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Introduction
One hears the term surface plasmon a lot these days. What exactly is a 
surface plasmon?

We are quite used to surface waves. All we need do to observe them, 
is to drop a stone into a still pool of water and we immediately see 
the surface waves radiating outwards from the point of impact. The 
stimulus causing the waves in this case is a short impulse and the waves 
are a transient phenomenon. We can also arrange a continuous oscilla-
tory stimulus at a point on our water surface. Now the response soon 
settles down to a steady state where the frequency of the surface waves 
is determined by the stimulus rather than any natural frequency and the 
amplitude of the response will vary with the frequency.

A somewhat similar phenomenon can occur under certain circum-
stances with electromagnetic waves, although it is rather more difficult 
to observe them. Imagine a semi-infinite metal, with high conductivity, 
in contact with a semi-infinite medium consisting of a vacuum. We can 
think of the metal as containing a kind of plasma consisting of mobile 
free electrons, but neutral in mean charge because of the supporting 
matrix of fixed positive charges. Because the electrons are free to move 
in the metal the system is not completely unlike our pool of water. It 
responds to a disturbance, such as an impact with a fast electron, by 
an oscillation of the electrons. The electrons move together rather like 
our water and take part in collective oscillations. These oscillations are 
quantized and are known as plasmons. Plasmons can be in the bulk of 
the metal, but, the ones that interest us here propagate at the surface of 
the metal and are known as surface plasmons. These surface plasmons 
can couple to an electromagnetic wave, also at the surface, and the 
combined disturbance can be pinned to, and move over, the surface. 
This combination is strictly known as a surface plasmon polariton, but, 
more frequently, just as a surface plasmon and this is the meaning that 
we attach to the term here. We will concentrate on the electromagnetic 
phenomenon and our approach is through Maxwell’s equations and the 
macroscopic description of the media.

Surface plasmons are important in many respects. They assist in our 
understanding of the behavior of metal-dielectric interfaces but because 
they are a surface phenomenon their behavior can be used as a sensitive 
indicator of surface conditions. They can, for example, be applied in the 
detection and measurement of exceedingly small amounts of specific 
material.

Surface plasmons have existed as long as metals in contact with 
dielectrics, but they were not recognized until 1957, with the optical 
implications coming in the later 1960’s [1-3]. In this first article we shall 
look mostly at the fundamentals of the phenomenon concentrating on 
the conditions for the existence of the surface plasmons. In a subsequent 
article we shall look at ways of coupling into surface plasmons and their 
use in applications.

Fundamentals
Let us imagine a featureless plane surface between two materials that 
we shall label 1 and 2. We create a set of reference axes in the usual 
way. The x and y-axes are in the plane of the surface and the z-axis is 
normal to it and in the direction from material 1 into material 2. A full 
general analysis is rather involved and tedious, and so we will set up the 
problem in a more limited way, using some special knowledge. The elec-

tromagnetic features of the surface plasmon we will assume are propa-
gating along the surface in the positive x-direction. The fields will decay 
exponentially away from the surface into the two materials. We know 
that any component of electric field in the y-direction is ineffective and 
so we will confine the electric field to the x-z plane. We therefore have x
and z-components of electric field, and y-components of magnetic field 
only, that is amplitudes Ex, Ez and Hy. In what follows we will use the 
normal thin-film sign conventions rather than the solid state ones. Some 
of the relationships therefore have signs differing from those usual in 
solid state textbooks.

Figure 1. The system of coordinates used in the analysis.

We can represent the wave components in the two materials as plane 
waves having the form:

(1)

where we will add suffices 1 and 2 to distinguish between the parts in 
each material and where any relative phases are included in the complex 
amplitudes. There are certain boundary conditions that we can apply. 
The boundary is defined as z = 0. Frequency is invariant and therefore 
the phase factors in (1) are identically equal at the boundary provided

(2)

This leads directly to Snell’s Law. Additionally there are the continuity of 
the tangential components of electric and magnetic field and the normal 
components of the electrical displacement. Using the components that 
we have identified, these conditions become

(3)

where ε is the appropriate permittivity. Then, from Maxwell’s equations 
we have two vector relationships:

(4)

where we have used the condition that, at optical frequencies, μ = μ0.
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For the wave to be locked to the surface it should decay exponen-
tially in each direction away from the surface. This implies that both κz1
and κz2 should have large imaginary parts, κz2 being primarily negative 
imaginary and κz1 positive imaginary. Then κx should have a positive 
real part and as small as possible imaginary part so that we have propa-
gation along the x-axis with reasonable range. All this implies that εr1
and εr2 should be largely real with opposite signs, and the magnitude of 
the negative one should be greater than that of the positive.

We recall that

(8)

Let us assume that εr2 is largely negative real. This implies that k2
should be large and n2 small. Then for εr1 to be positive real but smaller 
in magnitude than εr2 implies k1 vanishingly small and n1 less than k2.
In other words material 2 should be a metal of reasonably high optical 
performance and material 1 should be a dielectric preferably of low 
index. Then from (7) and (8)

(9)

where we assume k1 as zero and we take the negative imaginary root in 
the denominator.

With some manipulation this yields

(5)

for both materials 1 and 2. We have nine variables, Ex1, Ez1, Hy1, Ex2,
Ez2, Hy2, κx, κz1 and κz2. Equation (5) has six relationships (three for 
each of the materials) and (3) has three, and so it is possible to solve for 
all nine variables. In fact, what we particularly want is to eliminate the 
amplitudes and find values for κx, κz1, and κz2.

We recall that ε = ε0εr where εr is the relative permittivity and that 
the velocity of light in free space is c = 1/√(μ0ε0). With that we eliminate 
the various amplitudes to give the three relationships:

 (6)

These can be reduced to

(7)
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continued from page 25

(10)

Now we apply the binomial theorem to the second factor in (10), taking 
the first two terms only, to give:

(11)

The factor in front will be positive since k2 is much larger than the 
other parameters. The second term in the right-hand square bracket is 
negative for the same reason and, therefore, indicates attenuation. The 
absorption coefficient will be twice the imaginary part of κx since the 
irradiance is proportional to the square of the field amplitude. Thus

(12)

The propagation length of the plasmon is the distance traveled where 
the power drops to 1/e times its original value. This is 1/αx.

Because there are always two possible square roots with opposite 
sign, another solution of (11) is possible, but it simply represents a sur-
face plasmon propagating in the opposite direction.

A perfect metal where the electrons are completely free, that is there 
is no damping whatsoever, and where the electrons, since they are 
unbound, have no resonant frequency, has a relative permittivity that is 
completely real. At high frequencies it is unity, in other words the fre-
quency is too high for the electrons to respond at all. Then, as the fre-
quency reduces, the relative permittivity drops towards zero and passes 
through it at what is known as the plasma frequency. Below that fre-
quency the relative permittivity is negative. Above the plasma frequency, 
therefore, the metal acts like a dielectric with index increasing with 
frequency towards unity while below the plasma frequency it acts like a 
perfect metal with zero index and with extinction coefficient increasing 
with wavelength. Real high-performance metals are more complicated 
but they do have somewhat similar behavior. Although n and k are not 
zero, k dominates below the plasma frequency, rising with wavelength, 
but n is not zero. In the vicinity of the plasma frequency the k and n
curves cross, so that the real part of the permittivity, (8), passes through 
zero. All this is a bulk rather than surface effect. Now let us return to 
our surface wave. The denominator in both (11) and (12) contains the 
factor (n12 +n22 – k22). As the frequency increases towards the crossing 
point, that is the wavelength is reduced, the extinction coefficient of the 
metal, k2, falls and the refractive index, n2, rises, but n1 remains posi-
tive and so the factor becomes zero at a frequency a little below that for 
the crossing. This frequency is usually known as the surface plasmon 
frequency. The real part of κx and αx both should become infinite 
according to (11) and (12) and clearly the surface plasmon frequency 
reduces with increasing n1. (11) and (12) are, however, approximations 
and when the more accurate expressions, (7), are used, the values of real 

κx and of αx do not actually rise to infinity but rather to a maximum 
that is at a still slightly lower frequency for the real part of κx but very 
slightly higher for αx. In the next section we shall use expressions (7) 
and (8) for the calculations.

Calculated Values for Silver
We take silver and free space (or air) as an example. The optical con-
stants of silver are shown in Figure 2. The long-wave performance is 
quite similar to what is expected from a perfect metal. The short-wave 
performance is a little more complicated. We look particularly at the 
region from 300nm to 1000nm.

Figure 2. The optical constants of silver [4].

Figure 3 shows the calculated value of the factor (n12 +n22 – k22)
assuming the metal optical constants of Figure 2 in contact with a 
vacuum with n1 of 1.00. The zero crossing occurs at 336.9nm shown as 
the limiting wavelength in Figure 4.

Figure 3. The factor (n12 +n22 – k22) calculated from the values in Figure 2 
together with n1 as 1.00. The zero crossing is at 336.9nm.
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continued on page 28

Figure 4. The dispersion relation of the surface plasmon on a silver surface in a 
vacuum. Here the relationship has been plotted in a way that is more meaningful 
in the optical coating field. The dielectric over the silver in this case is vacuum 
and in that medium the light has the free space wavelength, identical to the hori-
zontal scale. This is everywhere greater than the plasmon wavelength.

The relationship between the angular frequency, ω, and the mag-
nitude of the wave vector κ, (strictly the real part of κ) often called the 
wavenumber, is known as the dispersion relationship. ω is traditionally 
plotted against κ but such plots are unusual in the optical coating field 
where the free space wavelength is more frequently the independent 
variable. Figure 4 has therefore been plotted in a different way, showing 
the actual wavelength against the free space wavelength. The actual wave-
length is given by

(13)

The plasmon wavelength is always less than the free space wavelength 
but the difference reduces towards the infrared. The absorption coef-
ficient is shown in Figure 5. There is a rapid increase in absorptance 
towards shorter wavelengths. The propagation length of the surface 
plasmon is the distance over which the power drops by 1/e. This is the 
inverse of the absorption coefficient.

Figure 5. The absorption coefficient of the surface plasmon. It becomes very 
large as it approaches the surface plasmon wavelength.
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continued from page 27

Scattering into and out of a Surface Plasmon
The dispersion relationship in Figure 4 shows that the surface plasmon 
wavelength is less than that of an electromagnetic wave propagating 
in the adjacent dielectric medium. Figure 6 shows that whatever the 
direction of the light with respect to the surface, the interval between 
the intersections of the planes of constant phase with the surface cannot 
be less than the wavelength. Thus a free electromagnetic wave cannot 
couple to a surface plasmon at a smooth, featureless, surface. Coupling 
can be deliberately arranged through an evanescent wave and we shall 
discuss such techniques in part two of this article. Here we examine the 
case of a surface that departs from perfect smoothness. 

Figure 6. The wavelength of an electromagnetic wave is the minimum 
distance between the planes of constant phase. Whatever the angle of 
incidence, therefore, the interval between the planes of constant phase 
cannot coincide with the surface plasmon wavelength.

Let us start by imagining a surface that is essentially a diffraction 
grating operating in reflection. This has a surface exhibiting a regular 
array of grooves and we will assume that they run along the y-axis. The 
groove spacing, or grating constant, we indicate by σ. Now let a plane, 
electromagnetic wave be incident on the grating at normal incidence. 
The response of the features on the grating will now have a spatial 
period of σ and will emit light of frequency corresponding to that of the 
input wave. Should the frequency of the input wave correspond to that of 
a surface plasmon with wavelength σ there will be coupling between the 
emitted wave and the surface plasmon. Clearly the shape of the groove 
will govern the way in which the phase varies through a cycle and this 
will influence the strength of the coupling. To move beyond that obser-
vation requires calculations of complexity well beyond the scope of this 
article.

The process can proceed in either direction. An incident electro-
magnetic wave can couple into the plasmon in the way described, but, 
equally, a plasmon can scatter some of its energy into an emitted electro-
magnetic wave.

Now imagine that the surface is rather less regular in its profile, in 
other words, it is rough. We can examine the surface profile for evidence 
of periodicities by constructing an autocorrelation function that shows 
the relative strength of the periodic component as a function of the 
period. This will usually show a gradual drop in strength with increasing 
period length indicating that the scattering will increase in efficiency 
with reducing wavelength and increasing frequency. We can expect, 
therefore, a gradual increase in the coupling into a surface plasmon with 
reducing wavelength and increasing frequency until it approaches the 
surface plasmon frequency beyond which the coupling will vanish.

This effect can be observed in metallic reflectors especially of silver. 
At the short wavelength end of their range of high-reflectance, there can 
often be a dip that cannot be explained in terms of the variation of their 
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optical constants. Further, it was found by Stanford and Bennett [5] that 
a protecting layer enhanced this dip in reflectance that moved towards 
longer wavelengths and increased in depth as the refractive index of 
the overcoat increased. This is nowadays a well-known effect that is 
due either to a roughness of the metal surface or scattering within the 
protecting layer, or a combination of both. Exact quantitative calcula-
tion is difficult but we can readily understand the trends by returning 
to our theory.

The surface plasmon wavelength that marks the upper limit of 
the effect (that is, strictly, the surface plasmon polariton effect) is 
approximately the point at which the factor (n12 +n22 – k22) becomes 
zero. Figure 7 shows the calculated variation of the wavelength with the 
index of the dielectric medium. In addition to this shift, the absorp-
tion coefficient rises with increasing dielectric index. Although energy 
can scatter back out of the surface plasmon, the enormously increased 
absorption coefficient at the shortwave end of the scale is responsible 
for significant losses. For high performance from a protected or 
enhanced metal reflector near its shortwave limit very smooth surfaces 
and low scattering from the dielectric materials is required.

Figure 7. The surface plasmon wavelength of silver as a function of the index 
of the dielectric medium.

There are other interesting beneficial effects. In some recent 
devices, advantage has been taken of deliberate scattering into and out 
of surface plasmons. We shall mention just two of these. An array of 
small holes in a thin metal layer acts as a two-dimensional grating that 
scatters incident light of the correct wavelength into a surface plasmon 
on the surface of the metal. This couples into a similar plasmon on the 
other surface, such that the decaying electric fields of each interfere to 
reduce the internal field in the metal and hence the total losses. The 
plasmon on the other side is scattered by the array of holes back into a 
progressive electromagnetic wave. The performance is similar to that 
of an induced transmission filter but without the dielectric multilayers 
on either side of the metal. The effect was discovered by Ebbesen [6] 
and has been explained in detail by Bonod and colleagues [7]. Then 
a group led by Giessen [8] has created a device based on a corrugated 
metal layer that again, by similar coupling, results in a typical induced 
transmission filter performance, again without the need for any addi-
tional matching multilayers. An advantage of this latter device is that it 
can be represented by an equivalent circuit that permits it to be treated 
theoretically in a similar way to a thin film.
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Figure 8. The variation of the plasmon absorption coefficient with wavelength 
showing the increase with index of the dielectric medium. The increase is 
very large at the shortwave end of the scale.

Conclusion
Many curious and often potentially useful effects find their explanation 
in the existence of surface plasmons. This first part of the article has 
concentrated on their electromagnetic properties and the conditions for 
their existence. The next part will look more closely at deliberate cou-
pling into surface plasmons and some of the applications that become 
possible.
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