a mddification of the transition matrix‘elements in the polarizabilities.
by the spatially varying part of the local field. Thé harmonic and mixed.
frgquency'components of the local field play a relatively unimportant. role.

(1)

For typical molecules with .o < 10 A, thatvpart of the local-field
correction factor coming from the molecule—substra;e iﬁferaction is negli-
gible if the adsorbed moleculés»are more than 2.5 A away from the sub--
strate in the case of a metal’éubst:ate, or more than 1.5 A away in the
case of an'insulaﬁor'with g ~1.5. The part of the local field.éorrection
factor coming from the molecule-molecule interaction is negligible (i.e.,

nn

[L.. - l[ < 0.1) if the nearesf neighbor distance, "a", between the ad-

ii
sorbed molecules is larger than 10 A. When the molecule-molecule interac-
tion dominates, L., L__ are less than 1, and L__ larger than 1. When the
xx’ yy zz .
molecule-susbstrate interaction dominates, all Lii are larger than 1.

The spatially varying part of the local field at the molecules can
give rise to multipole contribution to the matrix elements involved in the
polarizabilities. Accordingly, the electric-dipole selection rules for
the polarizabilities are broken. This part arises mainly from the mole-

L <10 A, it is negiigible if the mo-

cule-substrate interaction. For o
lecules are more than 2.5 A away from a substrate, but it can strongly

modify the molecular polarizabilities if the molecule is less than ~ 1.5 A‘
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away from the substrate. In the latter case, a centrosymmetric molecule

may appear to have a second-order nonlinear polarizability as large as a

“

non—cenﬁrdéymmeﬁric molecule.

-WeAnow consider the more general case where the eigenstates of the -
molecules are distorted by the ‘chemical inﬁeraqtion" upon adsorption.
Clearly, the effect of the electromagnetic interaéiton should appear on
top of the chemical interaction. Our discussion here should therefore
apply to this general case as long as the proper eigenstates of the mole-
cules are used. Both the local field correction factor and the spatially
varying local field comporient should still contribute to the effective
polarizabilities. 1Imn fact, for chemically adsorbed molecules? because of
the bond formation betweer ;he molecules and the substrateé the effective
distance between the molecules and the substrate is expected to be small,
and hence,:the local field effect should be more importént than in the
physically adsorbed case.- This is particularly true for metal substrates.
Following this argument, we expect that if a relatively small molecule is
chemically adsorbed on a metal su;face, its polarizabilities can be dras-
tically modified by the local field. 1In partiéular, a relatively large
second—order'nonliﬁearity may result for a centrosymmetric molecule evén if its

symmetry is not appreciably distorted by the chemical interactionm.

In experiments using a second-order nonlinear optical process to probe v
, . e e(2) |
adsorbed molecules, the nonlinear susceptibility ¥ » instead of the po-

e e <(2) . . ' ) <
larizability a » is measured. The symmetry of x

(2) reflects the symme-

try of the molecular arrangement on the surface, while the ratios of non-

(2).

elements reflect the molecular orientation on the surface.

We note that the local field has no effect on the symmetry bf-§<2), but

vanishing x
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(2)

it ddes modify the effective a,,
ijk

through both the local-field correction
factor and the spatially varying component of the local field. This makes
©(2)

the determination of molecular orientation from the X measurement com-

plicated if the local field effect is not negligible or known.
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FIGURE CAPTIONS

Fig. 1

Fig., 2

oy Edip,z ,

Local field'correction::factors calculated from the point-dipole
model as a function of the distance of molecules from the sub-
straté, assuming a = 5 A, & = 6 A and @, = 11 A for adsorbed
molecules, and € = 10 for‘the substrate.

Local field variation along the surface normal around a molecule.
Contributions from the induced dipole-induced dipole interaction

and from the induced dipole-image dipole interaction are denoted

b

(2) and B, 1,

(2), respectively.
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