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A theory for surface enhanced Raman scattering (SERS) is developed. Effects due to realistic surface
geometry and dielectric properties are included. Three sources of enhanced Raman scattering are noted: the
image dipole enhancement effect, the increase of local field (“lightning rod” effect), and the resonant
excitation of surface plasmons. The surface is modeled as a hemispheroid protruding from a conducting plane,
although other models are considered. The spherical limit is discussed in some detail and molecular
orientation effects are considered. Cross sections for Mie, Rayleigh, and Raman scattering are derived.

1. INTRODUCTION

The observation!™3 of surface enhanced Raman scat-
tering (SERS) of molecules adsorbed on some metal elec-
trodes has led to a mounting experimental and theoreti-
cal effort aimed at elucidating the nature of the phenom-
enon.* It has recently been observed® that the phenome-
non persists on rough metallic surfaces in high vacuum.
A broad range of theoretical models has been advanced
to explain the effect. ?

Recent experimental results® indicate that the SERS
phenomenon persists beyond the first layer of adsorbed
molecules: the surface effect appears to decrease slow-
ly with the distance from the surface (over a length
scale of 10-100 ;\). It was also noticed that the pres-
ence of large scale surface roughness appears to be
necessary to observe the enhancement.

It should be kept in mind that more than one mecha-
nism may be responsible for the enhancement phenome-
non and that the observed enhancement factors result
from a combination of several contributions. One may
not exclude the possibility that chemical interactions,
e.g., formation of charge transfer states of the metal-~
adsorbed molecule complex7 are effective at close
range. However the apparent long range nature of the
phenomenon suggests that electromagnetic interactions
are of primary importance. This stands in accord with
the suggestion made by Moscovits® that the excitation

“of transverse collective electron resonances associated
with microscopic bumps on the metal surface is réspons-
ible for the enhancement. Burstein et al. ® have developed
this idea and pointed out that the increase in the local
electric field at the surface near such a resonance gives
rise to an apparent enhanced Raman scattering by the
molecule which is subjected to this increased field.

Another source for enhancement which is not related
to excitation of surface resonances occurs when the
molecule is adsorbed near high curvature edges of
surface irregularities. The polarization of the metal
in the extemal electric field produces a strong local

2 On leave from the Department of Chemistry, Tel Aviv Uni-
versity, Tel Aviv, Israel.
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field in the vicinity of such edges which in turn appears
as an enhanced Raman scattering by the molecule ex-
periencing this field. This “lightning rod mechanism”
was recently proposed10 for perfectly conducting ellip-
soidal metal particles. Very large enhancement ratios
may be obtained for a molecule adsorbed along the long
axis of such an ellipsoid.

In practice both the resonances and the lightning rod
effect are operative in principle. In addition to those
the image enhancement mechanism'!*2 may be effective
at close range and the polarization of the metal by the
molecular dipole (which also contributes to the Raman
scattering component) should also be taken into ac-
count. This is the subject of this paper: we explore the
effects on the Raman scattering by a molecule associ-
ated with the electromagnetic interaction of this mole-
cule with small metal particles or small surface imper-
fections located nearby. Classical electrodynamics is
used throughout, with the molecule represented by a
polarizable point dipole and the metal —by a continuous
medium of specified shape and a dielectric constant €(w).

The effect of the electromagnetic interaction between
the molecule of interest and a polarizable body located
close to it on the Raman scattering by the molecule may
be illustrated by the following simple model: The
molecule is represented by a point dipole u, induced by
the external electric field E with the corresponding mo-
lecular polarizability tensor a;

y.l':ai- E. (1- 1)

A second body (e. g., an atom) is similarly represented
by uy and &, The electric field E is composed of a
part E, associated with the incident radiation and a con-
tribution from the induced dipoles. This leads to the
following set of coupled equations:

bi=ay (Eg+M - u,), (1. 2a)

po=0y (Eg+M- py), (1. 2b)
where

M= (35 —t)/d®, (1.3)

with d being the distance vector between the two dipoles,
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n=d/d, and | is the unit tensor. The quantities g, f,,
and E; are the (complex) amplitudes of the corresponding
oscillating dipoles and field [coefficients of exp(-iwt)]
and the polarizabilities @; and @, are in principle w de-
pendent. The validity of Eq. (1.2) is limited to the case
where d <« 2nc¢/w, where c is the speed of light. For
larger d values retardation effects are important.

Solving Egs. (1.2) for u,, we obtain
pi=[1-a-M@- ay- M@)]" a3+ [1+M(@) ay]- E, .
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aff —[t-a, M- a-M]' a,- [I+M-a].  (1.6)
In this classical picture the Raman polarizability is asso-
ciated with the nuclear coordinate dependence of «;.
Obviously both af'f and @f'' carry such contributions.

The total Raman polarizability is
<]
ality=aQ — [aff +al'f], mn

Q)

where @ is the amplitude of the relevant nuclear coordi-

(1. 4) - - -
The effective polarizability of the molecule is nate. Equation (1.7) is based on the fact that both di-
ott M M-t poles occupy essentially the same spatial location as far
af*={l-a; M- a, Ml oy [1+ M- a,] . (1.5) as the scattering process is concerned. Equations (1.5)-
Similarly, (1.7) yield
]
tot -1 aal -1
Arpn=0Q - M. a,-M)" 0 M-, M(l-a-M-ay- M)+ {1+ M. a,]
o
+0a,-M —861- M. (1—a;- M- a,- M)t a,- I+ M- a,)+l]). (1.8)
r
The differential Raman scattering cross section is Disregarding the image effect results in a much sim-
pler expression for the total Raman polarizability
do 4 5. ot s (2
—§:k |e'aRAM'60| , (1-9)
d tot da, ey da
ain=2Q|—=L+— M- a,+a,-M. — (1.10)
where 2 is the angle denoting a particular direction in ¢ %@ %Q

space, 2=w/c, and where ¢, and & are the polarization
vectors of the incident and scattered radiation. Inspec-
tion of expressions (1.5), (1.6), and (1.7) reveals three
sources for the effect of a (closely lying) polarizable
body on the Raman scattering of the molecule:

(i) The polarization of the body in the external field
leads to an induced local field (M. a,-E ) which adds
to the oscillating field seen by the molecule (“local
field effect”).

(ii) The polarization of the body by the induced oscil-
lating molecular dipole induces an additional oscillating
field felt by the molecule (“image effect”).

(iii) The polarization of the body by the induced mo-
lecular dipole has a Raman component and contributes
to the Raman scattering.

The “image effect” is associated with the inverse
matrices appearing in Egs. (1.5), (1.86), and (1. 8).
These inverses are essentially of the order (1 —oalozzd'e)'1
and can give rise to enhanced scattering when the distance
R is small enough so that a1a2d'6 is close to unity. Sim-
ilar observations lead to the image mechanism for
SERS proposed in several works. .12 we should keep
in mind, however, that the polarizabilities a, and «,
are normally of the orders of the corresponding molecu-
lar volumes and that the point dipole model is valid only
provided that these volumes are much smaller than a4
Also, distances for which a;a,d®~1 are so small that
the classical picture itself becomes questionable. Fi-
nally the recent experimental results of the Bell group6
suggest that at least part of the SERS effect is relative-
ly long range in nature and persists at distances for
which the image contribution is negligible.

Of the three terms appearing on the right-hand side of
Eq. (1.10), the first corresponds to the Raman scatter-
ing by the free molecule, the second corresponds to the
additional Raman scattering by the molecule due to the
local field induced by the body, and the third is related
to the Raman component of the polarization induced on
the body by the molecular field. Equation (1. 10) implies
that the Raman scattering of this system will be sub-
stantially enhanced relative to that of the free molecule
if || M- ayl|>1. This is essentially equivalent to

||ap/d||>1. (1.11)

This inequality may hold if one or both of the following
conditions are satisfied:

(i) The incident frequency is close to a resonance of
the body which may couple to the incident field. a,(w)
is large near such a resonance.

(ii) The size and the geometrical shape of the body
are such that a, is large even for a static field (w =0).

Manifestations of both possibilities will be seen in the
more realistic examples considered in the following
sections. In particular when the body is a small metal
particle or a small metallic surface imperfection, the
relevant resonances are identified as the surface plas-
mon resonances of this particle while the size and shape
of the particle enter through the “lightning rod effect”:
the establishment of a strong electric field near sur-
faces of large curvatures.

In Sec. II we consider a model for a molecule adsorbed
on a surface imperfection. The latter is taken to be a
prolate hemispheroid with the semimajor axis perpen-
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dicular to the surface and the molecular dipole lying
above the surface along this axis and parallel to it. The
model is simplified by assuming that the surface is a
perfect conductor [while the hemispheroid is character-
ized by a dielectric function e(w)]. A comparison with
the corresponding solution for an isolated complete
spheroid reveals that the nature of the planar surface
plays only a secondary role in the Raman enhancement
effect.

Section II discusses only electric dipole scattering.
In Sec. III the possible role of magnetic dipole scatter-
ing is discussed within the same model. In Sec. IV we
analyze the Raman enhancement ratio associated with
this model and its dependence on physical parameters
(metal particle shape, molecule~surface distance, and
incident radiation frequency). Finally, in Sec. V we
remove, for the particular case of a molecule ad-
sorbed on a metal sphere, the restrictions imposed on
the molecule orientation relative to the sphere and on the
orientation of the molecule—sphere complex in the elec-
tromagnetic field, and evaluate for this example the
complete Raman polarizability tensor. From this we ob-
tain the directionality properties of the enhancement ef-
fect and the polarization of the scattering light.

1l. POLARIZABILITY OF A MOLECULE ADSORBED
ON A SPHEROIDAL SURFACE IMPERFECTION

Let us compute the light scattering produced when a
laser field is incident on a molecule adsorbed on a rough
surface. The surface will be taken to be a prolate hemi-
spheroid protruding from a flat plane. The molecule is
taken to be along the symmetry axis some distance
above the spheroid. The spheroid is assumed to have
the complex dielectric constant e(w), while the plane
is taken to be a perfect conductor. This latter assump-
tion allows for a great mathematical simplification of
the electrostatic problem while, as we shall see below,
it has only a secondary effect on the Raman scattering
process. The incident electric field is taken to be along
the symmetry axis, and the molecular dipole is taken
to be along this axis and parallel to it. The geometric
arrangement is depicted in Fig. 1.

We shall make the assumption that the wavelength of
the light is much larger than the semimajor axis of the
spheroid ¢ and the molecule -surface distance H. Or-
dinarily one must solve the Helmholtz equation for the
field variables, e.g.,

(Vi+EHE=0, (2. 1)

but if 2H, ka <1, this reduces to the Laplace equation
VE=0. (2.2)

The problem is thus reduced to the study of a static
field configuration.

Let us first consider the electrostatic problem. In
the region outside the spheroid we have an applied exter-
nal field, a polarized molecule producing an electric
field, and a field due to the spheroid and the plane.

The potential may be written in the following form:
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FIG. 1. Geometry of surface protrusion. The semimajor
axis is @ and the semiminor axis is b. The spheroid surface
is £ =¢£, and that surface passing through the molecule is £ =¢,.

°]
= - EofEn [y 551—{[(&2 —1(L -7+ (g £ R

[ -1 -+ (En+ »zi)z]'“z}

+ 3 e P (1R, (E) . 2. 3)

P, and @, denote Legendre functions of the first and sec-
ond kind, respectively. Inside the spheroid we simply
write down a general solution to the Laplace equation

Bry= ) 0P (MP,E). 2. 4)

In Egs. (2.3) and (2. 4) we have introduced the spheroidal
coordinates

x=f[(E 1)1 =] % coso ,
y=FL(E-1)1 -] sing ,
z:fS?? ’

where the ¢ is an azimuthal coordinate and ¢ and 7 are
the orthogonal spheroidal coordinates. The focal dis-
tance f is related to the semimajor axis a and semimi--
nor axis b by

f=(a?-ph)i/2

(2.5)

(2. 6)
The surface of the spheroidal protrusion is §=£&;, where
‘50 :a/f . (2. 7)

The molecule is located a distance H above the spheroid
and lies on the surface

Li=(a+H)/f. (2.8)

In Eq. (2.3) we have included in the second term a con-
tribution from the polarized molecule, whose dipole u
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is assumed to be parallel to E;, and a contribution from
its image a distance a + H below the plane. The last
term in Eq. (2. 3) represents the general solution to
Laplace’s equation which is well behaved at n=1 and

£ =, It represents the potential associated with the
polarized hemispheroid and its surface image on the con-
ducting plane. The potential &; is chosen so that it van-
ishes on the plane of the flat surface (n=0). Thus only
odd » terms appear in the summation. This is true also
for the potential inside the spheroid, given by Eq. (2. 4).
Equation (2. 4) represents the most general solution to
the Laplace equation which is well behaved at £ =1 and
n=1.

The coefficients a, and b, must be determined by
matching the two solutions at the boundary £ = £ for
all n in the range 0=7=1. If we impose the condition
that ¢ is continuous across this surface we obtain
(Egm - &1 /2

—Eof§n+;‘fw 52—1{[(53 -1 -n)+

1/2}
:Z' [b,,P,,(ﬁg) —CnQn(go)]Pn(n)

~[EE -1 -+ (Egn+ &0

(2. 9)

If we match the normal components of the displacement
vectors along this surface we obtain

po o .
—Eofﬂ+]77 m{[(&%—l)(l — 1)+ (§gn = £ 2] /2

—[E -1)(1 -2) + (£gn+ &)V

=3 [el@)b,PL(Ey) - c, Q4] Pyl) . (2.10)

These expressions may be inverted to dbtain the coeffi-
cients b, and ¢, by employing the integral

fP )P (n)dn_ (2.11)

+1’

which is valid for m and n both odd, and the integral

1
J P/ -1 -+ o - 71

- 1/0(EF ~ 1)1 = mP) + (§on + £1)°] %} ain
=2P,(£0)@4(&1) , (2.12)
when » is odd and §;> £;>1. Thus we obtain the equa-
tion
Py (&) = caQnl§0) = — Eof&obn,1
+ (4n+2) (W/F)P,(§)Qn(E1) (2.13a)
and
()b, Pr(&y) - c,Qh(&))
=~ Eof8,,1 + (4n+ 2)(u/Ff )P4 (0)Qu(E1) . (2. 13b)
Solving these for C, gives
(e =1)Eyf£48,.1 N (4n+2)u
~e@y(&y) - £,Q1(£) re
(1 = )PL(E)@(E )Py (&) . 14)

X EQuEPLE) — QUEQP(Ey)
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In the long wavelength limit the dominant electrical
emission is due to the dipole moment. By examining
Eq. (2.3) for large £, we may isolate the electrical
dipole moment D:

D7

&, ET:CZ&—)Z"'Eofin, (2.15)
where
D=2u+%c,f* (2.16)

The 24 term is just the sum of the molecular dipole and
its image in the plane. The second term is the dipole
induced on the spheroid (and its image in the plane).
Thus we find

D~f3E° tole = 1)
=73 @) - 5@l
(1= k4(¢ )
1\61
”“( t B - EaEs >) (2.17)

In general a molecule has a polarizability tensor which
is anisotropic. Let us assume that the molecule is
oriented so that one of the principal axes is oriented
along the z axis. The polarizability along this direc-
tion is denoted by «. The dipole is then determined by
the net electrical field produced at the molecule’s posi-
tion by the spheroid, the plane, and the external field.
Thus

l 4 ' M
u:a<—fz C,.Qn(€1)+m+b"() . (2.18)

Combining Egs. (2.17) and (2. 18) leads to the expres-
sion

D_f350 §ole(w) —1]
T3 elw )Q (50) 0Q1(§ )
20F, [1 - e(w)] £,Q1(E))
Tt M e @) —&0Q1(50)> ;o (2.19)
where
a 2a[e(w) -1]
T=aryr " 7
r_(2n+ 1)P,(5)Pi(Ey)[@n(E )]
Y APy — PaEIQLED (2.20)
In Eq. (2.19), the first term, which is independent of «
and &, is the contribution to the dipole moment due to

an isolated hemispheroid on a conducting plane. The

second term is the effect of the molecule.

The denominator 1 —T" appearing in Eq. (2.19) may be
termed the image enhancement factor. I consists of
two terms, one due to the image of the molecular dipole
in the plane and the second due to its image in the hemi-
spheroid. To see this suppose we take the limit e(w)
-1, i.e., eliminate the hemispheroid entirely. Then
I -2a/[2(a+ H)?, where use has been made of Eq.

(2. 8). This is the familiar expression for the image
enhancement term for a molecule near a plane. Further
insight is obtained by examining the second term in Eq.
(2. 20) in the case where the hemispheroid is also a per-
fect conductor. Thus let | e(w)| - and then I" becomes

o 2a Pn(go)[Q;(§1)]2

——— ! 2.21
Iﬁm’m‘i(f‘%) +]7!¥‘ " (B +1) @.(&) ( )
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Consider the case where the molecule is close to the
surface, i.e., &§;~&, If our intuition is correct, then
as we make the ellipsoid less eccentric (increase &, to-
wards infinity) the ellipsoid will look locally like a plane
and the second term should reduce to 2a/(2H)3. This is
indeed obtained by the use of the asymptotic formulas
(§4> &> 1)

1/2

Qnl80) 7 W . (2. 22)

where T'(x) is the gamma function, and
on 1yen

w(&o) ;o —F,f%’%n—i’iq , (2.23)
when
20‘ P,(£,)
= "(2n+ 1)) 2., [Qn(f )

_.Zag !’ 2(_())2"_. 2a
7 2+ 1) t) ~GEF (2. 24)

as expected. For a finite geometry, of course, the ex-
pressions in Egs. (2. 20) and (2. 21) will differ from the
predictions of the plane image enhancement theory.

For a, b > H the plane image expression provides a con-
venient approximation.

For the perfectly conducting hemiellipsoid on a con-
ducting plane Eq. (2.19) reduces to

LBy 2B (1 £QI(EY
P-=3aizy) T1-T. (1 Qt(go)\) ) (2. 25)

where T, is defined in Eq. (2.21). It is worthwhile com-
paring these results to the case where the spheroids are
totally isolated, i.e., no conducting plate and a full
rather than a hemispheroid. Equation (2. 3) is modified
so that there is no image dipole term associated with

the plane and the sum is extended over all values of ».
The potentials are now matched over the entire range

-1=n=1. We then find
b:f3E0 golf(“’)'l]

3 €(‘*’)Q1(go) - goQ'l(go)

| QE, [1 - e(w)]£@1(¢) \°

TIoF (1+e(w)Q1(£o)—§oQ'1(§o)) ’ (2.26)
where
= o _ (2n + 1P, (£)PA(E[QA(E )
P=ple@ -113 o m e - PO ED

(2. 27)

In the perfect conductor limit [| e(w)| ~ =], these sim-
plify to results obtained previously10

3 ’ 2
5 _FEg, | aF) [ £Q(E)
P-=30:2) (1 @1(Eo) ) (2. 28)
where
= o
fo=y ;;(znn)Q @ ,[Q,.@;)Jz (2. 29)

Comparison of Eqs. (2.26) and (2. 27) with (2. 19) and
(2. 20) show them to be of the same basic structure with
some slight numerical differences (see Fig. 8).

Equations (2. 19) and (2. 26) contain denominator terms
of the form

3027
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FIG. 2. Energy of surface plasmons for Ag, Cu, and Au as a

function of the aspect ratio a/b of the spheroid.

A(&o, w)=€(w)Qx(§o)-§oQ;(§o) . (2. 30)

The zero of this expression is the condition for a surface
plasmon of the spheroid. In the limit as £{3—=, in which
the spheroid tends towards a sphere, A simplifies to

elw)+2

A%y, w) go—_;—%g—— . (2.31)

The condition for a surface plasmon of a sphere is
ew)+(+1)/1=0, (2. 32)
so for I=1 (dipole case), this reduces to e(w)+2=0.

In the highly prolate limit {(¢§3—~1), the zero of Eq.
(2. 30) occurs when

e(w)={(& - Dnf2/(¢, - 1)]}!,

which means that e(w) will be large and negative.

(2.33)

In Fig. 2 the surface plasmon frequency is plotted as
a function of the aspect ratio a/b for Ag, Cu, and Au.
The optical data of Johnson and Christy13 was employed
to find the frequency corresponding to a given value of
€. For a/b=1 we obtain the spherical surface plasmon
energy of 3. 50 eV. This is below the value for a flat
surface where Zw,;=3.68 eV (i.e., ¢+1=0). Both val-
ues are below the bulk plasma frequency #iwz=3. 81 eV
(where €=0). As the spheroid becomes more eccentric
the surface plasmon frequency gets lower. Thus a laser
at a given frequency will select spheroids of a given as-
pect ratio to be in resonance with. From the form of
Eq. (2.19) we may expect a strong enhancement in D in
the neighborhood of such a resonance. A necessary con-
dition is obviously that Ime(w) be small at the resonance
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frequency when Ree(w) satisfies Eq. (2.30). The fact
that Ag satisfies this condition best explains its high ef-
ficiency in the SERS effect.

We note in passing that when a sphere is distorted to
become a spheroid its dipolar surface plasmon splits
as may be seen from the polarizability tensor of the
ellipsoid

ath ) 0
Qorripsoia=| 0 a'® 0 , (2. 34)
0 0 o
where
oy (2 2(e ~1)7%,
o= o = TR PTGy — PGPl 2%
and
(3 __ (E_l)fzgo
O = Seqi(Ey) = £4@, )] (2.38)

Equation (2. 36) is obtained from the a mdependent term
of Eq. (2.26), while Eq. (2.35) in which @} and Pi are
associated Legendre functions may be obtained from a
similar calculation as above with the external field per-
pendicular to the spheroid major axis. We now expand
Egs. (2.35) and (2. 36) about the sphere limit defined by

f-’O ’ 50"00 3
eyt~ 1) =ab?=const=a" , 2.37)
and obtain
) A2 (e-1)@°
aT=a Te+2+5 (e-1)[(a/a) -1] (2.38)
and
a® _ (c - 1)a’ (2. 39)

e+ 2-3(e =D(a/a)’ -1] °

The sphere dipolar surface plasmon resonance is seen
to split into two: For metals like Ag, Cu, and Ay, the
resonance in a'® occurs at lower energies and that in
o'V = a'® _at higher energies than the corresponding
sphere resonance. When the molecule is adsorbed along
the spheroid major axis with the induced dipole parallel
to this axis (which is the model considered here), only
a'® plays a role in the o (molecular polarizability) de-
pendent part of the total induced dipole D.

Equations (2.19), (2.20) (for the hemispheroid on a
conducting surface) and (2. 26), (2.27) (for the full
spheroid) constitute the final expressions for the dipole
induced in the system by an external electric field.

The coefficients of E; in the expression for D [Eq.
(2.19)] and D {Eq. (2.20)] are the corresponding polar-
izabilities. Their a-dependent parts give rise to the
Raman polarizability via the nuclear coordinate depen-
dence of a. Before proceeding in evaluating the Raman
scattering intensity we briefly discuss the possible role
of magnetic scattering.

11Il. MAGNETIC SCATTERING

In this section we consider the effect of magnetic di-
pole scattering from the hemiellipsoid on the conducting

B, is the incident laser magnetic field.
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plane. We shall not treat the problem in its fullest gen-
erality but rather consider two limiting, but useful,
cases,

In the first case consider Maxwell’s equations in the
ellipsoid

VxE=(iw/c)B, (3.1a)
Vx H=(-iwe/c)E , (3. 1b)
v-B=0, (3. 1c)
V- €E=0. {3.1d)

We will assume the magnetic susceptibility of the metal
is unity so B=H. In the limit wa/c <1, in plane of the
first equation we have

VXE:O, (3.13.’)

and the electric field is obtained by solving the appro-
priate electrostatic problem, as in the previous section.
The Ampere law, however, may not be trucated unless
one imposes the condition

lawe/c| < 1. (3.2)
If this is true then
VxB-0, (3.10")

and we find that the magnetic field satisfies Laplace’s
equation everywhere. Then B=DB, is the solution, where
In this limit no
magnetic scattering cccurs.

In the second limiting case we may imagine that the

magnitude of € is sufficiently large that
|bwe/c| >1. (3.3)

Then the metal is behaving like a perfect conductor so,
from Eq. (3.1b), E=0. Then, from Egs. (3.1a)and

(3.1c), B,=0 on the surface of the conductor. Outside
the conductor we have
B=-Vy, (3.4)

where ¢ is the magnetostatic poential. The magnetic po-

tential may be written
Y= - ByA(E? - 1)1 = 7)]'/? cose

+ Q1)1 =1 cose (3.5)

‘where Q}(é) is an associated Legendre function of the

second kind. Imposition of the boundary condition that
B,=0 at { =§, yields

y=Bof&/[Q:(¢ )+(§%—1)-1] . (3. 6)
The magnetic dipole is
m=-2f%, (3.7)

as may be seen by expanding Eq. (3.5) in powers of 1/£.
In the sphere limit ({,>> 1) this reduces to the familiar
expression

m l__": %a BO (3. 8)
In the needle limit
m - 1‘&7"330(50‘1) (3.9)

which shows that magnetic scattering is not important
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for highly prolate objects of our given geometry.

One may generalize the magnetic dipole expression
and write
2By fiE,F
3 Q&)+ (-1 7
where F is a factor which is 1 if Eq. (3. 3) is obeyed and
is 0 if Eq. (3.2) is obeyed. For intermediate values it

interpolates between these extremes in a yet undeter -
mined manner.

1IV. THE SCATTERING CROSS SECTION

Let us now compute the dipole radiation produced when
an incident laser field directed along the symmetry axis
strikes the roughness configuration as in Fig. 1. We
note that in actual experiments the incident electric
field is not usually oriented along the symmetry axis of
Fig. 1. (It may be so oriented if Fig. 1 represents a
local configuration not parallel to the macroscopic sur-
face.) Surface currents induced by the parallel compo-
nent of the field may modify the results presented here
which include only the effect of the protrusions plus
their images in the substrate surface.

m = -

(3.10)

The total radiated power is given by Larmor’s formula
in the dipole approximation

= (w%/3¢%) (D* + m?) | (4.1)

where D is given by Eq. (2.19) and m is given by Eq.
(3.10). Dividing this expression by the incident intens-
ity CE0/81r yields an expressmn for the elastic light
scattering cross section

O=0,+0g+ Ogy , (4.2)
where oy is the Mie scattering cross section
87 le~1]
Tu= 27( > f § (1€Q1(§0)-£0Q'1(“§0)|7
4F*
T @) (4.3)

which is independent of the molecule; oy is the Rayleigh
scattering cross section resulting from the presence of

the molecule
L
R= 3 \¢/) 11-T}? €Q,(¢ 0Q1(€o)

This term is proportional to the square of the molecular
polarizability; finally, ogy is a cross term between Ray-
leigh and Mie scattering

327 (w\* (et ~1)

(1 -€)¢Q1(¢)  \?
8 ( " €Q(&o) - 50Q1(50)> ]

In order to obtain the molecular Raman scattering
cross section we must consider inelastic light scatter-
ing. We obtain the Raman cross section in a semi-
classical manner as discussed in the introduction. We
take

- §,Q1(&)]

(4.5)

a=ay+ AQ cosﬂt (4. 6)

Q)

3029

where A is a molecular normal mode coordinate and

2 is the corresponding vibration frequency. In our
simplified geometry we neglect variations of the polar-
izability tensor perpendicular to the axis of symmetry.

If we insert Eq. (4. 6) in the evaluation of Eq. (4.2),

we find that only the Rayleigh term gives rise to a Raman
contribution, resulting in

8 ¢ sa\t 1
sy (5) 20" (33) T

(1 - €)£,@1(£4)
T &) - £Q1 (&)

In deriving Eq. (4.7) from Eq. (4.3), we have neglected
any possible contribution to Raman scattering from 8F/

9Q.

A second type of Raman process arises from the mol-
ecule—-metal bond itself. Here we may regard « as con-
stant and assume £, to be oscillating at the bond frequen-
cy 7,

X 4.7

0
£ =& +a—§;AHcosQ't , (4.8)

where AH is the transition moment for the metal-mole-

cule bond. Insertion of this expression into the Rayleigh
scattering yields .
o :8_11(2)4 (ClAH)Z 0 i'(ﬂo’) 2 1-¢ 2
BS= 3 \¢ f - €Q1(50) - goQ;(go)
(4. 9)

The expressions given by Eqs. (4.7) and (4. 9) are ap-
plicable to the case of weak chemisorption or physiosorp-
tion. For strong chemisorption the normal mode fre-
quencies will be altered and the coordinates may be ex-
pressed in terms of @, and H. The separation into two
independent expressions, as above, is not possible.

In the limit of a perfect conductor, where | €| -,
these expressions reduce to

87 6 4F2 ’
Oy =~ 27( ) f£ (Ql( ) [Q1(£0)+(£g‘1)-1]2> ’ (4.3")

0R~3§ﬂ( ) - (.1;12 ‘l_ﬁogii((foj))\“ , (4. 4"
- S o O . e
°RS"8§E<§)4 (AQ %)2 T (1 '55?((25)1))4 @)
LS (Y

Equations (2. 3"), (2.4'), (2.5"), and (2.7') were obtained
earlier. " We may further specialize these equations by
going to the sphere limit (£§;— =) and find

-~ r(w/c)a®, (4.3")

which is the familiar Mie scattering cross section for-:
mula for a perfectly conducting sphere. In the opposite
limit, of a needlelike structure ({,—~1), we have

w0 (%) wErd—or -

which shows that Mie scattering gets to be relatively un-

(4. 3”')
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important. The Rayleigh scattering in the sphere limit
becomes

327 fw 4 a 2 [ gg ] ¢ 17

Op—~ 3 (C) 1-T 1+2<—£—1) . (4.4 )

Expressions for the other cross sections in the limiting
cases are readily derived.

We define the Raman scattering enhancement factor R
as the ratio of Eq. (4. 7) to the corresponding expression

for an isolated molecule (where &, ~«). Then,
PR RS (Y C B ELCAL)| AT

There are three possibilities for enhancement. The
first is when I'~1. This is the origin of the enhance-
ment in the so-called image enhancement theories. The
second occurs when &, and £, are close to unity. This is
the enhancement associated with the eccentricity (the
“lightning rod” effect) that has been discussed previ-
ously. ! The third corresponds to small | €,(,)
-§,@1(¢y)| denominators, i.e., to the surface plasmon

resonance. On a rough surface the latter two mecha-
108 T T . T
105
[ 4
104
{(x10)
103 " 1 I 1
o 10 20
H(A)
FIG. 3. Enhancement factor R as function of molecule-surface

distance H for four setsof (a,b) values: (1) (500, 250) A; (2)
(500, 100) &; (3) (500, 50) &; (4) (500, 500) A. Here Aw
=2.50 eV and =10 A3,
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1.0

095+ J
™
!

0.90 N

0.85 { e 1 L 1

o} 2 4 6 8 10 12
H (&)

FIG. 4. Magnitude of the image enhancement denominator as

a function of H, (1), (2), and (3) denote three surface aspect
ratios, as in Fig. 3.

nisms are brought into play. This is because different-
ly shaped surface features have differing plasma fre-
quencies and function as more or less effective lightning
rods.

Note that in the present theory the cross section for
Raman scattering is proportional to (9a/8Q)%. If there
is, in addition, an electronic resonance of the incident
laser with the molecule, a further resonance may ensue.
It should be kept in mind, however, that in this case the
classical treatment of Raman scattering is no longer
valid.

Let us now study the behavior of the enhancement ra-
tio R as a function of the parameters of the theory. In
our calculations we take the numerical value of the mo-
lecular polarizability to be 1-10 A®—typical of small or-
ganic molecules. The other length scales inthe problem
are the semimajor and semiminor axes of the prolate
spheroid, @ and b, and the distance of the molecule from
the surface H. In the figures these will be given in A.

It should be noted, however, that all lengths may be
scaled by the same numerical factor (and « by that fac-
tor cubed) and the curves will remain valid.

In Fig. 3, we plot the enhancement ratio as a function
of distance from the surface for various hemispheroids.
The photon energy is taken to be 2. 50 eV, The geometry
here is a finite hemispheroid on a perfectly conducting
plane. We note that enhancement ratios of 104-10° are
possible close to the surface. As one goes away from
the surface the enhancement factor declines in a way
which depends on the hemispheroid shape. For the less
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T
@)
1.0x10" -1
[+ 4
5.0x10'0 B
0 ]
1.9 2.0 21
hw (ev)
6.0x109 T T
)]
4.0x109 -
« L 4
2.0x109 Au .
B Cu T
o) 1 1
1.70 1.75 1.80
fw (ev)
FIG. 5. (a) Enhancement ratio for a molecule adsorbed on Ag

vs photon energy in the neighborhood of the surface plasmon
resonance. Here a=500 .&, b=100 A, H=5 .Xx, and =10 A%,
(b) Same as (a) but for Au and Cu. '

eccentric spheroid the fall off is more gradual and ap-
preciable enhancement factors persist out to large dis-
tances.

The rapid rise in the enhancement factor at small H
is due to the image enhancement effect. This may be
seen by plotting (for o =10 A®) the magnitude of 1 ~T as
a function of H in Fig. 4. The value of |1 -T'| is very
close to 1 for H>4 A. For small H, however, T grows
in magnitude and causes strong enhancement in the re-
gion where I'~1. The strength of this pole is diluted by
the fact that € has an imaginary part. One may also
have to consider the finite molecular size and also quan-
tum mechanical corrections to the image effect and to
the molecule-—surface interaction when the charge cloud
of the molecule is close to the surface.

The effect of the surface plasmon resonance is rather

3031

109 T T T T
e
108 |- =
107 T
@

106 |- ]
104 i

0 20 25

H (A)
Enhancement ratio of Ag vs distance from surface for
several photon energies. Here a= 500 A, b =250 A, and o
=10 A%, Note the fairly siow fall off with distance. The labels
(a)—(f) refer to photon energies of 2,01, 2.26, 2.50, 2.75,
3.00, and 3.25 eV, respectively.

FIG. 6.

pronounced as the photon frequency approaches the (di-
polar) surface plasmon. As one may see from Fig. 2,
this occurs at 77w =2, 02 eV for Ag with an a to b ratio of
5. In Fig. 5 we plot the enhancement factor as a func-
tion of photon energy near this photon energy and see a
strong resonant enhancement occurring. Enhancement
ratios of 10" are possible for Ag even without the image
enhancement mechanism coming in. In Fig. 6 the R
factor is plotted as a function of distance H for a num-
ber of photon energies. One sees that the effect of the
plasmon resonance is to increase the magnitude of the
enhancement without affecting its functional behavior
with distance.

In Fig. 7 we compare the distance behavior of three
different metals Ag, Au, and Cu for fixed geometry and
fixed photon energy. The behaviors are seen to be simi-
lar, with Ag more effective than Cu which, in turn, is
more effective than Au. Of course if the incident radia-
tion resonates with a particular surface plasmon energy
then this ordering may be altered.

In Fig. 8 four different cases are compared. Curve
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(a) is for a perfectly conducting hemispheroidal protru-
sion on a perfectly conducting plane. Curve (b) is for an
isolated perfectly conducting spheroid and curve (c) is
for an isolated spheroid with a realistic e(w) for Ag.
Curve (d) is for the model of a Ag hemispheroid on a
conducting plane. One sees that the curves are all
similar but that factors of one order of magnitude may
arise from case to case.

In the immediate vicinity of a solid state surface one
expects a variation of the intrinsic surface electrostatic
potential from point to point in a direction parallel to the
surface. This is consistent with the existence of differ-
ent work functions for different faces of the same metal.
If the surface is rough, one would expect the strongest
intrinsic electric fields near the sharpest protrusions.
If molecules are deposited on a surface they migrate
towards the lowest energy sites. The states of lowest
physisorption energy are precisely these protrusions. In
the case of a polarizable object, the polarization energy
is U= - saE% TFor a dipole 4 one has a minimum ener-
gy U = - uE, etc. Thus the first molecules to be de-
posited are likely to cover the sharp protrusions. How-
ever, we have seen that these sharp features are pre-
cisely the ones which have the largest Raman enhance-
ment factor.

A simple conclusion may be drawn from this observa-
tion. If one were to increase the adsorbate coverage
from zero to some finite value one would expect to see
a very rapid rise in the SERS signal at submonolayer
coverages. This signal should then rise more slowly
as the rest of the surface is covered. This is consis-
tent with recent data of the Bell group6 and is evidence
that only a small part of the surface is active in SERS.

105
Aq
x 404 -
Cu
Au
103 1 1 Il |
[¢] 5 10 15 20 25
M (&)
FIG. 7. Enhancement ratio of Ag, Cu, and Au as a function of

molecule—metal distance, Here a= 500 A, b =250 A, Hw=2.50
eV, and ¢ =10 A3,
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5
10 T T T T

x
103 -
102 I\ 4 { I
o] 5 10 15 20 25
H(A)
FIG. 8. Enhancement ratio as a function of molecule-metal

distance for four cases: (a) isolated silver spheroid with a
=500 A and b =250 A; (b) perfectly conducting hemispheroid
of the same size on a conducting plane; (c) isolated perfectly
conducting spheroid of the same size; (d) silver hemispheroid
on a conducting plane. Here /i =2.50 eV and @ =10 A3,

In our analysis we have seen that as the aspect ratio
increases a fall off of the SERS signal at large distances
from the surface occurs (see Fig. 3). However, sharp
aspect ratios are correlated with low photon energies
due to the surface plasmon resonance (see Fig. 2).
Thus one expects to see a diminution of the long range
property of SERS as one goes to longer wave lengths of
the exciting light.

The results obtained so far correspond to a rather
restricted geometry: the molecule lies on the symme-
try axis, the external field and the induced molecular
dipole are parallel to this axis. In the following section
we consider the effect of the dipole orientation relative
to the surface and obtain the complete effective Raman
polarizability tensor for the particular case of a mole-
cule adsorbed on a sphere.

V. POLARIZABILITY AND RAMAN SCATTERING OF
A MOLECULE ADSORBED ON A METAL SPHERE:
GENERAL STRUCTURE AND ORIENTATION

In Secs. II-IV we have analyzed light scattering in
general and Raman scattering in particular resulting
from a field incident on a molecule-hemispheroid
system in the configuration shown in Fig. 1. In this
section we investigate the directionality and polariza-
tion properties of the Raman scattering by allowing the
molecular dipole to assume a general orientation (de-
fined by the angle 6, Fig. 9) relative to the sphere and
by allowing the incident field to be in any given direction
and with any given polarization. On the other hand we
restrict ourselves to the case of a molecule adsorbed on
a perfect sphere. Again the long wavelength limit is
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FIG. 9. Molecule—sphere system discussed in Sec. V, The
sphere center is the origin; the molecule lies on the z axis
and the induced molecular dipole is taken to be in the xz plane.

considered so that the equations of electrostatics may be
used. As before, we assume that the Raman polariza-
bility tensor AQ(8a,/8Q) is proportional (or parallel) to
the molecular polarizability tensor @, (the molecular
polarizability is now denoted by @,, to distinguish it
from the sphere polarizability). This is always true

for a diatomic molecule and also holds for each bond
polarizability in a model which represents the mole-
cule as a sum of polarizable bond dipoles. 15

A complete solution for the effective polarizability of
this system may be obtained by solving the Laplace
equation in the presence of a homogeneous electric
field E, in much the same way as described in Sec. IL
The potential &; outside the sphere is written as a sum
of terms

(5.1)

corresponding to the external field and to the fields asso-
ciated with the polarizations induced on the molecule (in-
duced dipole in our model) and on the sphere. These
terms may be expanded

4\1/2 Ey, +iE
-E,- r:—(—g) r(Eo,Yl.o(e, ¢)+_057‘§_0y' Y1,-1(6,¢)

1 1
Sr==-Ej- r+ Py + Sapn 5

E, —-iE
~E by (e, ¢>)) (5.2)
snh— 'zo: Z:' B Y6, 0), (5.3)

'1% [sir2191 g; (41rzl§l++11))”2l(§)’
x[¥,,1(8, )+ ¥y, .4(6, ¢)]

+cos 6, E(zz+ 1)1/2 @+ 1)(;—')'Y,,o(e,¢)] (r<d).

(5. 4)
In particular, in Eq. (5.4), p, is the (induced) molecu-
lar dipole. The potential is obtained by an expansion of
the expression for the dipole potential in the appropriate
set of spherical harmonics. Expanding also the poten-
tial inside the sphere in spherical harmoncs

1 - .
4>s;h: z: Z Atm7!YXm(91 ¢) s

1=0 ms-]

{5.5)
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and applying the usual boundary conditions on the surface
of the sphere leads to explicit results for the coefficients
A, and B, as functions of Ey and 4,. Finally adding
the equation

Bi=0qe (B - V), (5. 6)

leads to a self-consistent set of equations equivalent to
(1.2). From this an expression for y; as a function of
E, is obtained which yields an expression for the ef-
fective molecular polarlzablhty a$'. In addition the
far field associated with &,,, Eq. (5.3) is related to
the dipole scattering by the sphere and yields an ex-
pression for af’. af'f and aff' are summed to yield

the total polarizability.

In order to shed more light on the physical interpreta-
tion of the different terms appearing in the final result
we derive it in a somewhat different route. Write

M=y (EO + Esph) »

where Eg, is the field associated with the polarized
metal sphere calculated at the position of the molecule.
E,,n may in turn be represented as a sum

[§§] 2)
sph—E +Eaph ’

(5.7)

(5. 8)

where E;D%, is associated with the polarlzatlon of the
sphere by the external field E;, while E,‘,,h corresponds
to the polarization induced by the molecular dipole.
Finally a contribution to the Raman scattering comes
also from dipolar part of the sphere polarization asso-
ciated with E{3). In what follows we calculate each
component separately.

(a) ELl, is the field of the dipole induced by the exter-

nal field due to the sphere polarizability azza3(e -1)/
(e +2). Itis given by (at the position d of the molecule)
E{=M@[(e - 1)/(e+2)]a°E,, (5.9)

where M(d) is defined by Eq. (1. 3).

(b) EL2) is the field, at the location of the molecule
resulting from the part of the polarization of the sphere
related to the molecular image. We assume that the
sphere is large relative to the molecule-sphere distance
H=d -a. In this case E%, may be taken as the molecu-
lar image field associated with a plane surface

-1 0 0
E,‘,i},_€+1 )10 -1 0 |«n. (5.10)
0 0 +1

{c) The far field of the sphere in the presence of the
external field E; and of the molecular dipole g; may be
shown to be that associated with a dipole w,;, given by

e-1

€e-1 4 e-17a\ |
e+2“E°+ze+z(4)“’ €+2(d) b, (511

where ui and uj are, respectively, the normal and
parallel (to the sphere surface) components of the mo-
lecular dipole. Obviously only the terms associated
with 4, contribute to the Raman scattering. Their

sum pif is

Hrgpn=
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-1 0 0
e-1/a¥V
p;%:1:€+2(g> 0 -1 0} - y. (5.12)
0 0 2

Inserting Eqgs. (5.8), (5.9), and (5. 10) into Eq. (5.7)
leads to an equation for W, which upon solution yields
[using Eq. (5.12)] pé%. The total Raman scattering is
associated with p+ '3, Finally, the Raman polari-
zability is obtained by considering the derivative of the
total polarizability with respect to the molecular nu-
clear coordinate. In executing this procedure we take

the bare molecular polarizability to be

ay=a,U, (5.13a)
sin’g 0 sinfcosé
U= 0 0 0 , (5. 13b)
sindcosd 0 cos?6

such that the induced molecular dipole is in the desired
direction (corresponding, e.g., to the relevant molecu-
lar bond. Note that the form of Eq. (1.13) imply that
a; and 8a,;/8@ are proportional to each other). The re-
sult for the total Raman polarizability of the system is
found to be

oa

Qrau=AQ 2g (1TM@): @) (-T2 u- (1+Md)- ay),
’ (5. 14)
|
(1 -B)?sin%6 0
aitu=2Q 52 0 0
(1 -B)(1+2B)sinfcosfd 0
where

B=[(e -1)/(e+2)] (a/d)*.

alty from Eq. (5.14) or (5.15) can now be used to cal-

culate the Raman scattering cross section for any given
excitation-detection configuration. The dependence on
the structure of the molecule—sphere complex is ex-
pressed by the parameters d, a, and the angle 6).
Further averaging may be needed to account for all pos-
sible orientations of the molecule—sphere complex rela-
tive to the direction of the incident radiation. A com-

(5. 20)

(Ag +14,)sin%p 0
0 0 0
(Cg+iC;)sinfcosé 0

a4

8Q

tot
Qpan=A4Q

The rotational invariants

‘yo:%Tra (5. 23)

and
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where
-1 0 0
T,—a,U-M (2d)| 0 1 el (5.15)
p— B e+l ’ )
o 0 1
a,=[(e -1)/(e+2)]at , (5.16)

and where (n being a unit vector in the z direction)

(n

3nn-1 1 -1 0 0
Md)=—73—=7

0 -1 0

0 0 2

(6.17)

Equation (5. 14) provides a good approximation to the
total Raman polarizability of the molecule-sphere sys-
tem if all the spatial dimensions of this sytem are much
smaller than the radiation wavelength and if the sphere
radius is much larger than the molecule-sphere separa-
tion. A useful approximation to Eq. (5. 14) is obtained
by neglecting the image terms involving (I-a,T,)"!. Us-
ing Eq. (5.15) and the fact that a; is usually of the order
of atomic volumes, it is seen that this approximation is
valid at molecule-sphere distance >4 A. 1t leads to
A= (1-M(d)- a)V(1+M(d)- ay) %‘-"61- AQ. (5.18)
Using the expressions for M, &,, and U given above,
this leads to the explicit result

(1 -B)1+28)sinfcosd
0
(1+28)cos?d

(5. 19)

plete spherical average is needed, e.g., for evaluating
the Raman scattering by molecules adsorbed on colloid
particles!® obtained as follows:

Denote
Ap=Re(1 -8, A,=Im(1-8), (5. 21a)
Der=Re(1+28)°, D,=Im(1+28), (5.21b)

Cr=Re[(1-8)(1+28)], C;=Im[(1-B)1+28)];

(Cg +1iC;)sinbcos

(Dg +iD;) cos?#

(5. 21¢)
at, is the sum of real and imaginary parts
(5.22)
|
7% = %{(axx - aw)z + (O‘w - azx)z + (a" - ai"‘)z
3@y + @+ (g + A P+ (g + g )l},  (5.24)
Y% = %[(axy - ayx)z + (ayz - azy)z + (azx - axz)z] ’ (5‘ 25)
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are obtained separately for the real and the imaginary
parts. We get

Yor = 3(Ag sin?6 + Dy cos?a) ,

yip = AL sint6+ D% costO+ $(3C% - AgDy)sin®20, (5.26)

Y%R =0 s

with similar expressions for vy, yzl,, and y,; =0, where
A;, C;, and D, replace Ay, Cg, and Dy. All rotational-
ly averaged cross sections are obtained in terms of
these invariants. We shall calculate for example the
scattering cross section corresponding to a nonpolarized
incident beam in the Z direction and a detector lying in
the % direction which sums over all final polarizations.
Equation (1. 9) leads to the following expression for the
relevant cross section:

4
z—;:% [ (@ram)el* + | (@ramdyyl?

+ [ (@pames P+ | (@rasdey] 2] s (5. 27a)

which on rotational averaging yields
10_>_’zi
ae/ 2

To obtain this result we have used

(axzty>:<ait>:(a3y>:‘{% 7’%"'%"'}’% )

(al)=vi+£&.

[cf. Ref. 17, Eqs. (3.23), (3.24), and (5.59)]. () de-
notes rotational averaging and vy,, ¥, are the rotational
invariants of the tensor a@. Finally, we note that the
free molecule limit is obtained by taking e=1, when 3
=0. Then

8011

2
50 (Vir+ 7+ A +44)) . (5.2Tb)

AQ

(5.28)

10%

103

10!

1071

1
1.8 21 24 27 30 33 36

fiw (ev)

FIG. 10. Raman enhancement ratios for a molecule adsorbed
on silver, copper, and gold spheres. The induced is per-
pendicular (1) or parallel (ll) to the metal surface. Parameters
used: 2=100 A, 4=5 A, and &,=1.0 A3,

0.40 -
' 036}
0.32f
1 ] | ] |
2.2 3.0 38
fw {ev)
FIG. 11. Raman enhancement ratios for a molecule adsorbed

on Ag, Cu, and Au spheres as a function of the bound orientation
6. (a) Ag with incident photon energy 3.5 eV; (b) Ag (2.5 eV);
{e) Cu (2,13 eV); (d) Au (2.34 eV). The energies 3.5, 2.13,
and 2.34 eV correspond to maximum enhancement ratios for
Ag, Cu, and Au, respectively, in the normal (1) orientation
(Fig. 10).

AR:CR:DR:]' and AIZCI:DIZO.
=Yi= 0 and (yo)ftae: %» (71)&99: 1:

This implies vy,

do Bt 2 By |?
o _~ 2 —1L .29
The enhancement factor is
R=3{Vie+¥, + B+ YD1, (5. 30)

For the tangential configuration (molecular dipole paral-
lel to sphere surface) 8= 3, Yo=34, yi=A. In the
normal configuration (molecular) dipole perpendicular

to the sphere surface), =0, y,=3D, y,=D. Inserting
into Eq. (5.30), we get
R, =A%+ Al =|1-8|*, (5. 31a)
R,=Dh+D=|1+28]*. (5. 31b)

R, and R, are the enhancement factors for the tangential
and normal configurations, respectively. Considerable
enhancement is expected when [3| > 1, i.e., when the
incident frequency is such that I{e(w) - 1]/[e(w) + 2]
>1, i.e., near the surface plasmon (dipole) resonance
of the metal sphere corresponding to frequency range
for which |e{w)+2{~0.

The same procedure for rotational averaging may ob-
viously be carried for the more accurate expression Eq.
(5. 14) which contains also the image effect. This more
general expression has been used to obtain the results
displayed in Fig. 10. A comparison of Raman enhance-
ment factors R, and R, for silver, copper, and gold is
shown in Fig. 10, while the dependence of the maximum
enhancement factors for the three metals on the molecu-
lar orientation is displayed in Fig. 11. In general the
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FIG. 12, Depolarization ratios for Raman scattering of a
molecule—metal sphere system with rotational averaging. For
normal detection geometry and for incident field perpendicular
to the scattering plane. Energy dependent depolarization ratios
are obtained for 8= 0, 37 (8=4r in figure) while the ratio is 3
independent of metal and energy for the perpendicular (6=0)
and tangential (8 =37) counfigurations.

normal configuration (6=0) is the most effective in the
Raman scattering process, while for the tangential con-
figuration Raman scattering is very weak (except in
cases of very strong enhancement). This result may be
traced to the destructive (in the tangential case) inter-
ference between the radiation originating in the molecular
dipole and between that originating in its image.

Finally, given the complete Raman polarizability tensor
we may also calculate depolarization ratios for the radi-
tion scattered from different configurations. For a
complete spherical average the depolarization ratio
associated with incident electric field perpendicular to
the scattering plane and detection normal to the direc-
tion of the incident radiation is given by [Ref. 17, Eq.

(5. 61)]

p(3m) = (37} + 594)/ (4575 + )) . (5. 32)
This quantity is shown as a function of incident frequency
for silver, copper, and gold in Fig. 12. Such measure-
ments can, in principle, determine the structure of the
molecule-metal particle complex.

V1. CONCLUSIONS

We have identified three major electromagnetic con-
tributions to the Raman scattering enhancement ratio:
(a) the image enhancement mechanism, (b) the lightning
rod effect, and (c) the resonance with the surface plas-
mon associated with the eccentric surface feature. The
image mechanism may be operative at close range
(H <4 f‘,), however its true nature has to be investigated
with the quantum mechanical nature of the surface, the

J. Gersten and A. Nitzan: Enhanced Raman scattering on surfaces

molecule and their interaction taken into account. It is
interesting to note that if the image mechanism is dis-
regarded, the resulting Raman cross-section of the mol-
ecule—surface irregularity system is proportional to
that of the free molecule, in general agreement with ex-
perimental observations. The lightning rod and the sur-
face plasmon resonance effects contribute in two ways:
first by increasing the electric field seen by the mole-
cule, thereby increasing the apparent scattering cross-
section, and secondly by affecting the polarization of the
metal by the molecular dipole which constitutes an addi-
tional source of Raman intensity. In addition we have
studied the effect of the structure of the molecule~
metal particle complex on the enhancement and on the
directional and polarization properties of the scattered
light.

The enhancement ratio was shown to be strongly de-
pendent on the shape of the metal protrusion both through
the effectiveness of the lightning rod mechanism and
through the shape dependence of the surface plasmon
resonance frequency. We have seen that for favorable
cases of protrusion shape and adsorption geometry the
enhancements mechanism may combine to give enhance-
ment ratios of 10" or more. A realistic surface con-
tains many protrusions as well as many flat regions.
Only a small fraction of the adsorbed molecules will be
located in such “favorable” positions. It may be that
while average enhancement ratios of 10°-10% are ob-
served, the dominant effect is produced by this small
fraction of the molecules which individually give rise to
much larger enhancement.

The shape dependence of the surface plasmon reso-
nance frequency also explains why different, apparently
conflicting results are obtained for the frequency depen-
dence of the SERS effect: Differently prepared surfaces
are characterized by different distributions of size and
shapes of surface irregularities. The observed enhance-
ment ratio and its frequency dependence are obtained
by averaging over these distributions and will there-
fore depend on the nature of the surface.

Our results are in agreement with the recent experi-
mental observations of SERS of pyridine on rough silver
surfaces.® This study indicates that the presence of
relatively large (~ 1000 A) silver particles on the sur-
face is necessary for efficient enhancement (R> 10%).
Furthermore the mild distance dependence of the en-
hancement ratio (averaged enhancement of 10* is ob-
served up to distances of ~50 A from the surface®) sug-
gest that particles of aspect ratios in the range 1-2
play the most important role (see Fig. 3).

The main shortcoming of the present treatment is
that it disregards the interaction between the metal pro-
trusions and metal particles lying on the surface. This
interaction gives rise to collective electron resonances
which were discussed in connection with SERS by Mos-
covits® and by Burstein, Chen, and Lundquist. ¥ Collec-
tive resonances are shifted relative to the correspond-
ing single particle resonance and their presence will
affect the present results. We also note the other
simplifying features taken in the present calculation:
the underlying planar surface was taken to be a perfect
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conductor and the surface protrusions were assumed to
be much smaller than the wavelength of light. Also we
have made a detailed calculation only of the case where
the incident electric field is perpendicular to the sur-
face. In this case the problem on a surface is a simple
generalization of the isolated spheroid case. A parallel
component in the field will induce surface currents in
the underlying plane which may modify the light scatter-
ing,

Finally the calculation is completely classical; in par-
ticular the Raman frequency shift between the incident
and scattered radiation which comes naturally in quan-
tum and in semiclassical calculations was disregarded
in calculating the enhancement ratio. Because of these
reasons our results should be regarded as qualitative.
The general agreement of the present theory with the
experimental results suggest that the necessary modifi-
cations are not very large.

An interesting conclusion of the present study is that
the enhanced Raman effect is not inherently a macro-
scopic—surface phenomenon, but is rather related to
the proximity of the molecule to a small metal particle.
Enhanced Raman scattering of molecules adsorbed on
silver and gold sol particles was indeed observed!® (the
present results are not directly applicable because the
long wavelength limit used here is not valid under the
reported experimental conditions), Similar effects sho
should be observable in matrix ioslated molecule metal
particle mixtures and in molecule-metal atoms cluster
prepared in a supersonic jet.

Finally we note that the strong local electric field in-
duced by a metal particle at the position of an adsorbed
molecules may have other consequences in addition to
causing the apparent Raman enhancement. Under favor-
able conditions the local electric field experienced by
the molecule is 102-10° times stronger than the incident
field. This implies that nonlinear optical processes and
molecular ionization may occur at incident field intensi-
ties much lower than in the isolated molecular case.
This interesting possibility deserves further experi-
mental and theoretical study.
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