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Optical second-harmonic generation was used to study the local-field enhancement due to surface

roughness on various materials ranging from the alkalis to a semiconductor. The roughness mor-

phology was standardized by evaporating each material onto the same chemically etched glass slide,

having microstructures hundreds to thousands of angstroms in size. With the laser excitation at
1.06 pm, the observed second-harmonic enhancements for different materials varied from 27 to
1X 10 times that of silver. They were in fair agreement with a simple model calculation assuming

that the rough surface is composed of a distribution of noninteracting hemispheroids on a plane.
The results are used to predict some rather substantial enhancements for surface Raman scattering
for a number of substrate materials.

I. INTRODUCTION

The effective Raman cross section of molecules can in-
crease by many orders of magnitude when adsorbed on
roughened noble-metal surfaces. ' The cause of this
surface-enhanced Raman scattering (SERS) effect, and its
promise as a new and sensitive tool for surface spectros-
copy, continue to attract considerable attention. It is gen-
erally accepted that there are two distinct contributions to
the enhancement. First, a chemical interaction between
the adsorbed molecules and the substrate can lead to an
intrinsic Raman cross section that is different from that
of the isolated molecules. Second, the incoming and out-
going optical fields can be enhanced because of local-field
enhancement resulting from local-plasmon resonances and
corona (or lightning-rod) effects in the rough surface pro-
trusions. For noble metals, the second mechanism is be-
lieved to be dominant. '

One expects, from the local-field enhancement alone,
that any roughened conductor could produce surface-
enhanced Raman scattering, although the magnitude of
enhancement may vary. However, very few materials
have actually been examined. ' ' Measuring the relative
enhancement ability of various metals using Ram an
scattering is complicated by the fact that in many cases
even the SERS signal is too weak to detect, and that the
surface coverage of adsorbates on different substrates
varies widely and is very difficult to determine. If we are
only interested in the local-field enhancement, then it is
actually more appropriate to study the surface enhance-
ment of some other optical effects which occur on bare
substrates and require no adsorbates. Optical mixing on
surfaces is an example. It should occur at a surface with
or without adsorbates. Second-harmonic generation
(SHG) is particularly attractive because the experimental
arrangement is simple and it provides easily detectable
signals from both smooth and rough metal surfaces. In
addition, SHG and Raman scattering have essentially
identical dependences on the local-field enhancement at

the surface. 's Four-wave mixing and higher-order pro-
cesses generate hardly detectable signals from smooth sur-

faces. They are generally not useful as means to study
surface enhancement.

Because SHG from both smooth and rough surfaces of
any material is easily detectable, we can use it to measure
the local-field enhancement at the surface of a variety of
substances. In this paper we report our measurements on
16 different metals and one semiconductor. The surface
local-field enhancement is defined as the ratio of the
second-harmonic (SH) intensity from the rough surface to
that from the smooth surface. Identical roughness was es-

tablished for each material by evaporating the materials
onto the same glass slide which had been roughened. Us-

ing this method, we could derive the relative surface
enhancement of different materials, and find that several
materials should have sufficiently high surface enhance-
ment to be useful in surface Raman spectroscopy and oth-
er surface optical studies.

Our results also provide a quantitative test for the sur-

face local-field theory' The local-field enhancement is
expected to depend critically on the dielectric constant of
the material. The wide range of materials with a wide

range of dielectric constants used in our study can, there-

fore, subject the theory to a stringent test. The predic-
tions were found to be in good agreement with our mea-
surements. We can then use the theory to predict the
local-field enhancement in surface Raman scattering for
various materials.

In addition, the SH measurements from smooth sur-

faces of various materials allowed us to estimate the
second-order nonlinear-optical coefficients for these ma-
terials. For many metals, they appeared to be within an
order of magnitude of the predictions from a simple free-
electron model.

II. EXPERIMENT AND RESULTS

The rough and smooth surfaces were prepared by eva-
porating films of each material simultaneously onto

30 519 1984 The American Physical Society



520 G. T. BOYD, Th. RASING, J. R. R. LEITE, AND Y. R. SHEN 30

smooth and roughened glass slides. The roughened slide
had random, irregular surface protrusions, hundreds to
thousands of angstroms in size, produced by chemically
etching a single face of a microscope slide with hydro-
fluoric acid vapor. The slide was precleaned with soap
and water, masked on one side, and then heated to ap-
proximately 100'C. It was then immersed into a sealed
enclosure of warm (30'C) HF vapor, removed after about
10 min, then rinsed thoroughly with distilled water. The
heating was necessary to prevent large HF droplets from
condensing onto the glass and dissolving the vapor-etched
fine structures. Silver evaporated onto the etched slide
gave somewhat less, but comparable, SH enhancements,
and showed similar surface features to that of electrolyti-
cally reformed silver, which is widely used to obtain large
SERS enhancements.

The roughened slide was reused after each measurement
by dissolving the evaporated film in aqua regia, and then
cleaning the slide in distilled water and drying it with ni-
trogen gas. A fresh, smooth slide was used in each mea-
surement and cleaned in a similar way. Since both the
rough and smooth surfaces were subject to the same clean-
ing conditions, their intrinsic optical coefficients for SH
generation were presumed to be the same. The measure-
ments were fairly reproducible. It then suggested that the
ratio of the SH intensities from roughened and smooth
surfaces should be nearly independent of possible surface
contamination.

The repeated cleaning and evaporation procedure did
not significantly alter the etched surface. The SH intensi-

ty from the roughened surface of all the materials was
reproducible to within a factor of 2 or better, after many
cleanings and evaporations. The SH intensity from the
smooth surfaces was reproducible to within 20%. Such
variations were "felt" to be acceptable, compared to the
many orders of magnitude over which the measured SH
enhancements ranged.

The materials in this study had a wide range of dielec-
tric constants: good conductors such as the alkali and no-
ble metals, moderate conductors such as tin, lead, and
nickel, as well as the semimetal bismuth and the semicon-
ductor germanium. All materials were at least 99.9%
pure.

The SH signals were obtained from the glass-tin inter-
faces. High evaporation rates, typically 100 A/sec, and
low pressures, &10 Torr, in the evaporation chamber
were used to ensure the purity of the interface. Protection
from oxidation for those measurements made in air was
provided by evaporating films at least 3000 A thick. The
alkali-metal films were kept under vacuum during the
measurement in a specially constructed evaporation
chamber equipped with a liquid-nitrogen vapor trap.
During the course of each measurement, the SH intensity
from the samples never varied by more than 20%, and the
smooth surfaces always maintained their shininess.

The apparatus for measuring the SH enhancement is
shown in Fig. 1. A Q-switched neodium:yttrium-
aluminum-garnet (Nd: YAG) laser provided 6-nsec excita-
tion pulses at 1.06 pm. The p-polarized beam, incident at
45' to the samples, was spectrally filtered to exclude any
SH radiation generated before the sample. Input intensi-

LASER
INPUT
~.06@m

PMT

(F IF CF

FIG. 1. Experimental setup. CF, spectral filter; IF, interfer-
ence filter; PMT, photomultiplier tube.

ties at the samples were on the order of 1 MW/cm with a
beam diameter of 0.5 cm. The SH signals reflected from
the glass-film interface were spectrally filtered to block
the fundamental excitation. The signals were then collect-
ed by a f/2 lens, sent through an angularly tuned interfer-
ence filter, and finally focused onto a photomultiplier tube
(PMT). An additional spectral filter at the PMT served to
clock stray 1.06-pm light. Large SH signals were at-
tenuated by calibrated neutral-density filters. The electri-
cal pulses from the PMT were processed by a gated in-
tegrator and averaged by a microcomputer over 800 laser
shots. Standard deviations from the mean were less than
10% of the averages, primarily due to laser-pulse fluctua-
tions and photon-counting statistics.

The SH radiation from the rough surfaces was diffused
and unpolarized. The f/2 lens served to collect approxi-
mately 10% of the diffuse light. The smooth surfaces
provided a collimated and p-polarized SH signal which
was focused by the collection lens. An iris was placed at
the focal point to pass the collimated light and block any
diffuse light. Tests with spectral filters confirmed that
the SH signals originated from the samples.

A simple experiment by Chen et al. ' on electrolytical-
ly roughened noble-metal surfaces in air revealed signifi-
cant broadband luminescence near the SH peak. We mea-
sured the signal spectrum near the SH for all the samples
using an angle-tuned interference filter [40 A full width at
half maximum (FWHM)]. Luminescence at 0.532 pm
was then estimated and subtracted from the measured SH
signal to obtain the true SH signal. We found that for our
samples, the luminescence was comparable to the SH sig-
nal from the roughened surfaces of only a few materials:
Mn, Fe, Ni, and Ge. The ratio of the luminescence to the
SH from copper and gold samples was much less than
that reported by Chen et al. ' It is possible that their
luminescence background resulted from remnants of the
electrolytic roughening process.

The SH signals from the smooth surfaces of each ma-
terial were ratioed to that from gold. This comparison
served to normalize all measurements against variations in
the incident-beam characteristics. The measured SH
enhancements from rough surfaces of different materials
were then ratioed to that of silver. Both the normalized
SH surface enhancements and the normalized SH signals
from different materials are listed in Table I. The abso-
lute value of the SH enhancement for silver evaporated
onto our roughened slide was 2.0&(10 . It is seen that
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Material

3)Ga
)3A1

)2Mg
))Na

K
37Rb
s2pb

2sNi

sosn
29CU

s3»
79All

32Ge
49In

26Fe
25Mn

TABLE I. SH data.

SH enhancement
relative to 47Ag

27
4.6

7.0g10-'
3.6 &&

10-'
6.0g10 '
4.0X 10
2.6y10-'
1.2X10-'
1.1 y 10
1.0&&10 '
9.2 &&

10-'
8.3 g10-'
4.4 &&

10-'
4.0X10-'
1.6 &&

10-'
4.2X 10

SH intensity from
smooth films

relative to 47Ag

1.0~10-'
1.7g10-'
5.9)& 10

13
67
69

3.5 g10-'
8.8 g10-'
1.1g 10-'

1.6
2.1~10-'

5.4
1.1g10-'
3.8 ~10-'
6.1)& 10
3.0X10-'

The macroscopic local-field enhancement can be very
large on rough surfaces which have protrusions on the or-
der of hundreds to thousands of angstroms. Fields tend
to concentrate at the tips of these protrusions in an effort
to be nearly perpendicular to a metal or semiconductor
surface. This is known as the lightning-rod effect. ' In
addition, collective oscillation of the electrons in these
protrusions can be induced by the optical fields. The reso-
nance produces a large local-field enhancement, which is
referred to as the local-plasmon effect. ' These are the
dominant field-enhancement mechanisms at rough sur-
faces.

Chen et cII. ' have used the local-field correction factor
to describe the macroscopic local-field enhancement. For
the rough surface, the following simple model was as-
sumed: The surface is represented by a collection of
noninteracting hemispheriods sitting upward on a plane
(Fig. 2). In the presence of an infinite plane wave E(co),
the local fields just outside and inside a hemispheriod are,
respectively,

EI ( co ) —[L
~ ~

( co )slncx 7/ +L I ( co )coscx g ]Ei ( co )

EL, (co) = [L ii
(co)sin/x'g+L I(co) coslxg]EI (cia),

several good conductors display local-field enhancements
comparable to or larger than that of silver, while poorly
conducting metals, semimetals, and semiconductor Ge
have much weaker enhancements. Overall, the enhance-
ments range over 4 orders of magnitude. Since SH gen-
eration has essentially the same local-field dependence as
Raman scattering (see Sec. III), the results in Table I give
an immediate estimate of the local-field enhancements for
SERS on the same materials. A more detailed discussion
of these results will follow the next section.

Lii(co)=LI"(co)=Lii (co)= Li"'(co),
e (co)

L ii"'(co) =Li RLp(co),

with

(2)

where Ei(co) is the plane-wave component perpendicular
to the plane, and the angle a and unit vectors I1 and g are
defined in Fig. 2. The local-field correction factor L sat-
isfies the relations

III. THEORY AND COMPARISON
WITH EXPERIMENT

The enhancement of optical signals from adsorbates on
roughened surfaces is due to both chemical and elec-
tromagnetic interactions. ' ' ' ' By chemical interactions,
we mean the significant modification on the eigenenergies
and eigenfunctions of a molecule in the absence of any ap-
plied field, when adsorbed onto a substrate. With the
presence of an applied field, induced-dipole —induced-
dipole interaction between molecules and induced-
dipole —image-dipole interaction between the molecules
and substrate also occur. This we refer to as the micro-
scopic local-field effect. A second type of electromag-
netic effect is the change in the incoming and outgoing
fields at the surface of a substrate according to the macro-
scopic Maxwell equations and the surface-boundary con-
ditions. This is the macroscopic local-field effect which
can lead to another local-field enhancement. Qn a bare
substrate surface without adsorbates, the enhancement of
optical signals from the rough surface can only come
from the electromagnetic interaction. The microscopic lo-
cal field is expected to be the same for smooth and rough
surfaces. Therefore, the surface enhancement should be
the result of only the macroscopic local-field enhance-
ment.

L LR
——1/A,

&m
e /e —1+(1/A) 1+i, (1—e )e'~

&m

r r r r r r r r r r r r

b +
FIG. 2. Rough surface model.
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where 2 =[1—gQi(g)/Qi(g)] ', g=[l (—b/a) ] '~ and Qi(g)=(g/2)ln[(/+I)/(g —1)] ' is the Legendre function
of the second kind, Qi ——dQi/dg, e~, and e are the dielectric constants of the hemispheriod and the surrounding medi-
um, respectively, V= Torah is the full spheroid volume, and A, is the wavelength of the driving field. We shall use this
model to discuss the surface enhancement of SHG from various materials.

The lightning-rod and local-plasmon-resonance contributions to the local field are explicitly exhibited in the factors
L„R and L~, respectively. LL„ is a function only of the hemispheroid shape, given by the aspect ratio a/b F.or a hemi-
sphere, a jb =1, we have LiR ——3. For elongated hemispheroids, a jb »1, we have LiR-(a jb) jln(a jb) » l. A plot
of LLR versus ajb is given in Fig. 3(a).

The local-plasmon factor Lz may also be much larger than unity. Its resonance occurs when the frequency ai =coo sat-
isfies the relation

e (cop)
Re =1—I/2 (ajb) .

e(cop)

We have, on resonance,

(3)

~~(~o)
/L~(aip) [

=
e(cop)

&m (aio) 1 4ir V 1/2Im + i [1—e (cop)][a(cop)] (4)

I

trusions, which will yield a large lightning-rod effect.
Thus, the local-field enhancement for the rough metal
surface should increase monotonically with the wave-
length. At a given frequency, co, a range of different pro-
trusions can be near resonance. A broader resonant peak
in the plot of L versus a/b in Fig. 3(b) indicates that
more near-resonant protrusions contribute to the local-
field enhancement. Although increased damping reduces
the amplitude of the plasmon resonance, the additional
broadening, on the contrary, can help the enhancement.

l50—

IOO

50

20IO

a/b

Ix i/3IQQQ-

OUT
L~

500-

4
+x2

0
I IO

a/b

FIG. 3. Plot versus a/b of (a) the lightning-rod factor LLR
and (b) the local-field factor L&"' with (1) bulk Im(e ) damping
only, (2) wall-collisional damping included, and (3) further addi-
tion of radiative damping. Curve (4) is for a metal with a lower
electron density, including all damping effects.

The resonant enhancement is limited by the damping fac-
tors in the denominator. The first term, Im(e~/e), is
determined by the characteristic loss in the hemispheroid.
If I is the mean free path of electrons in the bulk and b is
the smaller hemispheroid dimension, then Im(e~) is that
of the bulk multiplied by 1+I/b, often known as the
wall-collisional effect. The other damping term in Eq.
(3) is caused by radiation loss. The field, enhanced
by Li.R ——I/A(a/b), induces a dipole moment in the
hemispheroid which radiates with a dipolelike I/A,
dependence and a power proportional to the number of os-
cillating electrons. In a free-electron metal, the number of
electrons is proportional to [1—e~(co)] V. Expanding the
hemispheroid volume increases the radiative damping, but
decreases the wall-collisional damping. Therefore, an op-
timum value of V exists.

The local-field correction factor Li"'=LLRLz is plot-
ted against a/b in Fig. 3(b) for a metal hemispheroid with
an electron density N, = 10 cm and a bulk mean free
path of 500 A, close to that of silver. The wavelength is
fixed at A, =1.06 pm. The dashed curve shows the sharp
plasmon resonance when only the bulk Im(e ) damping is
considered. A near-optimum value of V=5)&10 A,

was chosen to include the wall-collisional —damping con-
tribution in curve (2) and the additional radiative damping
contribution in curve (3). The resonant peak is shifted to
a smaller value of ajb for curve (4) when X, is reduced
to 10 cm, since from Eq. (3), we have
Re(e~ /E)= co&/cop —A, whi—c—h decreases with a /b The.
value of ~Li"'

~

also decreases with a/b because of the
smaller lightning-rod factor I.LR.

The above discussion is for a single hemispheroid. The
rough surfaces used in surface-enhancement experiments
actually contain protrusions of a wide variety of shapes
and sizes. Our model then assumes that the rough sur-
face can be approximated by a set of noninteracting
hemispheroids of randomly distributed sizes and shapes,
that is, a random distribution of a and b values. In this
model, any optical frequency can find some resonant pro-
trusions on the surface. According to the local-plasmon-
resonance condition of Eq. (3), lower frequencies should
find plasmon resonances in the more elongated pro-
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The local-field correction factors can be used to calculate
the enhancement of an optical signal from a rough sur-

face. In the calculation, we clearly need to sum over the
random distribution of the hemispheroidal shapes and

sizes.

We now consider the local-field enhancement of SHG
from a rough surface relative to that from a smooth sur-
face. For p-polarized excitation, the SH power from a
smooth surface, characterized by a second-order polariza-
bility n' ', is given by'

277C
PsH(2') =

e
N M

j
n XH' '.L(2')L(co)L(co)E(co)E(co)j i,„,sec8,

C

here the input at ~ is incident on the plane at an angle 8 and illumines an area ~ containing X atoms per unit area
The output at 2' progagates in the direction n. The local-field tensor L for the plane follows directly from the Fresnel
equations. Just inside the substrate, we find

L'" =(e/e )(1+r), L
II

=1 r, —
in which r is the reflection coefficient of a p-polarized field.

We shall assume that aI~i II
dominates in 8' ' for simplicity, as suggested in Ref. 18. The SH output from the smooth

surface then becomes
2

Ppi,„,(2') = N W
I ttlli IIL jI (2')Li~(co)L

II
(to)

I pin.A'(ai)cos'»in'~ .
C

The SH power from a highly elongated hemispheroid, a/b»1, has been calculated by Chen et al. ' A modification of
their result yields

'4

Ph, ;sph(2')=
3

'tr eve N b x 1aIIiIILIj(2')Li"(co)Lj~(m) Ih;,phE (co)sin 0,

where

x (a/b) = I (a/b) /[(a /b) 1)]I I 1 —[—ln(a lb) ]l[(a lb) 1]I—
is a geometric function which generalizes the result of Chen et al. to include all hemispheroids with aspect ratio
a lb & 1. The ratio of Ph, ;,ph(2') to Ppi, „,(2') with W=mb yields the enhancement factor

4~ ~(bx)' . 2 3 6 I

L jj(2~)L i"(~)L jj(ai)
I he~isph

rtsH(a /b) = sin Osec 02,.„, , 2 (9)
f

L jj(2')L i"(co)L jj(co) j p»„,

QsH=C[b(a lb), KV l g trsH(a, b),
V, a/b

(10)

where C[b(a/b), EV] is the fraction of the illuminated
area occupied by hemispheroids with volume
V= —,nab +b, Vand aspect ratio a/b+h(a, b).

The local-field enhancement of Raman scattering can
be similarly calculated. ' It is usually defined as the ratio
of the Raman signal from molecules adsorbed uniformly
on a rough surface to that of the same number of mole-
cules in space. Assuming that the azz component of the
Raman polarizability tensor dominates, we find the total
surface enhancement as

which is primarily dependent on the ratio of the local-
field correction factors for the hemispheroid and plane.
The factor of 2 comes from the image of the
hemispheroid fields in the conducting plane. The factor
in large parentheses is a ratio of the area of the hem-
ispheroid and plane which radiate the fundamental fields
in phase to generate the SH.

We finally sum the contributions from hemispheroids
of various shapes and sizes, assuming equal probability
distribution with reasonable cutoff points, to obtain the
total SH enhancement:

gR
——C[b,(a/b), b, V] g g~(a, b),

V, a/b

where

pter(a, b)= —sin 8(b/a) ~e2
~

L J (cos)Li (co)
j hg~isph,

with co and co, being the incoming and Raman scattering
frequencies, respectively.

Both the SH and Raman enhancements have essentially
the same dependence on the local-field factors because
co-co, in the Raman case, while the SH radiation is
predominantly from hemispheroids resonant at the funda-
mental frequency co and far off-resonant at 2' with
L (2') —1. Relating the inside and outside local-field fac-
tors using Eq. (2) allows us to conclude that both gsH and

qz are proportional to
j
Li"'(~)

j

In the SHG experiment, if we assume that the second-
order polarizabilities of the smooth and rough surfaces in
our experiment were the same, due to their similar
preparation conditions, we can then compare our mea-
surements with the predictions of Eqs. (9) or (10). Since
all the materials were evaporated on the same roughened
slide, the rough surface morphology was identical for all
of them. Then, we eliminate C in Eq. (10) by always
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Material

3)Ga
)3A1

47Ag

)2Mg
))Na
]9K
37Rb
82Pb

28Ni

5pSn

29CU

83»
79AU

49In

26Fe

25Mn

(A, =0.532 pm)

—152 + i9.2
—100 + i25. 7
—58.14+ i 0.610
—85.4 +i3.66
—22.5 +i0.57
—10.41+ i 0.268
—8.0 +i0.057

—40.8 +i24.0
—27.3 +i 30.5
—50.0 +i59
—49.13+i 4.91
—5.22+ i 39.0

—48.24+ i 3.59
18.9 +i 1.02

—58.4 +i34.9
—7.16+ i23.6
—9.6 +i29.2

—37.7 +i 1.17
—36.6 +i11.5
—11.78+ i 0.371
—20.8 +i0.46
—4.79+ i0.24
—1.92+ i 0. 133
—1.22+ i 0.229

—11.3 +i20.8
—8.72+ i 13.16

—55 +i 16.5
—5.50+ i 5.76

—12.2 +i 12.5
—4.71+ i 2.42
19.3 +i21. 1

—21.9 +i9.7
—.12+i 16.9

—5.17+i 15.37

TABLE II. Dielectric constants.

e (X=1.06 pm)

of the protrusions seen in electron photomicrographs of
the actual roughened surfaces.

The measured and calculated values of the SH enhance-
ments relative to silver are compared in Fig. 4. For per-
fect agreement, the experimental data would lie on the
dashed line. It is seen that overall, the local-field theory is
accurate to better than an order of magnitude, for mea-
surements which ranged over 4 orders of magnitude. The
experimental error bars indicate the reproducibility of
each measurement. The theoretical error bars were de-
rived either from the published accuracy of the dielectric
constants or the parameters needed to calculate them.

The fractional coverage factor C in Eq. (10) may be de-
duced from the ratio of the measured gsH to the calculat-
ed summations of gsH(a, b). For all of the materials it
was found that C=3)&10, for summations carried out
at a fixed optimum V, and 5(alb)=0. 1. Thus, an aver-
age of 0.03% of the surface is occupied by protrusions
with an effective a /b lying between a /b —0. 1 and
a/b+0. 1. An examination of photomicrographs of the
rough surface shows this to be a reasonable result.
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IO—

No
I—1H
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f

Ag -~
/"
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K
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IO 3

l

[o 2
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FIG. 4. Experimental versus theoretical SH enhancements,

relative to silver.

referring the SH enhancement to that of a chosen stan-
dard material. Therefore, the relative gsH should be cal-
culated to compare with the measured relative SH
enhancement. To calculate gsH(a, b), we have used the
dielectric constants listed in Table II, which were taken
from the most recent literature values, or for Ga and Mg,
calculated from the Drude model. Because of the local-
plasmon-resonance function L~, gsH(a, b) peaks at partic-
ular values of a and b for each material. It then allows us
to limit the summation in Eq. (10) to a/b =1 to 20 and
V/A, = 10 to 10, for all the materials. At

A. = 1.06 pm, this range roughly describes shapes and sizes

IV. DISCUSSION

The success of the simple model of the rough surface is
somewhat surprising, since the actual surfaces hardly
resemble a distribution of isolated hemispheroids on a
conducting plane. This is presumably because the model
emphasizes the local-field contributions of the lightning-
rod and local-plasmon-resonance effects, which occur
predominantly at the tips of the surface protrusions. At a
given excitation frequency, only those tips with the proper
shape are resonantly excited. They are sufficiently rare to
be considered as noninteracting. Even if a cluster of pro-
trusions resonate collectively, the resonance may be
approximated by that of a properly shaped single
hemispheroid.

The observed wide range of the SH enhancements on
different materials can be understood from the local-field
model. The largest enhancements came from good con-
ductors with relatively high electron densities. In Fig.
2(b), we notice that at the same excitation frequency, the
plasmon resonance should occur in more elongated pro-
trusions for metals with higher electron densities, giving
rise to a larger lightning-rod effect. This explains why Al
and Ga, having calculated plasmon resonances at
a /b = 13.3 and 12.0, respectively, have a larger SH
enhancement than Na, whose lower electron density shifts
the resonant shape to a/b =3.3. The poorer conductors,
such as Pb, Sn, and Ni, have still lower enhancements due
to their higher intrinsic Im(e ) which damps the plasmon
resonance. This effect is partially offset, however, by the
broader width of I.&, as a function of a/b, which means
that more protrusions can contribute near resonantly to
the enhancement. The enhancement on rough Ge should
be due to the lightning-rod effect alone, since the positive
dielectric constant of Ge precludes any plasmon reso-
nance. A local-field model more suited to insulators and
semiconductors should presumably include oblate as well
as prolate hemispheroids on a dielectric plane.

The above considerations also apply to the local-field
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FIG. 5. Theoretical local-field Raman enhancements relative
to Ag at 0.53 pm, for excitation at A, =0.65 pm (solid circles)
and 0.53 pm (open circles). Points are displayed horizontally for
clarity only.

enhancement for Raman scattering, due to the common

~

Li"'(co)
~

dependence. We have used Eqs. (10) and (11)
to calculate the enhancements for various materials rela-
tive to silver. The sum in Eq. (11) is taken over the same
range as in the calculation of the SH enhancement and the
approximation e (co)=E (coii) is used. The ambient is
chosen to be vacuum with @=1. Two excitation wave-
lengths of 0.53 and 0.65 pm are considered to illustrate
the marked dispersion of some materials in the visible
range of the spectrum. The results of the calculations are
shown in Fig. 5. The values of q~/rl~ (Ag, 0.53 pm) are
listed in decreasing order and extended horizontally for
clarity only. Using C =3X 10 from the SH measure-
ments, we estimate the absolute value of rlz (Ag, 0.53
p,m)=2X10. From Fig. 5, it is seen that the surface
local-field enhancement for surface Raman scattering can
be significant for many roughened materials not yet ex-
plored in SERS studies. Several of the materials can have
enhancements exceeding that of silver.

The Raman calculations appear to be reasonable. For a
SERS enhancement of a factor of 10 for pyridine on
roughened silver, g~ (0.53 pm)=2X10 implies an addi-
tional enhancement of a factor of 50 due to chemical in-
teractions. The dramatic drop in SERS for Cu and Au,
when the excitation wavelength is decreased (Fig. 5), has
been confirmed by many experiments. ' The calculat-
ed dispersion of SERS is shown for the three noble metals
in Fig. 6, assuming a Raman shift co —ro~ ——1000 cm
The general trend of decreasing g~ with decreasing wave-
length for most of the metals can be qualitatively under-
stood from the free-electron model. The plasmon-
resonance condition, A=(coo/re)~e, tells us that decreas-
ing the excitation wavelength increases 2 (a /b), and
shifts the resonance to less elongated protrusions. This re-
sults in a smaller lightning-rod enhancement, which di-
minishes gz.

As a by-product of our experiment, we can estimate the
second-order nonlinear optical coefficients for various
materials from the SH measurements on smooth surfaces.
We again take a~~ z

~~
as the dominant component of a' ',

3IO—

0.5 0.6
X (pm)

FIG. 6. Theoretical dispersion of local-field enhancements
for the noble metals, for co —co~ ——1000 cm ' and @=1.
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Using the data in Table I and the dielectric constants in
the literature, the ratios of p/p(Ag) can be computed and

TABLE III. Second-order optical coefficients relative to
47Ag.

Material

3)Ga
)3A1

)2Mg
))Na
)9K
37Rb
82Pb

28Ni

soSn

29CU

83Bi
79AU

32Ge
49In
26Fe
2sMn

pjp (47Ag)

0.26
0.40
1.2
1.8
2.5
2.2
0.31
0.14
0.94
1.2
0.78
1.9
0.29
1.1
0.39
0.27

neglecting contributions from possible surface contam-
inants. The coefficient at~ i II

is proportional to the coeffi-
cient p often used in the literature: '

N&l~i II=[e~(co)—e(ro)]p, where N is the molecular den-

sity. ' According to Eq. (7), the value of p for a
given material relative to a standard material can be de-
duced from the ratio of the SH powers:
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are listed in Table III. For most of the metals, the values
of P are within a factor of 2 of one another. This tends to
confirm the prediction of the free-electron model of met-
als that leads to P=e/8irm'to, ' which is independent
of the free-electron density, assuming that the effective
electron mass m* is close to m. Notable exceptions to
this in Table III are Ga, Pb, and Ni, in which interband
contributions to P may play a significant role. A truly ac-
curate measurement of all the nonlinear optical coeffi-
cients would require a systematic study of the intensity

and phase of the SH, using a variety of input angles and
polarizations, on clean surface in an ultrahigh-vacuum en-
vironment.
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