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Intensity of Raman scattering from molecules adsorbed on a metallic grating
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A simple phenomenological model is presented for the calculation of intensity of Stokes scattered light due to
vibrations of molecules adsorbed on a metallic grating or a rough metal surface. The surface roughness is assumed to
be represented by a superposition of sinusoidal gratings of different periodicities, with each amplitude small
compared to the wavelength of the incident light. Enhancements of the surface-plasmon field and the resulting
induced surface charge density arising from resonant excitation of transverse surface plasmons are calculated
explicitly. In our model, the net enhancement of the Raman cross section is shown to arise from two different types
of contribution. The first contribution represents the usual mechanism involving the modulation of the molecular
polarizability @ in the presence of the enhanced electromagnetic field at the molecular site, with the possibility of an
additional enhancement due to the conversion of the near-zone Stokes field into the scattered radiation field by the
metal surface. The second contribution comes from the modulation of the surface polarizability‘ﬁ’axising from the
finite spatial extent of the induced surface charge density at the surface. For vibrations of molecular monolayers
perpendicular to the surface, it is shown that the additional polarizability contribution can become larger than the
first contribution if the barrier potential for the conduction electron tunneling to the molecular site is less than about
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I. INTRODUCTION

During the last few years, several theoretical
models have been proposed to explain the obser-
vation of surface-enhanced Raman (SER) scatter-
ing!"® from molecules adsorbed on metals like
Ag. Although there exists a class of such mod-
els*® which do not require any surface roughness
for SER scattering, it is now generally believed
that the surface roughness®'® plays a significant
role in the large enhancement (10*=10°) of mole-
cular Raman cross sections. For a flat surface,*
the enhancement of the cross sections, compared
to their bulk values, is usually much smaller.®
It is thus important to examine carefully the role
played by the surface roughness on a submacro-
scopic scale, and calculate the resulting intensity
of SER scattering in terms of parameters which
may be deduced from experiments.

In the class of theories® ®'? where the surface
roughness indeed plays a crucial role, Moskovits'?
and Chen e? al.® have suggested that because of
submacroscopic bumps on the metal surface the
enhancement is caused by the resonant excitation
of transverse collective electronic modes of the
bumps, with a resulting increase in the electric
field at the molecular site. A similar classical
enhancement of Raman cross section, due to an
increase in the electric field resulting from the
excitation of surface electromagnetic wave in an
attenuated-total-reflection prism configuration,
was considered earlier by Chen et al.’® Very
recently, we have proposed'* '® that for metal-"
molecule systems with very low barrier potentials
for tunneling of the conduction electrons to the
molecular site, there is a significantly large ad-

22

ditional contribution to Raman scattering due to
the modulation of the induced surface charge den-
sity associated with the resonant excitation of the
so-called transverse “surface plasmons.” In this
paper, we present calculations of both these con-
tributions in terms of the roughness parameters
of the surface and the complex dielectric func-
tion, e(w)=¢ = (w)+de,(w), of the rough metal.
Instead of dealing with measurements for surfaces
with random roughness, the data on sinusoidal
metallic gratings will be more suitable for a com-
parison’® of our results directly with such obser-
vations.

When a light wave of frequency w is incident on
a metal surface, it induces an oscillating surface
charge density of the form

n(F,w)=(-41e)V-EF,w), V-E=-E-Ve/e
(1.1)

where the dielectric function e(r,w) for a flat met-
al-vacuum system varies rapidly in the direction
normal to the surface (taken to be the z direction).
Outside the surface barrier, the variation of n,

is essentially determined by the length (72/

2m ®,)'/2, where &, is the surface-barrier poten-
tial for the electrons as measured from the Fer-
mi energy € = (3)mv?, and inside the metal it is
determined by the lengths (#%/2meg)'/? and v,/ w.
In the presence of adsorbed molecules at the metal
surface, the modified surface-barrier potential

®, and hence ns(F,_g)), are functions of the mole-
cular vibrations 6R(¢). In our model,'* ' the re-
sulting modulated-surface dipole moment (MSDM)
in the z direction gives rise to the Raman-shifted
scattered photons. This is in addition to the scat-
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tering due to the modulation of the molecular po-
larizability in the modified field at the molecular
site. For a metal having ¢,(w)< -1, with approp-
riate surface roughness or periodic grating
grooves, i.e., when the incident light can ef-
ficiently excite the transverse surface plasmons
(quasistationary superficial waves!”), both these
contributions can become quite large. However,
for molecular monolayers with effective distances
less than 3—4 A from the metal surface and sur-
face barrier heights less than 1 eV, we find that
the quantum tunneling contribution from MSDM
dominates over the contribution due to the clas-
sical field enhancement (CFE) at the molecular
site.

In Sec. II of this paper, we review the classical
method of calculating the electromagnetic field
distribution induced by a light wave incident on a
rough metal surface. The departure of the real
rough surface from the flat plane surface, 2=0,
is assumed to be small compared to the wavelength
of light, and the so-called “first-approximation”
of Rayleigh'® is used in such a calculation. The
change in the dielectric function while crossing
the surface is assumed to be represented by a
step function in this classical method, and we
present the complete expressions®® for the field
amplitudes both inside and outside the metal. It
is shown how the surface-plasmon field is en-
hanced when the surface-plasmon relation is satis-
fied by the frequency w and the (tangential) wave
vector K, of the bound surface-plasmon wave.

The step-function model of the dielectric func-
tion considered in Sec. II leads to a &-function type
of structure for the induced surface charge den-
sity via (1.1). In terms of the surface barrier
potential and the Fermi energy, this structure is
modified phenomenologically in Sec. III to account
for the smooth variation of the dielectric function
near the metal surface. The outside molecular
potential is then approximated by a sum of dipole
potentials® due to partial charges localized on in-
dividual atoms in the molecules, including their
images in the metal. The inside potential is taken
to be the screened potential from these partial
charges. This allows us to calculate the modulat-

~ed-surface charge density linear in the molecular
vibrational amplitude 6R(¢), and hence to find the
modulated-surface dipole moment Es(t) and the
derivative of the surface polarizability B. The only
nonvanishing component of 53 is in the z direction
(normal to the surface).

In Sec. IV, we calculate the intensities of Stokes
scattering due to p,(¢) of Sec. III (MSDM contri-
bution), as well as due to the direct modulation of
the molecular polarizability @& in the presence of
the enhanced surface-plasmon field (CFE contri-

bution). We explicitly show how the polarization
properties of the scattered wave are different

in these two cases. This may allow the separa-
tion of these contributions in those situations
when they are of the same order in magnitude.

In the visible frequency range, Ag is the best
metal for exciting surface plasmons, and hence
gives maximum enhancement. For Au, the maxi-
mum enhancement in the visible is about 10? times
less than Ag. For low surface barrier potentials,
the enhancement due to the MSDM contribution
dominates for the first few monolayers, and can
be as large as 10°-107 for certain molecules ad-
sorbed on Ag. The enhancement due to CFE con-
tribution will dominate when molecular distances
are large, but its magnitude is less than about
10* in Ag, when £,K,~0.2. Here, £, is the ampli-
tude of the grating, with periodicity §. We dis-
cuss our results in Sec. V.

¥. INDUCED ELECTROMAGNETIC FIELDS IN THE
PRESENCE OF SURFACE ROUGHNESS

The theory of Wood’s anomalous diffraction grat-
ings and the excitation of intense quasistationary
superficial waves on metallic surfaces has been
known for a long time.!™'® If in the absence of
grating grooves or roughness, the flat surface is
denoted by the plane z =0, and the real surface
due to the grating grooves or roughness is given
by

Z=£(x’y)=z‘£geia‘;"', éz(gx’gy)’ -fu =~/(x,y)

2.1)

one can determine field distributions everywhere
by using the first approximation of Rayleigh, when
each amplitude &, is small compared to the wave-
length of the incident light. In such a linear theo-
ry, each two-dimensional spatial Fourier com-
ponent of £ can be treated independently and the
final results may be obtained by a simple super-
position. The higher-order interference and mix-
ing effects can then be studied, if necessary, by
using the method of successive approximations.

Let us consider the case of a semi-infinite metal
(Fig. 1), with a single surface defined by (2.1)
and the z axis pointing into the metal. The bulk
dielectric function of the metal is assumed to be
e(w) =¢,(w) +ie,(w), with e,<<€,. Let a light wave
of frequency w represented by an electric field

—E.inc(;, t)= E1 e"it';n e{kgze"iwt ,
@ = w L. (2.2
k;:‘c—' COSo,-, Iktl =kt:-£- Singi! V-Einczo

be incident on the metal surface. For the given
frequency w, the problem is to solve Maxwell’s
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Metal &(w)

z=¢
7

z=0

FIG. 1. Schematic diagram showing light incident on
a metallic grating. The surface of the grating is defined
by z=£(x,y) as a small departure from the flat plane z
=0. ,

equations
- > - wz - .
VxVxEG,w)——CTe(w,r)E(r,w)zo, (2.3)
ﬁ(?,w):f—w?’ xE(F,w), (2.4)

where, in terms of the step function (theta func-
tion), the dielectric function is represented by

e(w,T)=e(w)o(z = £) +0(E - 2) . (2.5)

The local tangential components of the electric and
magnetic fields E and _1§, respectively, have to
be continuous across the actual surface z= &(x,y).
One of the boundary conditions on the tangential
components of B may be replaced, if convenient,
by the continuity of the normal component of D

. =€E across the surface z=£. Note that (2.3) and
(2.5) imply that

V-E=0, z#¢& (2.6)

both inside and outside the metal.

In the first approximation, where one calculates
effects only to the first order in w&/c, the solu-
tion of the above problem has already been given
by Marvin ef al.!® We will, therefore, only brief-
ly discuss the method, and write the final answer
in our notation.

Without any loss of generality, in the linear
theory we can consider only one spatial Fourier
component at a time, and write

E(x,y)=£, €& 2.7
for the surface roughness under consideration.
In the x-y plane, let us denote the unit vectors
parallel to g and perpendicular to g by

é, =8, é,=8XZ, (2.8)
respectively. Locally, in terms of the vectors
é,, and &,,, the tangential (¢) and the normal (»)

components of any vector on the surface z=£(x,y)
are.given by

e

= . = . = . F-g, +igtF

F,-é,=F-é,, Ft-ezg:——z‘—/-‘—[ +(ig§)§]’ z-, (2.9)
_F,—igtF &

Fn‘_ [1+(ig£)2]’72 . (210)

Explicitly, for g& <1, these imply that at z=£ the
following four quantities
E-é,, (VXE)-é,or (E,—igtE - &, )e, @.11)
E-é, +igtE,, (VXE)-&, +igt(VxE),
must be continuous to satisfy the boundary con-
ditions.

It is clear that in the solutions of Maxwell’s
Egs. (2.3) and (2.4), in addition to the usual Fres-
nel reflected and transmitted waves, with tangen-
tial wave vechrs equal to the incident tangential
wave vector k,, there will be secondary reflected
and transmitted waves induced by the surface
roughness (2.7), having tangential wave vectors
k,+g. For negativee(w), all waves inside the
metal are decaying waves in the z direction, but
outside the metal, the variation exp(—ik“z) of the
secondary wave is determined by the relation
k2, +(Et +g)?=w?/c?. For the existence of a bound
transverse surface-plasmon wave solution in
which the secondary field proportional to £, de-
cays both inside and outside the metal, one must
have K2 > w®/c?, where f(z =Kk, +§ is the tangential
wave vector of the secondary wave. For K2 < w?/
c?, one simply gets a secondary diffracted wave
outside the metal, which we do not consider here.
Thus, for K, > w/c, the solution of (2.3) and (2.5)
can be written in the form

E —eike ¥y [ﬁi oita? 4 ﬁre'ikzz]
+E, et oTer if 2< ¢, (2.12)

-

E =§teiit';" e’ +-E.; eife' Fu o er if 5> £, (2.13)

Here,
K =k+g, T,=&: -w¥/c?)"?, (2.14)
2 2
yzzki_?“;—f(w), yf:Kg—%-e(w), (2.15)

and the condition (2.6) is satisfied separately by
all the three waves outside and the two waves in-
side the metal. While applying the continuity of
the expressions (2.11) at z= &, one has to expand
expressions of the type

eike Fugitel s otk Tu(1 4 k) = ekt
+ik et fe N, ete.,
(2.16)

and equate the spatial Fourier components varying
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as exp(ik, T,) and exp(z‘I-Eg -T,), separately on both
sides. Together with the condition (2. 6), this pro-
cedure immediately leads to a set of algebraic
coupled equations to determine all the amplitudes
in the solution given by (2.12) and (2.13).

Since it is more convenient to write the com-
plete solution in terms of respective s- and p-
polarized components of the amplitudes, we split
them as

E,=E§(k, x2) +E§Hk, +EtZ,

E,=E:(, x§)+E7’"k,+E:’82 ,
E,=Ej(k, x2)+E} b, + B3 2, (2.17)
= A b2 » s
E,=E:K, XZ) +E3"K5 +ELZ,
=7 o> a 150> Ty A
Eg:Egs(K‘xz)+E""’Kg+Eg:z s
where, because of the condition (2. 6)
k k
Eiz:Eipz: _;t f"’ ranfz':_k;LEre" ’
k3 z
—E? __kt_ED E —E°* _i{LEb (2 18)
R,=Ei,= —jy > TezT Tz iT, e ’ *
K
7 _ IP_ 'P
EEZ—EKZ_TZ'_;;ESH .

The complete solution can then be specified by

(B, —iy) 2k
Sz_ﬂ__. S s____ Es .
= th BEg B (2.19)
(e, —iy) 2k
Bl P B eyt 020

e (ek, + i)
w® 2igk,(1—¢€)

S_FIS e 22
Be=Ei == 7 3, +7,)
Yk, xK), ., . ik (B, K) )
EZE. £ Es . 1
((ek,+z‘y) 2 (R, tiy) T (2.21)
g _ 26Ky, (1-0)
&z kT, +7,)
X((ykl : Kl + ek?tKg/‘yz) Eb - lkt(kt X.Kz)z ES
(ek, +iv) o (k,tay) )
(2.22)
, T 2(£, K )k K
b _ e b o S\Se g ilgly b
Eee= Y, Bt vlek, +iv) T iz° @.23)

Note that the p-polarized secondary field ﬁ; and
E/ can become quite large if

Re(el', +7,)=0 (2.24)

which determines the surface-plasmon dispersion
relation. Note also that when %, xg# 0, the sur-
face plasmon can be excited resonantly by both
p- and s-polarized incident waves. However, for
g parallel to Et, only a p-polarized incident wave
leads to the resonance.

The structure of the enhancement of the sur-
face-plasmon field amplitude, E;z, outside the
metal may be examined further by analyzing its

coefficient

Y(1=¢) v, (1-€(T, -7,)
- 212 2 .
el"g +7, € I‘g =Y

_ Y (T, = 7,)
T [w? . w?
[—Ez—el —K:(el +1) - z(Ki —-—c—z-> 62]

where Rey,, I',> 0. It has a resonance structure
at the surface-plasmon frequency determined by
the dispersion relation

b

(2.25)

2
K, w)= ;U—zel(w)—Ki[el(w)-% 1]=0.  (2.26)
The resonant enhancement of the field is propor-
tional to

1 _c b+l (2.27)

T, _

(@df/dw),,~  Tie,  w® €
where 7_is the lifetime of the surface-plasmon.
At exact resonance, the coefficient (2.25) becomes

7, (1 —¢€) _.( -2y?2 ) _2é
(T, +v,) --iI"i(-:2 hes (€2

and it can become quite large for ¢, <<-1 and ¢,

<< lell. Note, however, that for rough surfaces
with absorbed molecules, the effective ¢, near the
surface can be much greater than its bulk value.
In a simple theory, this additional contribution to
€, varies as the square of the roughness amplitude.

(2.28)

III. MODULATION OF THE INDUCED SURFACE
DIPOLE MOMENT

The field distribution obtained in the preceding
section for the case of a single spatial Fourier
component of the surface roughness immediately
allows us to calculate the classical induced sur-
face charge density. To the lowest order in the
amplitude £, (1.1), (2.12), (2.13), and (2.18) to
(2.23) lead to

1

ns('f,w)=—W_V.-ﬁzc's(i?",w)é(z-£), 3.1)
0,(F,,w)=0F ieru+ (0F +08)eike T, (3.2)
1 2k (1-6 , (5.3)

O = h
0T 4ye (ek,+iy) %’

K (yv.B, K +er,K) (T +y))
C!P:UP K (—& - 2t £ tle £ £
5= Tsobs ‘()'g kY, (T, +v,)/
(3.4)

oS 1 2. (1-¢)

~ - (r +7v,)
=z T "l ps —~—z  Tgl
27 4me (b, +iv) EiE K (ke XK, (T, +v,)

(3.5)
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Here, 02 corresponds to the usual induced sur-
face charge density for a flat surface, and 0;;

and of’ correspond to the surface-plasmon charge
densities induced in the presence of roughness by
the P- and S-polarized incident light, respectively.
Both ¢, and 0:; contain resonance denominators
corresponding to the resonant excitation of surface
plasmons, and for reasonable values of §.K,, they
can become much larger than the nonresonant ospo
from the flat surface.

The 5-function structure of n (f,w) in (3.1) is a
direct consequence of our classical step-function
model (2.5) for the variation of ¢(w) at the metal-
vacuum interface. In reality, outside the metal,

e decays smoothly to 1 on the length scale deter-
J

8(z-£)~FF,R, )=

where A is determined by the normalization inte-
gral '

[ azFPGR)= [ azo(z-0)=1. (3.7
Here

T 2 - = 1/2
K, (F,R )~ (H—T[%Hﬁom(r,Rm)]) , (3.8)

K, (F, ﬁm)y‘ {emdfles + 9, &, ﬁm)]}llz +20pr 3.9

are the decay coefficients outside and inside the
metal, respectively, in the presence of additional
potential energies &, and &, arising from par-
tial atomic charges Z je in the molecule.
Explicitly, outside the metal one has

- 1
__ 2
Pout (75 Rp) = ;Zfe (|‘r-"R,m|

1
T Ir-R,, +22(R,, -g)l) )
(3.10)

where the second term represents the image
term. Similarly, &,,(r,R,) is represented by the
first term (3.10), with an additional screening
factor so that it decays exponentially as
exp[—gpr(z — £)] away from the surface. Here,
gpr is the Thomas-Fermi wave vector. In the
presence of molecular vi‘_qrations of frequency
w,, the atomic positions R, can be expanded
around their equilibrium positions as

R,,=R,+0R, eivo + 6R} e7H0t , (3.11)

This allows us to expand & ,,, ®,,, K ., and K,

£ -
Aexp<2f deout(?,Rm)), z2<¢
¢

Aexp(-2 zden(F,ﬁm)_, z>E
A i

mined by (7%/2m®,)'/2, where &,=U - € is the
barrier potential measured from the Fermi ener-
gy. Similarly, inside the metal, apart from the
Friedel oscillations and the oscillations due to the
periodic potential in the bulk, at high frequencies
the variation of n_s(?,w) is essentially governed
near the surface®?? by the scale length v,/w. At
low frequencies, it is determined by the length
g3 = (ep/6mme®)!’2. As a rough estimate, in the
frequency region of interest we may use an inter-
polated expression, ggr(bulk)+2w/v;, for the in-
side decay coefficient, close to the surface. In
the presence of adsorbed molecules, we therefore
replace the & function in (3.1) by a phenomenologi-
cal model function F(F,R ). This is specified by

'

(3.6)

I

and hence F(?,ﬁm) to terms linear in SR. In order
to simplify the algebra, we parametrize the static
equilibrium parts of &, + & ., and e + &, by ef-
fective constant values &, and E,~ ¢, respective-
ly. It then leads to

FE,R )=F,F)+F,F)etvot + FfFeivt,  (3.12)
where, outside (z< &) and inside (z> £) the metal,
one finds

Fy(out) = Ae?o'==) | F (in)=Ae™2Ki &0 (3.13)

/2
_2KK L (2m _® 41
A_Ko‘l'Ki, KO" ",ZZ <bo ’ Ki_’l}f 2 ’

(3.14)

K, &q - -
~ 0 24 iq v, ,2Kg(z-¢)
Fl(out)_ A(@())f (21]’)3 Hout(q)e e
2K eiqz(z'f)
><<. e — ),
qu(ZKO + Zqz) lqz
(3.15)
K, 3 P oy nn - + -
Fl(in)% A<TI>J;> f—(g—ﬂlsﬁ-lfm(q)etq-rue (zKi_"FT)<‘ &)

(ZKi +qFT) e"“z("“>
(iq,(ZKi +qpr —14,) iqg, /)’

(3.16)

- ~ = (4nZ.0% _+ =
H;ut(Q)=Z5RJ~‘ V](—n?e—e iq* R;
i

x(e10z (Rjz=0)— itz ®jz~t ’)), (3.17)

. S o (412,65 i R e
H'm(q):z: GRj 'Vj(szie—e"qll‘Rje e, (R, g)) .
i

(3.18)
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The surface dipole moment varying with Stokes
frequency w — w, may now be obtained by evaluat-
ing the expression

Bo(w-w)=-c [ @r@ -280,G,, 0)F,F).

(3.19)

Note that because of the normalization condition
(3.7), the components of the full instantaneous sur-
face dlpole moment in x and y du'ectlons are in-
dependent of molecular coordinates R - and hence

the modulated dipole moment (3.19) should be
J

nonvanishing only in the z direction. The ap-
proximate forms (3.15) and (3.16) for F, are in-
deed consistent with this result. Thus, corre-
sponding to the surface-plasmon charge density
in (3.2), we find

5”((0 —w,) :2; (%‘-) . Gﬁj[—47re(ofp +05)]
~ 8ﬁ = ’
= ZJ: (‘a‘-ﬁ?‘) ' 5R1(E33 - Egz) ’

where the derivative of the surface polarizability
B, is given by

(3.20)

eiKg'Rj(e'iqz ®;,-8) _ piag R ¢ )

By o _ (ZKOK) (_I&L 9q,
oF, K,+K,) oK, \&, J 2r

dq,

+_L

e”_{ 'ﬁie'i‘lz ® jzmt)

2k,(K, +iq, P (K2 +q0)

The first term in (3.21) comes from the induced
surface charge density outside the metal whereas
the second term is due to the induced charges in-
side the metal.

In order to get an estimate of relative signifi-
cance of different terms in (3.21) we can consider
here the effect of a single effective molecular
charge of magnitude Z e and vibration amplitude
GR with an equilibrium distance, a, from the sur-
face z=§. With K, <K,K;, we then get

BB) Z,, (2me2 K, >
R/~ ~ 4 \r’K3 /\K,+K,

% (—i + KT, )

o FEE, +4pe/2°)
where &y is the bulk Fermi wave vector, and where
for vibrations in the z direction we have

I,,= e o2 (1 + 2K a) - (Kg/Ko)e'Kx“ s
Iiz= e'Kc“/Z N

(3.22)

(3.23)
(3.24)

whereas for vibrations in the x-y plane, we find

- K -

I, = —i g e (1 + K a) - e ¥}k, (3.25)
o

I, =-ile™Y/2)K,. (3.26)

Since for most metals, at optical frequencies,

K, +qp1/2 and ky are approximately of the same
order, (3.23) implies that for small molecular
distances the dominant contribution comes from
the first term in (3.23), when the vibrations are
in the z direction and the effective barrier height
®,<€p, i.e., when K <K, +qpp/2. However, for
large molecular distances and for vibrations par-
allel to If,, the contribution from the second term
in (3.22), arising from the modulation of surface

27 (ZK +qFT)(2K +qFT—lqz)2(K2+q)

) (3.21)

i
charges inside the metal, starts dominating the

first term due to the modulation of the tunneled
charge density outside the metal.

IV. INTENSITIES OF STOKES SCATTERING

Now that we have a knowledge of the classical
field distribution due to the light incident on a
rough metal surface and also of the modulated-
surface dipole moment, we arein apositionto cal-
culate both the direct CFE contribution and the
MSDM contribution to the enhancement of Stokes
scattering. If we agree to include the effect of
the metal surface on the scattered Stokes field
from the molecule in a separate exercise, the
CFE contribution arising from the modulation of
the molecular polarizability tensor & by the en-
hanced surface-plasmon field can be calculated
in the standard way. For each molecule, the
scattered power per steradian due to this can be
written in the usual form

E“"(CFE)_

ET §R EP TgIR;,l

(4.1)

where &, is the unit polarization vector of the scat-
tered wave and E”exp( T, IR, 1) is the enhanced
surface-plasmon f1e1d at the molecular site. This
result has to be modified by changing &, to é_- G s
to take account of the conversion of the near-zone
Stokes field by the rough metal surface into the ad-
ditional radiation field outside the metal. Ingeneral,
the calculation of the near-zone Stokes field and its
reflection and conversionto the outgoing radiation
field by the metal surface is quite involved. However,
for the case of a sinusoidal grating this additional
tensorial enhancement factor G g depends strongly
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on the angle of scattering, and except at those
angles where the surface-plasmon field can couple
out resonantly from the grating, it is still of order
1. In comparison to this, for an isolated mole-
cule in the absence of the metal surface, one has
the well-known result

. 0d 2
é.- R, :0R, Emc(Rj,w) .

S

——(isolated) =

dP w?
as 8mcs

(4.2)

Thus, the net enhancement due to CFE can be
written essentially as

F,(CFE)x [ERTey/E,, 26, 4.3)

where a is the effective distance of the molecule
from the metal surface and where the expression
for EP in terms of Em, € (w), €,(w), and the rough-
ness parameter £ K, is given explicitly by (2.22)
and (2.18).

Similarly, the expression for the modulated-sur-
face dipole moment in terms of the derivative of
the surface polarizability 8,, immediately allows
us to obtain the MSDM contribution to the Stokes
power. For each molecule, we find

(es)gZ(a6 ) oR,(EF -ED)| ,

dPsp _ w4
aQ (MSDM)_8ﬂ03 7~ \6R;

(4.4)

where (aB"/aR is given by (3.21) or in a sim-
plified form by (3.22)-(3.24). Compared to an
isolated molecule, the enhancement due to MSDM
then is of the order of

aB /3§ 2 E'P _EP 2
F ~ —fz Rz 4.5
#(MSDM)= | = o] 5 , (4.5)

where in terms of ¢, and o}, defined by (3.4) and
(3.5)

E, -E,=-4nre(0c] +03). (4.6)
The expression (4.5) contains two types of fac-
tors, one corresponding to the field enhancement
arising from the resonant excitation of surface
plasmons [Re(eI,+7,)=0], and the other corre-
sponding to the ratio of the derivatives of the sur-
face polarazibility and the molecular polarizability.
The field-enhancement part is very similar to the
CFE enhancement F, ,(CFE) of (4. 3). However,
if (aB/ oR) > (8a/ aR) the MSDM contribution can
have an additional large enhancement factor as
compared to the CFE contribution. A comparison
of the expressions (4.1) and (4. 4) also shows that
the polarization properties of the MSDM contri-
bution are quite different than that of the CFE con-
tribution, which in turn may allow, in suitable
cases, to separate them out experimentally.

On the macroscopic level, for spatially varying

fields, Raman scattering arises from the modula-
tion of the optically induced polarization in the
system, which has the form

ﬁ:f-ﬁ+§':€ﬁ, (4.7)

where the second term is usually quite small in
the bulk. However, near a metal surface,? v .E
is nonzero, and the normal component of E varies
rapidly on the scale of a few A. Our additional
short-range MSDM contribution, in fact, comes
from such a term on the microscopic level, with
the dominant component of P having the symmetry
determined by # .B’:%. Here# is the local nor-
mal unit vector for the arbitrary surface.
To investigate the relative importance of

F_,(CFE) and F_,(MSDM), we use the simplified
form of (88/8R) given by (3. 22) (3.26). Since
(8a/8R) is of the order of a; where a, is the Bohr
radius, we plot [(E)B/BR)/Z,_,“%]2 in Figs. 2 and
Jasa funct1on of the effective molecular distance,
a, from the metal surface, for different values
of the barrier heights ®;,. Other parameters are
taken for Ag, with w= 4x10" sec™. Figure 2
corresponds to vibrations in the z direction,
whereas Fig. 3 is for the molecular vibrations
in the x-y plane in the direction of K Note the
strong enhancement of (85/ aR for low barrier
heights, when the distance a is small. Using the
same parameters, and with the incident angle
6,=25° £K,=0.2, K Il k,, and oa/8R= Z, a2,
F1g 4 shows the full enhancement factor
Fs,(MSDM) at the exact surface-plasmon reson-
ance for vibrations in the z direction. Figure 5
gives a similar plot for Fy, (CFE) for compari~

RN

Charge to Image Plane Distance ( nm )’

FIG. 2. A plot of the square of the surface polariza-
bility derivative 88/8R, (in units of Zga?, ay=Bohr
radius) against effective charge to image plane distance,
a, for the molecule, for various effective barrier
heights & (see text). This corresponds to molecular
vibrations perpendicular to the z=0 plane. The minima
due to interference between the short-range (~e=2k09)
and the long-range (~e™X¢% terms in expression (3.23)
have not been shown explicitly.
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107 T T

©=0.25 eV

Bze"aoz)"sﬁ /0R lr

Charge to Image Plane Distance ( nm )

FIG. 3. Square of the surface polarizability derivative
8p/9R,, (in units of Zeﬂa%) versus effective charge to
image plane distance a, for various effective barrier
heights ®,. Note that there is no short-range enhance-
ment in this case, corresponding to molecular vibra-
tions in the x-y plane.

son, with scattering angles such that IG%|=~1,
For low barrier heights and small distances,

F,(MSDM) is much larger than F,, (CFE). How-
ever at large distances F,(CFE) gives the dom-
inant contribution. '

For Cu, Ag, and Au, the frequency dependence
of the enhancement factor F  (CFE) at exact sur-
face-plasmon resonance is plotted in Fig. 6, using
available bulk optical constants for each case.
The result is for an 800-nm grating periodicity,
with g]| l;, and G,~ 1. Except for minor differ-
ences, one gets very similar curves for the fre-
quency dependence of F”(MSDM). It is clear that

©=0.25 eV
10° rerervven. #=0.50 &V i

_ ) . @=1.00 eV

g 10 4

[%2]

= 10° R

5

s 10 E

&

g 10

§ .

2 10

+

& 10

Charge to Image Plane Distance (nm )

FIG. 4. The enhancement factor F,(MSDM) due to the
modulation of the induced surface dipole moment, as a
function of effective charge distance a, at exact surface-
plasmon resonance. The results are for Ag, for various
effective surface barrier heights &, with molecular
vibrations perpendicular to the z=0 plane, 2.34 eV in-
cident photon energy, 800-nm grating periodicity,
g”kt s and £,K,=0.2. For definiteness, smooth thin-film
optical constants25 for Ag have been used and the isolated
molecular polarizability derivative 8a/3R,, is taken to be
deao (ao=Bohr radius).

Enhancement Factor (CFE)

0 1 1
10° =
10" 10° 10' 10°

Charge to Image Plane Distance ( nm )

FIG. 5. The classical field enhancement factor
F,(CFE) as a function of effective charge to image plane
distance a, at exact surface-plasmon resonance for Ag,
with incident photon energy 2.34 eV, grating periodicity
800 nm, E||13,, and £,K,=0.2. The result is for those
scattering angles for which the Stokes field surface con-
version factor Gg=1. For §gK, <1, the enha.ncement
factors F,(CFE) and Fo,(MSDM) vary as &, K2 However,
plotted enhancement factors in Figs. 4 and 5 are over-
estimates since smooth thin-film optical constants (Ref.
25) were used: rough, doped surfaces are more lossy
than clean smooth ones.

the maximum enhancement is smaller in Au and
Cu than in Ag. In all these metals, enhancement
decreases rapidly when the surface- plasmon
mode ceases to exist.

Before we conclude this section, it is important
to point out that while comparing expressiqgs
(4.4) and (4.2), the vibration amplitudes GRj(t)
were tacitly assumed to be approximately the
same for isolated molecules and molecules ad-
sorbed at the metallic surface. _’Since in the Raman
process under consideration, 6R,(¢) is inversely

Relative Intensity ( CFE )
5
T

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Incident Energy (eV )

FIG. 6. Relative variation of classical field enhance-
ment factors Fs,(CFE) for Cu, Ag, and Au as a function
of incident photon energy, for an 800-nm grating per-
iodicity. Again, we have assumed exact surface-plas-
mon resonance conditions, smooth thin-film optical
constants, and Gg=1. Similar frequency dependence is
obtained for Fy,(MSDM).



proportional to the square root of the molecular
vibration frequency w,, this implies that we are
assuming only small changes in the ion-ion inter-
action in the molecule and the corresponding force
constants, even in the presence of additional elec-
tronic charge density due to the tunneling of the
conduction electrons. The induced charge density
[given by (3.1), as modified by (3.6)], associated
with the induced surface dipole moment, is
oscillating rapidly with the incident light fre-
quency, w, to affect the screening of the ion-
ion interaction in the molecule. But our model
also implies additional nonresonant static elec-
tronic charge density at the molecular site, due tothe
tunneling. Can this change the force constants
and vibration frequencies appreciably? Experi-
mentally, one finds very small vibration frequency
shifts, as observed by using Raman spectroscopy.
This is also true for observations involving inelas-
tic electron-tunneling spectroscopy, where a theo-
retical model®® similar to ours is used for con-
duction electron-molecule interaction to analyze
the intensities. Whereas, the additional tunneled
electron density between the molecule and the
surface is important in determining the equil-
ibrium distance of the molecule from the metal
surface, in shifting the molecular electronic
levels, and in giving the metal-molecule coupling,
we believe it does not lead to any drastic changes
in the screening of the already short-range ion-
ion interaction inside the molecule. Similarly,
except for any accidental resonance with respect
to the incident light frequency, the intrinsic elec-
tron polarizability of the molecule should not
change by a very large factor, due to shifts in its
electronic energy levels. However, to establish
the theoretical validity of our model on a firmer
ground, it would be necessary to perform a self-
consistent calculation of all these effects simul-
taneously.

V. DISCUSSIONS

In the preceding sections we have developed a
phenomenological model to calculate the intensity
of Stokes-scattered light from molecules ad-
sorbed at a rough metal surface, when transverse
surface plasmons are excited resonantly by the
incident light. While we explicitly derived the ex-
pressions for the scattering intensity when only
one spatial Fourier component of surface rough-
ness is present, in the linear theory under con-
sideration, the complete expression can be ob-
tained readily by a simple superposition of our
results for different periodicities §. For the
resonant excitation of the surface plasmons of
frequency w, only a narrow band of spatial com-
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ponents will in fact contribute to the enhanced in-
tensity. However, for random surface roughness,
unlike the case of a sinusoidal grating, the scat-
tered intensity will no longer be a strong function
of the incident angle 6,, since there will always
be a finite possibility of finding an appropriate g
for resonant excitation of the surface plasmons of
frequency w and wave vector |(w/c) s_inGjet +gl
Of course, the corresponding roughness amplitude
&, has to be appreciable for a large enhancement.

We would like to emphasize here that our linear
approximation for calculating induced secondary
fields near a metal surface will break down when
the Fourier amplitude &, of the surface roughness
becomes large compared to the wavelength of light.
As ¢, increases, we must correct for the depletion
of the fundamental Fresnel fields of Sec. II, and
for the creation of higher-order secondary waves
with wave vectors k, +2§, k,+3¢, etc. Since in
the lowest approximation this correction is of the
order £2K2, with increasing £.K, the amplitude of
the surface-plasmon fields of Sec. II will saturate
according to the expression K,/ (1 + B£2K?), where
B is of the order 1. Thus, our surface-plasmon
model predicts a resonant enhancement of the
Raman cross section varying as £2KZ, for £,K,
<« 1, with a maximum for £§K,=1. For £ >c/w,
one has to consider exact geometrical shapes of
the bumps on the metal surface to calculate the
field distribution. However, the problem can be
tackled only for very simple shapes and isolated
bumps.1?:2

Apart from the introduction of standard pheno-
menological guantities such as the molecular po-
larizability &, bulk metallic density n, and the
complex dielectric function ¢(w), in our model we
also introduced the effective surface barrier
heights &, for the conduction electron tunneling to
the molecular site and the effective partial ionic
charges in the molecule and their positions with
respect to the metal surface. This was neces-
sary because, for distances comparable to the
molecular size, the interaction of the induced
metallic charge density with the molecule could
not be treated using classical methods involving
the concept of a point molecular polarizability and
a sharp cutoff for the metallic dielectric function.
In this sense, our additional contribution due to the
modulation of surface polarizability is related to
the classical calculation® ® of the enhancement of
the molecular polarizability & due to the presence
of the metal surface. But our calculation shows
that this additional polarizability contribution has
a symmetry different from that of 8@/6R, and
that for the first few monolayers it depends con-
siderably on the surface barrier height &, i.e.,
on the overlap of the induced surface charge den-



3982 S. S. JHA, J. R. KIRTLEY, AND J. C. TSANG 22

sity with the molecular charges. It has already
been recognized by most workers that to explain
large enhancements of the Raman cross sections,
both the classical field enhancement (our CFE
contribution) and the polarizability enhancement
may be necessary.

It should be noted that in our model, there is a
finite MSDM contribution even in the absence of
surface roughness, if we keep the first term in
(3.2) for the induced surface charge density. This
is related to a similar contribution already dis-
cussed earlier by McCall and Platzman.® It can
indeed become appreciable for small &,, but in
the absence of resonant field enhancement in this
case, it is not enough to explain observed Raman

. cross sections.
Our quantitative results for the scattermg in-

tensity can be tested experimentally in a variety
of ways. In fact, many of the crucial predictions
of our model (e.g., dependence of the intensity on
the incident scattering angle 6;, frequency w, and
grating amplitude £,) are consistent'® with the ex-
perimental observations of Tsang et al.? ' on
tunnel junction grating structures. Nevertheless,
for a direct quantitative check it will be neces-
sary to do extensive controlled experimentation
on molecules adsorbed on a single thick sinusoidal
grating® of different metals. This is now under=
way. Reliable values for the other phenomenologi-
cal parameters have also to be obtained indepen-
dently for the same samples. Smooth thin-film
optical constants used here from the available
data®® may not be completely relevant for a rough
metal surface with adsorbed molecules.

*0On leave from Tata Institute of Fund. Res., Bombay,
India.
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