
PLASMON 

POLARITON 

SCATTERING 

What are plasmon polaritons and how do they affect design calculations 

when dealing with rough metal surfaces? 

O'Donnell examines these resonant oscillations of conducted electrons. 

FROM ROUGH METAL SURFACES 

How do rough surfaces scatter light? This inno

cent question was not put to rest by the likes of 
Maxwell, Rayleigh, Sommerfeld, or Rice in 
classic works of years p a s t . A more precise 

question is: How is the angular distribution of scattered 
light related to a surface's roughness? It has become 

clear that such questions cannot be answered directly or 
completely; instead, theoretical efforts must make hard-
fought inroads using various approximate techniques. 
During a moment of frustration, Wolfgang Pauli once 
proclaimed that, "The surface was invented by the dev

il." In all fairness, Pauli was not working on optical sur
face scattering, but his respect for satanic surface prop

erties could be shared by those who do. 

By Kevin O'Donnell 



Above: Spectral shifts in the plasmon-related scatter emitted 
by a silver surface with one-dimensional roughness. The white 
specular reflection is surrounded by pure plasmon scatter that 
extends from blue on the left to red on the right (extending over 
approximately 20° in angle). 

Left: Micrograph of a one-dimensionally rough gold surface imaged 
with optical plasmon emission. The region shown is 1.7 x 2.8-mm 
of a 50 x 50-mm sample. 

Surface roughness cannot be avoided. Even real mir
rors are not the ideal ones of textbooks because, in addi
tion to producing the desired specular reflection, they 
have residual roughness that scatters light. This is obvious 
upon reflecting a laser beam. The point of reflection in the 
mirror is usually clearly visible to the eye; the light seen is 
that diffusely scattered by surface 
roughness. Much research has 
indeed been devoted to under
standing this residual scatter from 
imperfectly polished surfaces.1 

This type of mirror scatter may 
be familiar, but is not quite the 
point here. In what follows, the 
discussion is restricted to scatter
ing effects that arise from the exci
tation of the remarkable waves 
known as surface plasmon polari
tons. These waves can be excited 
on weakly rough metal surfaces— 
somewhat like the example of the 
previous paragraph. However, one 
must conspire slightly to produce 
a rough surface suitable for excit
ing plasmon polaritons. Once this is done, striking scat
tering properties rise strongly and clearly. 

The effects are sufficiently unusual that they could be 
of interest to a wide audience. It is thus unfortunate that 
many of the relevant theoretical works are mathematical 
and normally read by specialists. To provide broader 
appeal here, we dispense with mathematics and talk only 
of direct observations. (For a mathematical discussion, see 
"What in the World are Surface Plasmons?" by Masud 
Mansuripur and Lifeng Li, OPN, May 1997, p. 50.) Fur
ther, let's not forget the appealing physical simplicity of 
the situation. A flat surface of a homogenous metal is 
only a mirror. By adding a few nanometers of rough
ness, the plasmon polaritons are conjured up and their 
strange scattering effects appear. 

What is a surface plasmon polariton? 
A plasmon polariton (or, simply put, plasmon) is a reso
nant oscillation of the conduction electrons at a metal 
surface.2 The electromagnetic field of a plasmon decays 
rapidly as one moves away from the surface. However, in 
the direction along the surface, plasmons are relatively 

free to travel, and hence, are tru
ly surface waves. They are analo
gous to waves traveling in a fiber 
or waveguide, but only a single 
metal surface is necessary to 
guide them. 

Armed with this knowledge, 
imagine that we naively attempt 
to launch such a wave. We shine 
light onto an ideal metal mirror 
and try different angles of inci
dence, polarizations, and wave
lengths. To our frustration, 
however, nothing profound 
happens and the surface re
mains a reflective mirror. The 
problem: only the incident and 
reflected light waves are present, 

but neither of these resemble the surface-confined plas
mon. Indeed, the plasmon remains unexcited and 
inaccessible. 

A simple way of launching a plasmon is to diffract 
the incident light, as can occur on a metallic diffraction 
grating. The striking effect is shown in Figure 1, where 
a sinusoidal gold grating of period 555 nm is illuminat
ed by light of 633-nm wavelength. Near normal inci
dence, the specular reflection has 90% reflectivity; 
there are no propagating diffracted orders. As the angle 
of incidence θi is increased, the power of the p-polar
ized specular reflection falls to less than 6%, and then 
rises to as high as 92%. A first diffracted order does 
finally emerge for θi ≥ 8°, grazing the surface, but it 
is of little consequence. 

Figure 1. For wavelength 633 nm, the power of 
the specular reflection from a gold grating of 

period 555 nm in p polarization (solid line) and 
s polarization (dashed line). The small diagrams 
denote the plasmons launched at θi = ±5° and 

the diffracted orders emerging for |θi| ≥ 8° . 
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The minimum indicates that we have indeed 
launched a plasmon; the missing energy drives a plas
mon traveling to the left along this surface. The cou
pling is through a first grating order, which is the same 
coupling that produces the escaping diffracted wave for 
θ i≥8°. Hence a plasmon could be considered a diffract
ed order that has gone over the horizon and become a 
special type of evanescent wave. For negative θ i, the 
curve of Figure 1 is symmetric and the plasmon travel
ing to the right is launched at -5°; this occurs through 
the first diffracted order on 
the other side. 

The amplitude of this 
grating is only 17 nm and if 
this were increased to about 
20 nm, the absorption at ±5° 
would be total.3 These re
markable minima are the cel
ebrated Wood anomalies of a 
diffraction grating. They 
occur in p polarization be
cause the plasmon is also 
p-polarized; Figure 1 demon
strates that the anomalies are 
absent in s polarization. R.W. 
Wood first observed them in 
19024 and they have been the 
subject of much subsequent 
research.2 

Rough surfaces and the 
backscattering effect 
How is it possible to excite 
plasmons on a randomly 
rough surface? Because the 
grating launches a plasmon 
only at a special angle, it is 
clear that the coupling is a 
fussy matter. For a random 
roughness, this fussiness 
means that the surface struc
ture must be carefully con
structed to evoke the plas
mons. 

This point is where conspiracy becomes necessary. 
Imagine that we distort the sinusoidal grating by ran
domly modulating it. A profile of an actual experimen
tal surface is shown in Figure 2a. The rms roughness is 
11 nm, the mean distance between peaks is 580 nm, and 
the surface decorrelates after a few cycles. By mathemat
ical standards the profile is truly random roughness, or 
else we could simply call it a very bad grating. The pro
file also remains a one-dimensional function, just as is 
true for a grating. Thus, in all that follows, the scatter is 
confined to the plane of incidence and the distributions 
are one-dimensional. Further, all results shown are for p 
polarization; as was the case for the grating, all plasmon 
effects discussed below are absent in s polarization. 

The dependence of the power of the specular reflec

tion on θi is shown in Figure 2b, where a distinct dip 
appears for θ i < 1 3 ° . Again, the dip indicates that plas
mons have been excited, but it is shallower and wider 
than the anomalies of Figure 1. First, the randomness of 
the profile has relaxed the coupling conditions, thereby 
broadening the two anomalies of Figure 1. In addition, 
the surface has been constructed so that these two 
broadened anomalies overlap and then appear as the 
single 'anomaly' of Figure 2b. This overlap is perfect and 
our conspiracy is thus complete. 

For θi = 10°, the diffuse 
scattering distribution is 
shown as a function of scat
tering angle θ s (see Fig. 2c). 
The distribution contains 8% 
of the incident power. There is 
light scattered to θ s near -90° 
that is analogous to a first dif
fracted order of our grating 
example; this 'order' has now 
been greatly broadened by the 
randomness. The broadened 
first order for positive θ s lies 
just over the horizon and is 
not apparent in Figure 2c, but 
it is readily observed in other 
cases (θ i<10°). 

For θ s < 1 3 ° , there is a 
remarkable component of the 
diffuse distribution that has no 
grating analog. A distinct peak 
is notable at retroreflection or 
backscattering (θs = -θ i ) . Fig
ure 2d shows further data for 
other θ i, where the backscat
tering peak persists. Mysteri
ously, the distribution is con
fined to the square region 
where θi and θs are less 
than 13°. 

The origin of backscattering 
enhancement 

These observations should be unsettling; it has just been 
shown that a fully random surface 'knows' the location 
of the source and, furthermore, contrives to send light 
right back toward it. Backscattering enhancement, the 
term applied to a broad class of such effects, has attract
ed a good deal of attention since the 1980s and occurs 
for a variety of random media. For the weakly rough 
surface, the effect relies on plasmon excitation. 

First consider the origin of the distribution of Figure 
2d. From the discussion of Figure 2b, for θ i < 1 3 ° the 
incident light is scattered to launch a plasmon traveling 
along the surface. However, this plasmon can then itself 
be roughness-scattered, being converted into diffuse 
light escaping from the surface. Just as the inward cou
pling was limited to θ i < 1 3 ° , this special surface simi
larly constrains the outward coupling to θ s < 1 3 ° . The 

Figure 2. (a) Short data segment of the profile of the 
modulated grating. (b) The power of the specularly reflected 

beam. The diffuse distribution for θi = 10° is shown in (c); 
the central part of the distribution is shown for other θi in 

(d). The peak persists at backscattering and the break 
surrounds the specular reflection at θs = θ i . All results are in 

p polarization and a wavelength of 612 nm. 
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sharp limits in the distribution of Figure 2d are consis
tent with these coupling ranges; we surmise that this 
entire distribution arises from plasmons. 

The backscattering 
peak occurs for the fol
lowing reasons. Imagine 
that the incident light 
strikes the surface at 
point (1) and launches, 
for example, a plasmon 
traveling to the right. 
This plasmon then trav
els along the surface, 
until it is scattered at a 
second point, (2), where 
it escapes as diffuse 
light. However, a second 
possibility involving 
these two points has the 
inward coupling occur
ring at point (2) and the 
outward coupling occur

ring at point (1). Here the plasmon traveling to the left 
must link the points. 

It is a simple geometrical argument that shows that, 
at backscattering, the length traversed on one path is 
identical to the other. Hence the phases of the waves fol
lowing the two paths are the same and the interference 
is perfectly constructive. Remarkably, averaging over the 
many paths possible on a large rough surface, this con
structive interference survives, producing the backscat
tering peak of Figure 2d. 

Perhaps these arguments seem subtle; let's do some
thing to make them obvious. Figure 3 illustrates the 
scattering properties of a nearly identical gold surface, 
but the illumination has a longer wavelength. The tun
ing of the source causes the two 'broadened anomalies' 
of Figure 2b to partially separate; Figure 3a shows that 
they now overlap only for θi < 7°. The diffuse distribu
tion of Figure 3b is also seen to arise from two compo
nents that had coincided in Figure 2d. It turns out that 
one square region of Figure 3b contains scatter from 
surface waves traveling to the right, while the other aris
es from waves traveling to the left. The meaning of Fig
ure 3b is simple. A diffuse contribution is associated 
with each surface wave; where the two contributions 
overlap, they interfere to produce the backscattering 
peak. This is the essence of the phenomenon. 

The results of Figures 2 and 3 are indeed the first 
observations of the plasmon-related backscattering 
effect.5,6 Theoretical predictions, however, appeared as 
far back as 10 years earlier7,8 and were for a different 
type of surface roughness. The experimental difficulties 
arise in surface fabrication; no one has yet reported pro
ducing a surface like the original suggestions. Further, an 
abraded surface like an imperfectly polished mirror con
tains structure that is more broadly-scaled;1 it produces 
scatter in which plasmons play no role. Experimental 
desperation inspired the randomly modulated gratings. 

More tricks with plasmon polaritons 
Two more situations in which plasmons produce 
unusual scattering effects are briefly described below. 
First consider a roughened silver grating whose profile is 
the sum of a sinusoid of period 289 nm and a random 
roughness as in Figure 2a. A typical scattering distribu
tion is shown in Figure 4a, accompanied by a result for a 
rough surface without the periodic grating. Both results 
exhibit backscattering enhancement. The plasmon-
related distribution has partially sheared into its two 
components, as just discussed, for a source at a green 
wavelength. 

The main difference between the two cases is the pair 
of high peaks seen at θ s = ±56° for the roughened grat
ing. Features like these were first noted some years ago 
as faint 2-D scatter from imperfect diffraction gratings;9 

they were termed diffuse light bands. Even in the case of 
a high-quality grating, a random roughness of a few 
angstroms is sufficient to produce faint bands. In con
trast, in Figure 4 the rms random roughness is 11 nm 
and the scattering distribution contains a full 15% of 
the incident power. 

The diffuse bands of Figure 4a arise in a manner like 
the Wood anomalies of Figure 1, but the coupling 
process now runs backwards to produce a diffuse band. 
For example, a roughness-launched plasmon traveling 
to the right is scattered by the fine grating, thus produc
ing the band at θ s = -56° (see Fig. 4a). The band at 
θ s = 56° arises from the oppositely-directed plasmon. If 
this interpretation is correct, it should still be possible to 
run the coupling process in the original, forward direc
tion. Thus there should be two absorption anomalies at 
θi = ±56°. Indeed, we find deep absorption anomalies 
there of 6% reflectivity. Because of the anomaly/band 
relationship it is not surprising that the band shape, 
when turned upside down, is similar to the anomaly in 
Figure 1. 

Now consider a second, more exotic, example of 
plasmon effects. It has been known for many years that 
a flat surface of homogeneous metal can produce low 
levels of second-harmonic light in a reflected laser 
beam. For a rough surface, diffuse second-harmonic 
scatter should be produced. Such a case is shown in Fig
ure 4b, in which the second-harmonic light has the 
green wavelength 532 nm. This silver surface has been 
fabricated so that if illuminated with 532-nm light a 
perfectly-overlapping plasmon distribution like Figure 
2c is seen. This is cheating, however, and instead we 
must batter the surface with infrared light of high pow
er, thereby launching green plasmons. 

Nevertheless, the scatter of Figure 4b is exceedingly 
weak; more than 1014 incident infrared photons are 
required to produce one detected green photon. It is 
most striking that the distribution resembles Figure 2c, 
except the backscattering peak has become an equally 
profound minimum. This observation was initially 
quite unexpected, but two independent reports of mini
ma have appeared.10,11 The minimum could occur if 
the right- and left-traveling plasmons are excited with a 

The scattering 
processes 
involved are 
subtle, for 
the plasmon 
polariton never 
reveals itself 
directly. 
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Figure 3 . (left) (a) Power of s p e c u l a r ref lect ion for wave length 6 7 4 n m . (b) T h e d i f fuse s c a t t e r in the p l a s m o n c o u p l i n g reg ion. 
The d a s h e d and sol id b o x e s are the c o u p l i n g reg ions of the left- and right-traveling p l a s m o n s , respect ive ly . 

Figure 4. (right) (a) For wave length 5 4 3 n m , the d i f fuse s c a t t e r f rom a roughened si lver grat ing (sol id line) c o m p a r e d with pure r o u g h n e s s ( d a s h e d 
line). (b) S e c o n d - h a r m o n i c genera t ion from a rough si lver s u r f a c e . D a s h e d ver t ica l l ines d e n o t e b a c k s c a t t e r i n g . 

180° phase difference, thus producing destructive inter
ference. This speculation is far from a complete explana
tion and the origin of the effect is an open issue. 

Conclusions 
In both theoretical and experimental work in rough sur
face scattering, plasmon polaritons present challenges 
that must be overcome. To include plasmon effects in 
calculations, the diffuse intensity must be determined to 
at least fourth order in the surface profile. It is surpris
ing, perhaps, that this complex fourth-order theory was 
fully developed only a few years ago.8 In experimental 
work, most of the challenge lies in the microlithograph
ic fabrication of suitable rough surfaces. While this arti
cle has avoided this technical subject, it has demonstrat
ed that, from appropriate surfaces, remarkable 
plasmon-related effects rise up quite clearly. 

An appealing aspect of this work is that adding a few 
nanometers of appropriate roughness to a simple flat 
mirror allows an unexpectedly rich variety of effects to 
occur. The scattering processes involved are subtle, for 
the plasmon polariton never reveals itself directly. 
Instead, it serves as an intermediate state linking inci
dent and outgoing waves; we deduce that a plasmon 
polariton has been excited only from consequences 
observed in the diffuse scatter. Such subtle processes, 
involving the unseen plasmon polariton, are responsible 
for many striking effects. 
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