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ABSTRACT

Emissionvfrom a variety of surface optical processes is significantly
increaséd at interfaces with roughened noble metals}_ A générél formalism,
applicable to any op;iéal process, is used to predict the enhancement in
the radiated power for second-harmonic generation and Raman scattering
from an electrochemically reformed silver surface. Experimental‘results
_for these eﬁhancémenté'at different.waveiengths are reported. The inten-
sity of the secdnd—harmonic radiation can be‘understood strictly in terms
of the strong macroscopic electric fields producedlat the roughened sur-
face by resonaﬁt stfucturés. For Raman scattering, part of the enhance-
ment also arises frqumicroscdpi; iocal—field'effeéts and the direcﬁ chem—-
.ical interaction of the adsérbate and substrate.  The surface-enhanced
Second—harﬁonic and Raman signals are studied as the sil&er sample under-
goeé oxidation and reduction in aﬁ elecfroljte containing cyanide ioms.

. The behavior of ﬁheée.twoveasily measurable probeé is described and éorre—

lated with the system's surface chemistry.

*This work was supported by the'Director, Office of Energy Research,AOf—
fice of Basic Energy Sciences, Materials Sciences Division of the U.S.
Department of Energy under Contract Number DE-AC03-76SF00098.



I. Infroduction

Raman scattering by pyridine adsorbed on electrochemically reformed
silver was discovered a few years ago to exhibit an effective cross- -
section increased above that of ;he free molecule by several orders: of
magnitude.l This phenomenon of surface-enhanced Raman scattering (SERS)
has attracted and continues to attract comnsiderable attention.2 An appre-
ciable enhancement has been manifested by a wide range of molecular adsorb-
ates on surfaces of various metals at solid/liquid,l’2 sol:i.d/vacuum,3-6
and even at solid/solid7’8 interfaces. As researchers have tecognized

the common features of surface roughness ” " “:and small optical absorp-

tion %8 of substrates exhibiting prominent - enhancemént, it has come to
be accepted that the macroscopic eiectrodynémics ofvﬁhe surface plays a
significant role in SERS: the presence of the roughened metai can produce
a local field strength at the intefface,which greatly.exceedsvthat of the

19-25

applied field. This mechanism of local-field enhancement should af-

fect all surface optical processes. In fact, significant surface enhance-~

. 2
ments have been reported for hyper-Raman scattering, 6 for one- and two-

photon absorption and lumin_escence,27—29

30,31

and for second-harmonic genera-

32,33 Ihe sue

tion (SHG) by bare metals and molecular adsorbates.
process is of particular interest since the signal can originate from the
metal alone. Furthermore, the fact that it 1is forbidden in the bulk of :

a centrosymmetric medium endows SHG with an intrinsic surface sensitivity.

Y e

The theory of local-field enhancements has been developed by a num-
ber of authors to treat the specific surface optical process under consi-
14-32

derationm. In this paper we elaborate the theory in a more: general

fashion. By extending the notion of a correction to the molecular polariz-
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ability fromvmicroscopic local fields to macroscopic ones, we can describe
directly the amplification of the incident and radiated fields induced by
the presence of the surface. The surface enhancementbef anyAparticular_
process.can then be teadily calculated. We present this formalism and some
model calculations in Sec. II.

On the experimental side, whiie both surface-enhanced Raman scatter-
ing and SHG have been observed, they have not been simultaneously measured
and correlated with the different phases of oxidation-reduction cycles in
an electroehemitalv cell. The Raman ana second-harmonic signals from a
silver electrode were monitored,Whilecyclingin pure electrolytes (KZSO4
or KC?). and while cyclingwith cyanide ions also present. In the latter
case, a rich surface-chemistry resulted. The rather different responses
of the two optical probes could be interpreted with the aid of voltammo-
érams indicating the onset of various reactions. The experimental ﬁroce—
dure and the results of the combined second-harmonic and Raman scattering-
measurements are found in Sece. IIT and IV. In the latter part of Sec.
IV, the theory of sec. II is applied to a simple model of a roughened sur-
face consisting of small.heﬁispheroids on a condecting plane. Predictions
are made ef the macroscopic local-field enhencements for SHG and Raman scat-
tering. Experimental values for'both processes with»identicel excitation
ef a given sample canvthen be compared. . For the chosen pump radiation,‘
the second-harmonic nonlinearity proves to be dominated by thatbof'the
silver itself. For tﬁis‘case, the macroscopie local-field eorrections
should complete1y account for the surface enhancement. From the experi-

mental Raman scattering power, we can then estimate the residual enhance-

ment of the Raman cross-section associated with microscopic local fields



and the direct molecule-metal interaction. In the closing section of the
paper, we draw some conclusions and, as a.further examplefof-the local-
field theory, calculate the surface enhancement f£or coherent anti-Stokes

‘Raman scattering. by an adsorbate.

II. Theory of Local-Field Enhancement

A. General Formalism

The mechanisms leading to the enhancement of various optical proces-
ses at surfaces can be broken down into two broad'categories: thoée involv-
ing a change in the nature of the adsorbate by means of a direct interac-
tion with the substrate and those involving only a modification of the lo-
cal electric and magnetic fields caused by the pfesence_of the substate.
The former group of chemical effecté has been invoked in Various'expléna—
tions of SERSzand notably in understanding SERS by normally Raman-inactive

4,35 33

modes of adsorbates3 and SHG by centrosymmetric adsorbates. The

~ electromagnetic effects of local-field enhancements are now believed to
be the main contributor to SERS of Raman-active modes of adsorbates, and

they are the only contributor to. the enhancement of SHG from bare metal

30,31

surfaces. We shall present here a general formalism for treating

this local-field enhancement.
Let us first consider an isolated molecule in space surrounded by
radiation fields E(wl), E(wz), cees E(wn) with angular frequencies Wys Wy

ceey W An n-th order nonlinear dipole p(n)(w = wy + w, + ... + wn) can

then be induced in the molecule through the nonlinear polarizability

(), _ .
o (w = wl +’w2 + ... + wn).

. r
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;(n)(w) = g(n?:f(wl) eon E(mn), : (1)

If; however, the molecule is sitting near a surface and if it is also sur-
foundéd by other molecules, it will experience a 1ocai field Eloc(mi)-dif_
ferent from the incoming field %(wi) of Eq. (1). In fhis casé5 the in-
duced dipole will be given by - |

), \ _ *@) >
p T (w) =a By e

[ea) 2
~~
€

-

(wl) v (2)

loc

‘These local fields can be attributed to two distinct effects: the change

in the microscopic fields and the change in-the average or macroscopic

. fields. . The local variation.in the microscopic fields arising from the

induced dipole~dipole interaction is the usual Lorentz correction discussed

36

in the literature. In a homogeneous liquid, for example, it yields the.

familiar Lorenz - Lorentz relatton of z(wi) = [e(wi) + 21/3.. -The

microscopic local-field correction for molecules adsorbed on a surface
| o . 37 L o
has recently been discussed by Bagchi et al.” and also in connection with

: A : .
(2,38-40) The change in the macroscopic

image-dipole models for SERS.
fieid at the surface éompared with the‘applied field is just what we expect
from reflectionHandvrefractién of}the incident field. We can call this a
macroscopic'local1field, which;-in principle, is obtained frpm the solu-
tion of theIWave equatibn wifh the éppropriate boundary conditions at.the
surface. Tﬁe macroscbpic local-field correction factor f(w) is thén the
rétio of the macroécopic ldcal fiéld to the»incidentbfield. vAs we shall

see, this factor can be substantial for metals with resonmant struqtures

on the surface. Taking account of both the macroscopic and microscopic



corrections, we can write for the local electric field
< © -
E oc(wi) = Q(wi)L(wi) -E(wi)-. (3)

The nonlinear dipole ;(n)(m) induced by the local fields now radiates.
Since the neighboring dipoles also respond to thisvexcitation at frequéncy
“w, the radiation appears as if g(n)(w) were enhanced by an additional lo- -
cal-field correction factor g(w) (Ref. 41). Simiiarly, through the inter-
action of ;(n)(w) with the surface, the macroscopic field at w is also en=-
hanced by a further factor of f(w). Thus, the rédiated field from the
nenlinear dipélé at the surface in an ambient dielectric with constant € -

is 42

Py = T en) [ x B, ) % Al - G

where
( )((.U) ( )"Q'(w)L(U))Q«(UJ )L(UJ ) 'Q'(w )L(L i )E(w ) E(w ) (4b)
f£ ’ 1 1 Tt n n 1 T n’’

Hefe k = /& (w/c) gnd n is the dire¢tion of prdﬁagation of the outgoing
field. The total radiate& field from a colleétion of dipoles is, of
course, obtained by summing over the individual contributions. 'If the
process is coherent; as for SHG, the resulting rédiated field can be ex-

pressed as

E ) = fd x NG e KT (205 (G x p( )(w :, Ny x 4], (5a)
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with the integration extended over the surface covered by the nonlinear

dipoles of density N(gs)' The total output pdwer in a solid angle Q from

43

the radiating dipoles is found in the usual manner from

2 |
our @17 (5b)

2 >
P (@) = (c/e/2m) _er an
If, however, the nonlinear dipoles radiate incoherently, as in the case of
Raman scattering, then the output is given by .
F_ W) = (cleram [rla [éxnG)[EPw, 305 (6)
inc 2 : s Q out * ’"s
) S
Thus, for a specified surface with known local-field correction fac-
tors, we should be ablé to calculaﬁe‘the'output'power. The local-field
enhancement is.défined_as the ratio of the radiatéd power in the case of
interest to that of a reference. For example, for SERS, the reference can
be chosen as the molecules in the gas or liquid phase; for surface-enhanced
SHG by a metal, the bare, flat surface can be taken as the standard. As
discussed below, the électrolytitally roughened silver surface used in the

current set of experiments exhibited an enhancement of the Raman scattering

. 6 - o , © s S
“of ~ 10" for visible radiation, with a corresponding second-harmonic en-

hanceméﬁt of Allozbﬁor-a'visible pﬁmp and ~ lO4 fo; ﬁéar;infrared'excita—'
‘tion. |

In the féllowing, we shéll discuss a few special_geometries of the
metal—dielectric»interface. Micrsscopic locai—field corrections will not

be taken into account. As a rough estimate of this effect, we can apply

" the theory of_Bagchi‘et,al.37 for isotropic molecules in a squaré lattice



of spaéing S_A located 2.5 A above a conducting plane. Iﬁvthis case, with
a linear polarizability of a(l) = 10 A3, the microscopic local-field cor-

rection factors for eiectfic fields parallel and perpendicular to the sur-
face are found to be 2” = 1.6 and kl;=v0.6,. On the other hand, according

to thg Lorenz-Lorentz formula for a homogeneous liquid, the local-field

correction factor for Qéter,(a = 1.77) is 2 = 1.3.

B. Special Cases

We consider here three different geometries for the.interface between
a metal substrate, characterized by a (local) dielectric constant em(w),
and the ambient dielectric medium with é real, dispersionless dielectric
constant €. A thin intermediate region of dielectric constant e'(w) is
included to describe an adsorbed molecular layer. We firsﬁ treat the
simple planar boundary. Then, as an approximation of a roughened surface,
we analyze the case of a.small metal hemisphere lying on an infinite plane,
which, for simplicity, is taken to be a perfect conductor. These hemis-
pherical pr&trusions exhibit’ resonant response to an applied field when
Re(em(w) + 2¢) = 0. Finglly, as a more refined model of an electrbéhemically
réughened metal surface, we extend our calculations to the case of avhemis—
pheroidal boss on a conducting plane.

| 1. Pianar Interface
- In this instance; the Fresnel coefficients for the reflection and re-

fréction of waves at a planar boundary give the relation between the incom-
ing macroscopic fields and the macroscopic fields present at the inter-
face, i.e., the macroscopic local-field factors. The local-field tensor

<>
L becomes diagonal when expressed with respect to the surface normal and



directions parallel to the surface lying in and normal to the plane of

‘incidence of the wave:

A
I

(e/ef)Z/Z; coéel(/E; cosb + Ve cosem)

1
P = 2/5 coss /(e cosh + Ve cosb. )

N m m m
L’ = 2/g cose / (/e cose + /Je_ cosg ). (7
I m m m ,

The superscripts p and s refer, respectively, to the components parallel--
and perpendicular to the plane of incidence. .6 denotes the angle of inci-
dence of the light and ﬁm is the angle of»refraction;. The expressions
above épply to the fields in the dielectric layer of constant ' just
above the metal, but they are also Valid‘for the fields just inside the
metal if €' = €

With the given locai—field factor f, we can calculate the.radiated
power by means of Eq. (4), in conjunction with Eq. (5) for a coherent pro-
cess and with Eq. (6) for an incoherent one. For Raman scattering by a

layer of aligned molecules with surface density N and Raman polarizability

]

R . ' .
o, we find a total power .

R = om0 vt [aald x F:L)IwEW® ®)
. Q.

Here the pump beam of frequency w illuminates an area & of the interface;

n gives the direction of the outgoing radiatiom at the_Stokes-Shifted fre-

>

quency w_; and the tensor L is specified by Eq. (7). - In the limit of



10

|em| >e = ¢', the macroscopic local-field factors simplify to Lﬁ = Lﬁ =0
and Fl = 2. In this case, the total radiated power under pumping by a

p-polarized beam with field strength E(w) incident at angle 6 is

5E(ws) = (32c/§73)(ms/c)4Naf|qﬁLJQEZ(w)sinze. ¢
With excitationm at grazing incidence, this radiated power exceeds by a fac-
tor of 8 that emitted by an equal number of isolated isotropically polariz-
able Raman scatterers in the bulk dielectric medium.

In the case of SHG, we are dealing with a coherent process and, con-
sequently, a uniform adsorbed layer with a nonlinear response will give
rise to a collimated beam of second-harmonic radiation in the reflected
direction. Equations (5) and (6) yield for the power in this beam at the

harmonic frequency

SEH(Zw) = (2nc//€)(2w/c)2N2aflﬁ x g(z):f(?w)f(w)f(w)ﬁ(wjﬁ(m)lzsece. (10)
'3(2) represents the second-order nonlinear polarizability of the adsorbed
species, of Which an‘area.xf(>>kf2) is exp§sed to radiation at the funda-
mental frequency w. The same result (with thevproper Ll) applies for SHG
by the surface layer of the metal itself. More specifically, let us write
for later use the expression in the case of p—polarized excitation of a

nonlinearity having only a significant ||lll-component:

5§H(2w) = (2ﬂc/j;)(Zw/c)zdefIuﬁiﬁLﬁ(Zw)Ll(m)Lﬁ(w)|2E4(w)cos36 sinze.

(11)
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2. . Hemispherical Boss
In the interest of simplicity, the base plane on which the metal

hemisphere rests is presumed to be perfectly conducting; the hemisphere
b_itself is taken to be much émaller than a wavelength of light so that re-
tdardation effects need not be considered and the macroscopic local fields
can be.determined by electrostatics. The presence of tﬁe;conducting piane
causes the component of the incident electric field normal to the surface
to.be doubled, while cancelling the tangential part. Then by ;olving the
'elémentary bouhdary-valﬁe problem, we can find the relation between the
macroscopic local field at a point on the hemisphere and ‘the field preseﬁt

above the conducting plane, naﬁely,

L (em/e')3€/(€m + 2¢)

L“ = 38/(€m + 2¢). (12)

' The tensor L assumes this diagonal form fpr'anyvgiven point om the hemisphere
when resolved into'compoﬁents perpendiculaf to and lying in the local tan-
‘gent plane at the hemispherical.surface.. With the aid of these local-field
factoré, we can néw immediatély'COmpdte the scattered power for the Raman
_‘and SHG processes.

The total power of Raman scattered light is specified by Eqs. (4) and
(6). TFor a p-polarized pump beam of frequéncy w making an angle 6 with
‘the conducting plane, an adsorbate-covered hemisﬁherical bosé of radius a

produces a total output at the Raman-shifted frequency ms'of_
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P ) = (6410/5/15) (o /o) Naaf 1y 1) @[ *E @)stn®e.  (13)

This expression was derived assuming that only the ll-component of the Ra-
man polarizability was important, as is the case if ILLI = le /e’ !|H [3>

IHI » i.e., whenever IE /€ | > 1. Comparing this result to that for Raman
scatterlng from isolated, isotropically polarlzable molecules in the bulk

- dielectric medium, we obtain the surface enhancement attributable to macro-.
scopic local-field effects. . Forming.ﬁhe ratio of total scattered power per

molecule, we deduce for this quantity
= (8/5)|L ()L, (w)|%sin®s. (14)
R | (ol _

Second-harmonic radiation emitted by the adsorbate-covered hemisphere
is angularly diffuse. If only the'HlH—eomponeet of the quedratic polariz-
ability is appreciable, the total second~harmonic power radiated in all
difections for excitation by a p-polarized pump is given by Egs. (4) and

(5) as

4 (2) 4

4 2
P
g (2w) = (32n 2eVe/3) (2u/e) N ”lulﬂ(Zw)Ll(w)L“(w)[ E* (w)sin”s. (15)
Dividing this radiated power by that for an equal area of an equivalent
flat surface also excited by a p—pblarized pump incident at angle §, we

arrive at the surface-enhancement factor

. | IL (20)L) (W)L (w)l
Ngy = (32/3)(ka)zsin26 sec38 I I

S
| IL”(Zw)L (w)H,(w)l

sphere (16)

plane.
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Here k = /Eﬂn/c and the local-field factors in the numerator and denomina-

tor are those of Eq. (12) and of Eq. (7), respectively.

Neglecting the geometric factoré resulting from averaging and normali-
zation, we find from Eq. (14) that thé surface enhancement for Raman scat-
tering has the form g ~ fL(ws)L(w)lz; for SHG, Eq. (16) implies that Nen
~ (ka)zlL(Zw)Lz(w)lz. The fofmer expression is just what we expect for
incoherent scattering by the Raman process,‘the enhanéement being propor-
Rlz.

tional to the cross-—-section ¢_, which, in turn, varies as la In the

R
case of SHG, we muét compare the signalvfromftﬁe_hemispherical surface to
that from a plane. In the plane, an area ~ Az = (Zﬁ/k)2 can radiate in
phase for this-cohefent process, but for the hemisphere of radius a, only
its surface area 2ﬂ32'can do so. 'Fof this féason, in addition to the ob-

L2

. . . 2
vious terms for a signal proportional to_l (2w = w + w)| , an extra

factor of (ka)2 is introdiuced into the formula for n Now inspection

SH” _
of Eq. (12) reveals that when the denominator € + 2¢ approaches zero, we
obtain a large value for the local-field factors, and, hence, for the Ra-
man and second-harmonic surface enhancements as well. Since this denomin-
ator must always have a ?ositive imaginary pért, the optimal enhanéement_
should occur for Re(Em + 2e) = 0, corresponding to the excitation of a lo-
cal surface plasmon. - Noble metals, which typically have dielectric con?
stants with negati&e feal and small.imaginafy parts‘for infrared and vis;
ible light, can exhibit considerable surface enhancements through thié me-
chanism.

3. Hemispheroidal Boss

Here we take up the generalization of the previous geometry to the

case of a hemispheroidal boss with a semimajor axis of length a normal to
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the éonducting planevand a semiminor axis of length b; The assumption of
ka <1 is.maintained to allow an electrostatic analysis. The macroscopic
local fields on the protrusion are related to the field above the conduct-
ing plane in the same way as the fields on a full spheroid are related to
a constant applied.field difeéted along fhe principal axis. The soiution
to this classig problem44 can be expréssed succinctly with respect to the
local surface normal and tangential directions. The reéulting local-field

factors are

,pl (em/;')e/[e + (em - £)A]

L” =¢ef[e + (em - g)A]. o a7

The depolarization factor A takes on the value of 1/3 for a sphere and ap-
proaches 0 for a very slender prolate sphefoid.AsFor the geoﬁétry ﬁnder
consideration the local surface piasmon resonance NOW OCCULS for Refe +
(em - €)A] = 0. The local-field enhanceﬁent can be particulaily large for
highly elongated spheroids, since.in the limit of A >~ 0, Im[e + (am - g)A]
will decrease, causing the resonant enhancement to grow. This behavior
can be termed a lightning fod effect.23’2>4

From Eqs. (4) and (6), we can obtain the Raﬁan scattered power from
the hemispheroidal protrusion covered uniforml? by an adsorbate. For a p-
polarized pump,

P W) = (6zm;/2/3)(mé/c)“(b/a)_“NaZlctflLl (o )L, @) |*E° @)sin®e.  (18)

As before, this formula is valid if only the ll-component of the Raman



L]
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polarizability is important, which holds whenever |€ /e f #1. This and
subsequent expressions are also simplified by taking the protrusion

to be highly elongated (a/b > 1). The macroscopic local-field enhancement

in the radiated power is given by the ratio of Eq. (18) to the éower radiated
by an equal number N~ Nﬂzab/2 of isolated molééuleé-in the bulk dielec-

tric medium:
3 . 2 .2 ,
= (32/7)(b/a) lpL(ws);l(m)l sin“9. (9

For SHG by a uniform layer of ‘an adsorbate with only a [[Llll -component
of the nonlinearity, we deduce, according to Eqs.=(4) and (5), a radiated har-.
moniC‘powet under ‘p-polarized excitation of

4’aufﬁLn<2w>Ll<w)Lu<%>12E4(w)sin4e.

2 <2w>'s'<27n2c/5/3>(Zw/c>4<ﬂ/a>4N2a
| (20)
The enhancemént with respect.to SHG_by an equal aréa of the adsorbate-
cdveréd metal plane-is then found ﬁo be

= (2 /317)(b/a) (ka) smze sec”9 soherom

n (21)

SH ]L”(zw)Ll(w)L”(w)jplane

~ The local-field factors in this expression are those of Egqs. (7) and (17);

the factor of (ka)2 arises ffdm the coherence of the SHG process, as dis-
cussed above for ﬁhe hémispherical Boss. In Sec. IV, we shall see how the
large observed enhancements of SHG and Raman scattering are predicted by

resonant excitation of these surface features.
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c. .Second—Hérmonic'Generation from Metal Surfaces

In order to apply our formalism of local-field enhancements to the
problem of SHG by metal surfaces, we must determinebthe form of the rele- . s
vant nonlinear soutce polarizétion. Within the interior of a centrosymme-
tric medium the electric-dipole contribution to the second-order nonlinearity van-
ishes. Then for a medium that is also isoﬁropic (such as the poiycryétal—
line silver éamples of the experiment described in the following sections),

the most general form of the nonlinearity from the magnetic-dipole and

electric—-quadrupole terms can be expressed as46

5 () = 817 - B@IEW + (6 - B[EW) + VIE®) + y(2w/0)EW) x Hw),
(22)

with parameter B, Y, and & being characteristic of the material under
study. Inside a homogeneous medium, the first term must vanish, as must
the second when ﬁ(w) represents a plane wave. At the surface of the me-
tal, however, the discontinuity in ﬁhe normal component of E(w) causes
both of these terms to produce a singular iayer of polarization. The
third term in the expression for f(z)(Zw) only gives a contribution
in the Bulk. Various modél calculations have been carried out to ﬁtedict
the values of these coefficients, yet for visible light the problem re--
mains a difficult one, since one must generally consider both the detailed :
nature of the surface and tﬁe effect of interband transitions.46_50

For the first few atomic layers of a metal (or for adsorbates), the
inversion symmetry of the bulk metal is clearly broken. Consequently, an electric-
dipole contribution to the'second—order nonlinearity is expected from the

. (2
surface. We can express such a term as a nonlinear susceptibility xé )
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localized at the surface. Symmetry argumenté_imply that this tenéor has
only ;hree independent coeffiéients for SHG: xéﬁz”'=x§ﬁﬁl, xéfﬁ”,‘and
Xéfii’ While the physical origin of this dipole:contribution is certainly
different from that of the magnetic-dipole and electric-quadrupole terms,
“it so happens'that the_igclusion-of the electrie-dipole . contri-

" bution does not alter the form of either the polarization or

angular dependences of the second-harmonic signal.51 In fact, we are not
aware of any experiment that has explicitlyAresolved'these two mechanisms.
qu our present purpose, we can just cohéider a ndnlinear polarization of
the form of Eq. (22) with parameters B, Y, and § modifiéd to include thé
coﬁtribution of the three independent_cqmponents of ;22).

We have analyzed the experimental dependence of the second-harmonic
reflection on ;he'angle of incidenéevdf a p-polarized pump beam reported
by éonnenberg and Heffners.2 and BloemEergen'et al.46 for a flat silver
sample; Using the correct_solution of Maxwell's eqﬁations for a nonlinéar—
ity of the'férm of Eq. (22) (see erratum for Ref.46 ), we have found that
5 is negligible for exciﬁation at the ruby laser wavelength of 0.694 um.

As for the relative importance of the B and vy terms, Wang and Duminskis_3

have deduced from their measurements also made with a ruby laser that |vy/8 |=3.7

For p—poiarized excitation with & ~ 45°, we then find that thé Y term actu-
ally contributes some&hat lesé to the radiated signal than does ﬁhe £ term.
Given thé &ariation‘of exﬁérimentél;résults in the literature and the
crudeness of our models for the roughened surface, we shall not attempt to
compare these terms more closely, but shall simply neglect y. It should

be noted that in the case of .resonant excitatidn of sﬁall surface feafures‘

of the metal, this approximation is very accurate if y actually:represents
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a bulk (and not an effective surface) polarization. 1In this case, the
‘ . > >
magnetic field in the source polarization term v (2iw/c)E(w) *x H(w) does
not show the full enhancement. . : .
: ' ’ 54
Thus, for our discussion of surface enhancement, we shall consider

the nonlinearity of the metal to be described by55

B (u) = 8{17 - E@IEW - B - mE@} @3

For either excitation of a flat sample by a single ﬁlane,wave or for any
excitation of a structure small compared to a wavelength, this term is
only significant at the surface itself where E(w) changes abruptly. Inte-
grating 3(2)(2w) across the interface;46 we find that we can also describe
‘this ngnlinearity by a surface dipole term with susceptibility Naﬁfﬁ =
B[em(w) - £'(w)] lying just inside the metal or, equivalently, a polariz-
able sheet with N%Eﬁ? = 8[§m(w)/e'(w) - l] located in the intermediate di-
electric layer €'. 1In the latter case, the previously de&eloped equations

for the second-harmonic power and enhancement can be applied direttly to

the signal generated by the metal.

ITI. Experimental Arrangement
Our experimental studies were designed to compare signals from the .

two surface probes of Raman scattering and second-harmonic generation dur-

%

ing an electrochemical cycle , as well as to determine the surface enhance-
ment exhibited by these two optical processes. The Raman scattering and
second-harmonic emission from a silver sample were monitored during and

after various electrochemical reactions. The set-up is depicted schematic-
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ally in Fig. 1. The polycrystaliine silﬁer eléctode was prepared by me-
chanical polishing, etching for several minutes in a 1:1 volume mixture

of H,0,(30%):NH,0H, and a thorough rinsing in distilled water. The elec-

272 4
trochemical cell, which was eqdipped with a platinum wire counter electrode
~and a reference saturated calomel electrode (SCE), contained a ‘0.1M
K2804

.ments were made, the sample surface was roughened and cleaned by running

or K® electrolyte in doubly distilled water. Before any measure-

several oxidation-reduction.cycles. Each cycle provided a charge trans-
- fer of ~1100mC/cm2, corresponding to an average'rémoval'and redeposition
of some 400 atomic layers of the flat silvef surface. This procedure
yielded a silver sampie capable of inducing an enhancemént'of ~4106>for
Ramén scattéring by adsorbe& pyridine.

| Optical excitation for .the SHG aﬁd Raman scattering processes con-~
sisted of the 10 ns éulses of 0.683 um radiation. These pﬁlses, avail-
able at a repetition rate of.lO-Hz,,were generatéd'by a hydrogen Raman
cell pumped by the second harmonic of a Q—switChed Nd:YAG laser. So as
to avoid laser-induced damage or desorption at the silver surface, fluences .
were limited throughout these exﬁerimenté to ~ 1 mJ/cmz. We vérified that.
- the effect of ﬁhe laser radiation was minimal by obsérving the same vari-
ation of.the signals during electrochemical reactions atbstill lower flu-
 enc§s. The SERS response for‘CW:excitation by thev0,514 um outpu; of an
argon ion laéer also duplicated that obtained with the pulsed exéitation.
The nonlinearity.for:SHG bthHe silver substréte_alone showé a marked dis-
persion, being much lérger at a wavelength of 0.7 um thaﬁ'at 1.0 um (Ref;
46). Consequently, for our sﬁudy of the secon&—harmohic signal during

electrolytic cyéling,,we found it advantageous to use the 1.06 um funda-



20

mental of the Q-switched Nd:YAG laser as a pump. The angularly diffused
Raman and sﬁrface—enhanced second-harmonic radiation was collected with

f/1 optics. The desired signals were detected with photomultipliers. For
Raman scattering, the output wavelength was selected with a 3/4-meter double
monochromator. A smaller monochromator together with color énd interfer-
ence filters proved adequate'for measurements of SHG, the quadratic power
dependence and spectra} purity of which were checked. The Raman and second-
harmonic signals were stored in a minicomputer. The combuter_also control-

led the Ag-Pt bias and recorded the Ag-SCE potential, V » and the

Ag-SCE

electrdlytic current, I, during the oxidation-reduction cycles.

IV. Experimental Results and Discussion

A. Correlations between SHG and SERS

- In this section we describe the variation of the SHG by a sil&er elec-~

trode during different oxidation-reduction cycles and compare the results
with those of SERS. For the measurements now under discuésion, both the
second-harmonic and Raman signals arose primarily from the adsorbed species,
as the background from the silver itself was relatively weak.

The first case to be considered is that of an oxidation-reduction

cycle in a pure 0.IM K electrolyte. The applied Ag-Pt voltage was

259,
ramped at a constant rate from -2.5V to +2.5V and back to -2.5V, where it
was subsequently held fixed. The voltammogram for this process and the

component Ag-SCE voltage and electrolytic current as functions of time are

displayed in Fig} 2. During the oxidation half-cycle, the silver electrode
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undergoes the réaction’Ag - Ag+-+ e . It is expected that some of the
moderately soluble AgZSO4 salt will form on the silver surface.56 In the
reduction half-cycle, the silver surface is reformed from the oxidized
silver layer and from the Ag+ ions.in éolutiqn. It should be noted, how-
ever, that the full charge of the oxidation half-cycle is not recovered.
The small second-harmonic signal [Fig. 2(b)] shows no clear increase with
charge transfer during the cycle. Such a behavior can be understood if

we realize that layers of an adsorbate beyond the one in direct contact
with the silver substrate are not expected to be significantly ordered
and, therefore, should not contribute appreciably to the SHG. The overall
weakness of the second-harmonic signal in the present casekis reasonable
in vieﬁ of the high symmetry of the Ag2504 structure..

Upon addition to the electrolyte of sufficient KCN to form a 0.01M

'solution; the observed behavior becomes much more gompiicated. The SERS
of this system has élready been the subject of several stu&ies.(35’5§—59)
By recording the SERS'spectra during the course of oxidation-reduction
.cycles, Benner et al.56 have identified various phases of the process.

Applying their results to our voltammogram of Fig. 3(a), we can associate

the peaks labeled a, b, e, and £ with the followihg half-reactions:

[Ag(CN)nj(n-l); +e , n=2,3,4

i o

Ag +n (CN")

oto

_Ag + CN_ AgCN + e

The analysis of Benner et al. was based on fesolving the different vibra-

tional frequencies of AgCN and the silver-cyanide complexes [Ag(CN)n](n_l)—
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" The SERS signal for a 2110 cm-l Stokes shift, corresponding to the line-
center for the C-N stretch mode of [Ag(CN)B]z- , is indicated in our Fig.
3(b). Some silver-cyanide complexes are apparently already present on
the electrode surface at the beginning of the cycle. Near point b, AgCN
diéplaces the complexes, and the associated Raman signal starts to fall.
The Raman signal from the silver-cyanide complexes grows again at the end
of the cycle. The reduction of.AgCN frees CN ions which can then form
the [Ag(CN)n](n-l)f complexes, some of which eventually remain on the bare
silver surface. The SERS associated with AgCN appears to be quite weak.
In the studies of Benner et al., it is barely discernible near points b
andve of the electrqutic cycle,

Let Qs now analyze the second-harmonic output for this process.
In contrast to the situation for cycling in the pure KZSO4 electrolyte,
here the presence of dissolved KCN induces a strong and abruptiy changing
second-harmonic signal [Fig. 3(b)]. It has been observed in previous work
that a single monolayér of a molecular adsorbate can greatly increase the
SHG by a silver sample.32 In this case, we associate the change in second-

harmonic signal with the first adsorbed layer of AgCN on the silver sub-

] (n"l) -

strate. The higher symmetry of the [Ag(CN)n complexes 29 suggests
that upon adsorption they would make a smaller contribution to the second-
order nonlinearity than would adsorbed AgCN. 1In fact, while the Raman
signal of the complexes grows to a substantial streﬁgth at the conclusion
of the reduction half-cycle, the second-harmonic signal falls markedly
at the same time. Supposing that the SHG does indeed arise principally

from a monolayer of AgCN adsorbed directly on the silver substrate, we then

can understand the variation in the second-harmonic signal of Fig. 3(b)
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in the foliowing manner. The initial rise in the signal results from the
oxidation of Ag to AgCN. Such a gradual rise in the surface coverage of
AgCN has actually been predicted in a model of the electropoiishing o%
silver.60 After point a has been passed, the SHG decreases. This fall

is expected as éilver begins to be oxidized';o AgZSO4 (Ref. 56) [or pos-
sibly to Agzo (refs. 59,60)], causing the layer. of AgCN to be removed from
direct contact with the silver surface.  The remarkable feature of the
second-harmonic signal is the dramatic increase seen at the beginning of

the reduction half-cycle. We interpret this jump as the consequence of

reformation of AgCN at the siiver surface as the interposed AgZSO4 (or AgZO)

layer is reduced. The second-harmonic output then remains large until the
AgCN is fully reduced at the end of the cycle.

We have also performeda set of analogous measurements with a KCp (0.1M)
electrolyte,. The principal difference in the behavior with the KCf and
K,S0, electrolytes stems from the low solﬁbility éf AgCl compared with that

2774

of the Ag2804 salt. The low solubility of AgCf leads to the formation of
a thick layer of this salt on the silver electrode during the oxidation

half-reaction. Essentially all of the charge is then recovered as this

deposit is reduced to pure silver. TFor the case of the pure KCR electro-

 lyte, the voltammogram obtained by ramping the Ag-Pt bias at a constant

rate frém ~2.0V to +2.5V and back to —ZJOV in 4 minutes is displayed in Fig.v
4(a). Thé sécond—harmonic éignal [Fig. 4(b)] assumés a relatively const-
ant value after the oxidation of just ; few monolayefs of silver, dropping
sharply‘only at the end of the reduction half-cycle. As,wé have discussed
above (and als§ in Ref; 32), this type of profile for fﬁe second-harmonic

signal can be explained by the fact that.symmetry considerations imply



24

that only the layer of AgCf in immediate contact with the silver electrode
should contribute effectively to the SHG process. The polar AgCR struc-
ture appears to have a significant second-order nonlinearity. .

Fig. 5 shows the experimental results for the same cycling in a KC¢
electrolyte with 0.01M KCN added. The second-harmonic signal resembles
that obtaiﬁed in the ébsence of any KCN. The parﬁicularly‘pronounced rise
in the SHG.at the start of the oxidation half~feaction is attributed to
the formation of AgCN. As AgC¢ also gives rise to appreciable SHG, the
signal remains large while the silver surface is covered with AgC2 or AgCN;
The second-harmonic signal drops againwith the full reduction of the ad-
sorbed layers.r‘The SERS output for the 2110 cm-l Stokes shift of the C-N
stretch in [Ag(CN)B]Z- exhibits‘a behavior complementary to that of the |
second-harmonic: it is appreciable only befpré any oxidation and after
full reduction of the silver surface, at which times direct adsorption of
the complexes on the Bare metal surface should be possible.

Following the completion of an oxidation-reduction cYcle, the SHG and
[Ag(CN)3]2_ SERS (2110 cm—l) were mdnitoréd as a function of the reverse
bias voltage.' The exﬁerimental dependences of these two signal are plot-

ted against V in Fig. 6. Essentially no current flowed as the re-

Ag-SCE

verse bias was increased up to |V | ~ 1.2V, at which point electro-

_ Ag-SCE
lysis of water was observed. The relatively small change in Raman scat-
tering indicates that the chemical nature of the surface is not greatly
affected by the.reverse bias. On the other hand, the abrupt increase in
SHG then suggeésts a bias—induced reorientation of thé adsorbed silver-cyan-

ide complexes: Such a reorientation could lower the symmetry of the ad-

sorbed complexes and increase their contribution to the second-order non-

e
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linearity. In any éase, a simple change in the surface coverage of the
complexes cannot explain the variation with bias of both the SHG and SERS.
A different comparison of‘SHG and SERS also indicates the occurrence
of an orientational reofde;ing.- Here we discuss briefly our measurements
with the two optical probes of cyanide adsorbed on silver in air and in
an aqueoﬁs énvironment. We prepared an electrolytically roughened silver
sample by first soaking it for several minutes in distilled water and then
in water.with 0.1M KCN. The 'silver sample was subsequently withdrawn from
solution and thoroughly rinsed with distilled water. By methods of radio-
active tracers, it has been determined that such a procedure leads to a
silver surface with CN radicals present at approximately monolayer cover-

age-él Just as in previous investigations,(13_15’59_63)

we observed a strong
Raman line at ~ 2150 cm_l fme the cyanide-treated surface. The exact iden-
ﬁity of the adsorbed species has not yet been established firmly. Recent
studies pf Laufer et al.63 suggeét that it is eithei the.[Ag(CN)Z]_ or the
[AgZ(CN)BJ_ complex. Whatever the nature of the cyanide adsorbate, the

SERS signal (centered at “‘2150 cm—l) remained unchanged as the sample was
again submerged in distilled water. In the case of SHG, the cyanide-treated
and untreated samples gave the_same signal in air; in distilled water, how-
ever, the cyanide~treated sample wask3 times stroﬁger than that of the un-

treated sémple. Given the similarity'of the Raman scattefiﬁg, it seems that

the chemical nature of the adsorbates has not changed upon introduction of

‘the sample into water. The change in the second-harmonic signal can then

be understood as the result of a reorientation of the adsorbed silver-cyan-
ide complexes in water. The aqueous environment may stabilize the adsor-

bates, causing them to align more nearly along the surface normal. Such
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a reorientation should further reducé,the inversion symmetry of the sur-
face, thusvenhancing the second-harmonic signal.

In summary, we have seen that both SERS aﬁd SHG can be correlated with
the presence of various adsorbates on a silver sutrface, although the two
probes may'bevsensitive to different species. The SHG process requires a
lack.of inversion symmefry and is, coﬁsequently,_strongly influenced by

molecular orientation and symmetry.

B. Surface Enhancement of Raman Scattering and SHG

As a test of our theo;y of local-field enhancements, we have deter-
mined experimentally the enhancementsvshown by Raman and second-harmonic
signals from an eiectrocﬁemically reformed silver surface. The Ramanvén-
hancement was found for the 1005 cm_l-vibrational mode of adsorbed pyri-
dine. Pyridine was chosen as the adsorbate for the relative simplicity of
its surface chémistry.and for the ease in making reference ﬁeasureﬁents from
.the neat liquid. Thé enhancement of the second-harmogic radiation was that
of the silver substrate itself. Both measurements were performed on the
same sample under the same 0.683 ﬁm excitation.

" The silver electrode was pfepared by several of the gonvéntional elec-
trochemical cyclings iﬁ a_purevO.lM KC2 glectrol;te prior to the addition
of pyridine (0.0Sﬁ) and a final cycling. The p—polarized‘puﬁp beam fell on
the silver sample in solution at a 45° angle. The Raman signal from the
adsorbed pyridine as recorded for VAg—SCE between -0.4V and -0.7V. 1In
this range of potentials, it is believed that approximately a monolayer of
pyridiné is.adsorbéd to the silver surface.l A comparison of'ﬁhe signal

from the adsorbed species (assumed to have a surface density of 4 X lO14

Lt
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- =2 , : . .
cm ) can be made with that from an equal number of molecules in solution.
This was accomplished by measuring the Raman scattering from neat pyridine

with the same. apparatus. After carefully éccounting for the collection vol-

ume, we’found the"surface enhancement to be g ~ 1.4 X 106. The surface-

enhanced secbnd—hérmonic signal was also measured under the same conditions.
Because of the large instrinsic nonlinearity of silver at 0.683 um, the ad-
sorbed pyridine did not materially change fhe SHG. Thé surface enhancement
for SHG was determingd by comparing the integrated strength of the angular-
ly diffused signal from the roughened surface with thét of the highly col-
limated harmonic output from a smooth, freshly evaporated silver film iq

: : 5
pure water. The observed enhancement was n_..~ 1 X 10°; an enhancement

SH

of “’l‘x lO4 was found for 1.06 uﬁ excitation. 1In the latter case, no pyri-

dine was introduced into the electrochemical cell in order to avoid any

‘possible increase in SHG associated with this -adsorbate.

We shall now see how well these experimental results for the Raman
and second-harmonic enhancements can be explained by our theory of macro-
scopic local fields. From electron micrographs, the roughened silver sur-

face is known to feature separated protrusions tens of nanometers in size.

We model this topography by a perfectly conducting plaﬁe covered randomly

with metal hemispheroids of varying dimensions. Interactions between the

different protrusions are neglected, so the formulas of our previous analy-
sis can be applied immediately. Since the spheroids have various aspect ra-

tios, some of them should bé appropriately shaped to exhibit a localized sur-

- face plasmon resonance  and the accompanying large local-field enhancement at

the frequency of the pump laser. Scattering from these structures should
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be dominant. (Structureé resonant at the harmonic freqﬁency for SHG

should make a much smaller contribution; those resonant at the Stokes-
shifted frequency»for Raman scattering ‘should give a comparable contribu-
tion, which will be neglected.) The dimensions of the resonantvprotruéions_
can be determined in the following manner. According to Eq. (17), the
criterion for resonance is Re[e + (em - €)A] = 0. TFor our case, em(w) =

- 22 + i0.4¢ em(Zw) = - 1.3 + 10.3 (Ref. 64), and € = €ater - 1.77, whence
a resonance occurs at w for A = 0.074. This value of the depolarization
factor corresponds to a hemispheroid with aspect ratio a/b = 4.1 (Ref. 45).
In the simple theory of Sec. II, the overall scale of the resonant struc-
tures ddes not affect the local-field enhancement. 1In reaiity, radiation -
daﬁping limits the enhancement for large structures, and surface scatter-
ing increases the imaginary part of the dieleétric constant fér small

structures, again limiting the enhancement. According to the work of Wo-

15 ; '
kaun et al., the optimal enhancement for excitation of wavelength A oc-

curs for spheroids of volume V -10—4A3. With an effective radiating vol-
ume of V = %;-abz; we then infer a semimajor axis a ~ 50 nm and a semiminor

axis b ~ 12 nm.

For a heﬁispﬁerbid of the specified dimensions, we can evaluate thé
macroscopig locai-field factors of Eq. (17). Setting €' = & here and be-
low -and including radiation damping and small size effects as in.Ref. (15),
we obtain Ll(w) = 120, L”(w) = 9, and Hl(Zw) = 1.0. In order to estimate
Ngy» we must also evaluate the local-field correction factors for the
flat silver surface. From Eq. (7), we find with the specified dielectric

constants, QL(w) = 1.9, H?(w) = (0.7, and Lﬁ(Zw)_= 1.7. The surfacé en-

hancement is now given directly by Eq. (21) as nSH‘= 1.0 X 105,.which ex-
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ceeds the experimental value by a factor of 1000. We must consider, how-
ever, that on our electrolytically roughened silvéf surface,_the protrusions
of tens of nanometers in size are separated from one another by hundreds
of nanometers and that only a fraction of these structures will be in re-
sonénce. Hence, thé,theoretically predicted enhancement should be reduced
By the fractional surface area f of the structures resonant at the laser
frequéncy. In order to make theory agree with experiment, f should be
0.10%, which seems reasonable. o
In the case of Raman scattering, we shall apply the theory in which
only the ll-component of the Raman polérizability is important. This ap-
proximation is justified'since.Ll(w>/Hr(w) ~ 10 at the lase;-frequenCy.
The anticipated Raman enhancement, according to Eq.‘(l9), is then ng = 6
X 106. The local-field correction factors entering this calculation are
LL(w) = 120 and Ll(ws) = 75; the broadness of the strong'resonant enhance-
ment can be attributed to ;he radiation damping and small size effects.
Taking the value of f deduced above, we éredict an average enhancement of
fnR = 6 x 103. This is~200 times less than the observed enhancement. The
discrepancy can be understood as an additional enhancement arising from
microscopic local-field effects and chemical interactions of the adsorbed
pyridine wi;h the silver surféce, which have not been included in our
theory. The_enhancement not treated by our theory is éssentiélly that ex-
“hibited by Réman scattering of adsorbates on a planar‘éurface, in ﬁhich
case the macroséopic local-field corrections are comparatively minor.
Udagawa ef al.9 have recently made measuréménts of the surface enhancement

in ultrahigh vacuum for the same 1005 cm_l'mode of pyridine adsorbed on a

(100) face of crystalline silver which was considered smooth. They: report

.
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a value of <440 for the enhancement with excitation at 0.514 um.

Consider now the surface enhancement for excitation at 1.06 pym. The
relevant dielectric constants64 are ém(w) = - 58 + i10.6 and em(Zw) = - 12
+ i0.4. The locél surface plasmon'resonance at w occurs for A = 0.030,.
i.e., for a structure with a/b = 7.7.'Following the same procedure as.
above, wé deduce a ~ 120 nm and b ~ 16 nm for those hemispheroids with
maximal local-field correction factors of LL(w) = 190, Hl(w) = 6, and HI
(2w) = 1.4. We observe that here the local-field factor LL assumes a lar-
ger value than was previously deduced for ekcitation at 0.683 um. This
behavior can be understood in terms of the lightning rod effect manifested
by the very siender structures that are resonant at the longer waveleﬁgth.
The logal—field factérs for the flat.surface ére.Ll(w) = 1.9, Lﬁ(m) = 0.5,

Lﬁ(Zm) = 0.8, yielding n 7 x 105. The predicted enhancement agrees

SH
with the experimental value of 1 X 104 for a fractional surface coverage
of resonant structures of £~1.4%. [Becausevof'the highly elongated shape
of the resonant structures, f=1.4% corresponds to a coverége of just 0.11%
for the projected (as oéposed to .the surface) area of the hemispheroids. ]
With this wvalue for,f,.we can predict the average local-field enhancement
of SERS. For a 1005 ém-l Stokes shift, Ll(ws),= 120 and Eq. (19) gives
_an.average enhancement of fnR = 8 x lO4 for a p-polariéed pump incidenf

at 45°. Microscopic local-field and chemical effects may further'augment
the signal. Using the same 200-fold increase deduced for the 0.683 um ex-
citation, we expect to observe a total enhancement bf ~ 2 X lO7 in the
Raman scattering of 1.06 um light by pyridine adsorbed on our electrolytic—_

ally reformed silver surface . To our knowledge, SERS has not been ob-

served with a 1.06 um pump laser. Our estimate, however, indicates that
o . .
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the expected enhancement is actually somewhat larger than for excitation

in the visible.

V. Concluding Remarke

In these'experiments,‘we have seen howbboth SERS and ' SHG can be used
to moﬁitor‘moleoular-adeorption and desorption doring an electrolytic cy-
cle. While the two eignals could be correlated with the surface chemistry,

they were'surprisingly different from one another. This dissimilarity ap-

‘pears to be the consequence of the more sensitive dependence of the second-

harmonic signal on molecular symmetry and orientation.

Our treatment of . the macrosoopic local-field enhaneement relied on a
simple»oodel-of-noninteracting hemispheroide on a conducting plane. None—
theless; this model was capable of predicting the local-field correction

factors, the surface enhancement, the dispersion of this enhancemént, and

the fractional coverage of resonant structures, all of which were fairly

reasonable from the eaperimental point of view.

The general formalism of local-field enhancement presented in.this
paper_should be aoplicablelnot only to local fields near a surface, metal
or dielectric, but also to effeots in the bulk. We shall not pursue this
matter'further, ochervthanvto giye one additional example for-a'surface.
Relying oo our pretiouely developed model for an electrochemically treated

silver sample, we can calculate the emitted power for any surface optical

process immediately. Here we consider the case of coherent anti-Stokes

Raman scattering (CARS). We shall assume that only the dtfilterm of the

relevant third-order nonlinear polarizability for the adsorbed molecular

layer is_Significant. The radiated. power at the anti-Stokes frequency
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w, = 2w - ws from a highly elongated hemispherical boss is found in the

manner of Sec. II to be

Rans @) = @Hr2e/er3) 1) (o/a) e x
g laffilLi(wa)Ll(ws)Lf(w)IzpheroidEz(ws)EA(w)SiD6e' Q)

It is assumed here that both pump beams (frequencies W and w) are p-polar-
.ized and incident on the base plane at angle 8. The local-field factors
are those of Eq. (17) and all oﬁher symbols are as defined before. By way
of comparison, the CARS output from an area,A{of a smooth surface is

2

plane

Bans @) = @1e/TD) w0 [Pt [aF) 1) )1y @ )1f )]

X éece sinse. . (25)

Here the local-field factors are given by Eq. (7). TForming the ratio of

these expressions, we then deduce the surface enhancement of the CARS pro-

cess.:
11. 7 ’ 9 |Ll(w )Ll(w )Lf(w)[z Heroid
n = (277/31)(b/a)’ (k a)“cosd csc @ a s SPASIolC | (26)
CARS a 1L, (0 )Ly (0 )L () |2 -
LY a7 LY sl plane

with ka = /e wa/c. For a rough surface with only a fractional surface
area f occupied by structures with large enhancements, the predicted en-

hancement must be reduced proportionately.
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Let us now make a numerical estimate of the surface enhancement of

CARS in the case of a silver sample with pump excitation (w) at 0.683 um.

- For the optimally sized hemispheroid of a ~ 50 nm and b ~ 12 nm, LL(w) =

120 and Ly (w ) ¥ L (w) = 75 for a 1005 cn ! Stokes shift. Then taking

f = 0.10%Z and 6 = 45 °, as before, we deduce fnCARS = 3 x 108. Earlier

we estimated that the microscopic local-field effects and the molecule-

silver interaction enhanced the Raman cross-section 9r of the 1005 cm_l
3) « 4

R’ the total

mode of pyridine by a further factor of ~ 200 - Since a

surface enhancement for CARS should be on the order of (200)2fnC

. 13 _ .
= 1.2 X 107.. _ The absolute signal strength is predicted

ARS

by Eq. (23) increased by the average enhancement of (ZOO)anCARs. For a

1 cm2 silver surface covered by an adsorbate with a nonlinearityés‘Naffzi

= 10—20 esu,-we_expect emission of 3 x lO5 photons/pulse for pdmp excita-
tion of 10 ns duration and a modest fluence of 1 mJ/cmz. This anti-Stokes
output should be readily observable if not overwhelmed by a background from

the silver substrate.. In this connection, it should be noted that although

"surface CARS is obviously a coherent process, ‘the presence of the roughened

surface needed for a macroscopic local-field enhancement may cause the
anti-Stokes output to be anguiarly diffused and potentially difficult to

distinguish from incoherently scattered light.
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- Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

Schematic representation of the experimental set-up for SERS

and SHG measurements of electrochemical processes on a silver
electrode. |

Data for an oxidation-reduction cycle of the silvér electrode
in a 0.1M KZSO4 electrolyte. The voltammogram is shown in (a);
electrode voltage.VAngCE, electrolytic current I, and second-
harmonic signal are presented as functions of time in (b).

Same as in Fig. 2, but with 0.01M KCN added to the electrolyte.

The SERS measurement of (b) for the strength of the 2110 c:m-1

line Has been constructed after the results of Benner et al. 26
Data for an oxidation—reduc;ion cycle of the silver electrode
in a 0.1M KC? electrolyte.

Same as in fig. 4,but with 0.01M KCN added to the electrolyte.
The SERS measurement was taken for a 2110 cm_l Stokés shift.
SHG and SERS (2110 cm_l) from the silver electrode following
the completion of an oxidation-reduction cycle as the applied

|

bias is varied. Irreversible desorption occurred for IVAg4SCE

> 1.2v.

o
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