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The coupled system of' an adsorbed atom and a spherical surface plasmon is considered.

Application to surface-enhanced Raman scattering is shown by regarding the coupled

system's eigenstates as intermediate states in the scattering process.

Lee and Birman have recently analyzed certain
features of coupled molecule-surface states for a
plane surface. ' For the simple case of nonretarded
clcctrodynamlcs Rnd 8 pUI'cly frequency-dependent
dielectric response function, one may easily extend
their results to the interesting case of a spherical
surface. This is accomplished in the present paper.

Also, Birman and Lee have given some con-
s1dcratlon to surface-enhanced Rattla11 scattcr111g

(SERS). Their approach, while not directly appli-
cable to SERS (due to their use of a plane surface),
provides a basis for further work, as they indicated
.by their comments on surface roughness. The ear-

ly obscrvRt1ons of SERS from Ag sols 1Q RqUcoUs

pyridine by Creighton, Blatchford, and Albrecht
show that thc spherical geometry is also important.
Working with the aforementioned simplifications,
the spheres being small enough (-10 nm) for a
nonretarded approach to be effective, it is possible
to obta1Q 8 rclcvant analys1s. That 1s, onc IQRy Usc

the eigenstates of the coupled molecule-sphere sys-

tem as intermediate states in SERS. Unlike the
planar case, the spherical case has no selection rule

preventing coupling of the light and surface plas-

mons.
As in the treatment given by Ref. 2, the eigenen-

crgy appears in the denominator of the perturba-
tive analysis of SERS in second order, and one

finds the ratio of this denominator to the denomi-

nator obtained in the second-order treatment of or-

dinary Raman scattering. This ratio is then related

to the Raman enhancement. %'hile the present pa-

per omits thc cffccts dUc to thc Rltcrat1ons 1Q the
numerator of the second-order perturbation analy-

sis, it shows there is a resonance which strongly af-

fects the above ratio with reasonable choices of the
experimental parameters.

For spherical surface plasmons, one has a Ham-

1lton1RQ

where the surface plasmon frequency of the lth

mode of oscillation is found in terms of the bulk

plasmon resonance ~& from the dispersion relation.

For a medium with dielectric constant eo outside

the sphere, and with es(co) the bound-electron con-

trlbUt1on to thc d1clcctric funct1on of sllvcI', one has

(2
/+les(to)+op(l +1) '

which is independent of the azimuthal indices m

and p.
If one models the electronic states of an ad-

sorbed molecule as a two-level system, the Hamil-

tonian for this is

HM= g E.CnC. =Ep l0&&0l+&1I 1&& 1
I

where Eo Rnd E1 are the ground-state and excited

stRtc cQc1glcs, rcspect1vcly, Rnd C„and C„clcRtc
Rnd dcstI'oy state n, 1cspcctlvcly.

Thc Hamlltonlan foI thc 1nteractlon between thc

atom and the surface plasmon field may be written

with the SERS intermediate states in mind. The

interaction Hamiltonian is here taken to be

Il;„,=—Q I f (bt qC pC1 +bt qC1Cp),
/, M,P
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where
' 1/2

p2g 2I + i( I+ 1 )
wl

6g 2I +4

1/2

—&I+lbo&i+ — ~i (&i+& i)
2

(5)

with p the spatial average of the absolute square
of the dipole moment. Here b is the distance of
the atom from the center of the sphere of radius
a &b.

The following kets are used.
(i) ~o,n): plasmon ground state, atom nth state.

(ii) bi z ~o,n): one plasmon in state I, iii,p, atom

nth state.
An eigenket of

H =H,p+H +H;„,

belonging to the energy eignevalue E is

iE)=coseiO, I)+ g Ii- I f b,', i0,0) .
I,m,p

(Ei —Eo —e 0)'
E' +fPy

(14)

where, if I' is the surface plasmon damping, then

the damping of the intermediate state is

I'%co,~p /12di

(fico,„—Pic@0)

Only the major contribution to the various
second-order matrix elements is used in (14), and
the numerator of (14) comes from the appropriate

perturbation theory energy denominator for ordi-

nary scattering. The value of E' is given by

E)
—E0+Aa)sP —ACO0 —AQ .

2

—ACOspP
2

V=-
12d (fico,p+Ei —Eo)

Assuming as in Ref. 2 that the scattering matrix
elements in second-order perturbation theory in-
volve the eigenstates of (6) as intermediate states,
one has the Raman enhancement factor

where fi ' is a superposition coefficient and

tan'8= g, (irido, —E+Eo)' '

while

where

'2
2

(A'0) = AQ)SP —E) +E0 f@9SPP

2
+

12d3
(17)

(rf )'
fico E El mp I + 0

Substituting for I'f from (5) gives

pi ~ Rcgi(l +1)(21+1) gE —Ei
6b3 i 0 fuji E+Eo b—

(10)

If d =b —a ~&a, then (11) reduces for co,~=co~/
2 to

—P AQ)pE)—
12d (%co,~ E+Ei)—

which is a quadratic in E.
One may compare the right-hand side of (12)

with the quantum image energy

cos8=f~ '(fbi E+Eo) . —

The ket
~

E) is normalized, and its energy eigen-

value is found from the relation

Notice that R =1 if the classical (Lennard-Jones)
image energy p /12d vanishes.

For the value of ficoo for which E' vanishes, one

may eliniinate p /12d from R to obtain at the
resonance condition

(CO~i
—Coo)

~max =
p2

This result takes no account of alterations in the
matrix elements appearing in the second-order
cross section. As such it would be multiplied by
an enhancement in these matrix elements due to
the surface plasmon field. However, the foregoing
analysis gives one a simple set of formulas for
determining the position of the maximum with re-
gard to the incident hght (the E'=0 point). Also,
it allows the data to be used as an indirect mea-
surement of the image energy. Finally, it gives a
major portion of the enhancement.



For pyridine on silver one may take Ei —Eo
=4.31 eV, Rm, p

——3.63 eV, AT = 10 eV, and

%coo——2. 18 eV to obtain R =10 . An additional
factor of 10 is not unreasonable to expect from
other effects.
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