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Introduction
A composite material is one in which more than one component is pres-
ent. They are important in virtually every field that makes use of mate-
rials. Here we interest ourselves in their optical properties. Although 
currently we recognize a rapidly increasing interest in composites, 
they have, in fact, been of considerable importance for centuries. Glass 
colored by metal additives dates back at least to the early Egyptians 
who produced, amongst other things, bottles, ornamental beads, and, 
by grinding the glass, pigments. Glass, colored by additives, was well 
known to the Romans, who were expert glass makers. Later, the glass 
factories on the island of Murano, moved there by the Venetians in the 
beginning of the 13th Century because of the fire danger they posed 
in Venice itself, mastered the art of coloring glass with additives, and 
became the center of glass technology in Europe. Murano glass is still 
most highly considered. Particularly beautiful is the glass known often 
as ruby glass because of its resemblance to the precious stone. Various 
metal dispersions can give a red color, but the finest ruby glass owes its 
color to a colloidal suspension of gold. The term cermet that indicates a 
dispersion of metal in a dielectric, and the more general composite, are 
gradually being replaced by the later nanocermet and nanocomposite, 
or, sometimes, the very recent metamaterial. The early glass workers 
gained their experience largely by trial and error. It was the turn of the 
20th Century that saw the beginnings of a quantitative understanding 
of the origins of the colors. In this article we look at the contributions 
of some of the workers who played a significant part in that gain in 
understanding.

Fundamentals
For a much fuller account of the theory see Berthier and Lafait [1].

The fundamentally important papers in this field were written by 
Maxwell Garnett in 1904 and 1906 [2, 3] but we have to move well back 
into the 19th Century to trace the beginnings of this understanding. As 
is typical of scientific and technological progress, we can identify many 
people who contributed essentially the same ideas. We shall look at four 
in particular.

Ottaviano Fabrizio Mossotti (1791 - 1863) was accused of liberal 
ideas and forced to flee from Italy in 1823. After a year or two in 
England, where he was much influenced by Thomas Young, he accepted 
a professorship at the University of Buenos Aires. He eventually 
returned to Europe as professor at the University of Corfu, Greece, able 
to return to Italy only in 1841 as professor at the University of Pisa, 
where he remained until his death. His major work was in astronomy 
and what interests us here is his theory of the dielectric properties of 
interstellar dust published in 1850 [4].

Maxwell’s great work on electromagnetism was published in 1873 
[5]. However, what we now call Maxwell’s Equations have been refined 
somewhat since then, and Maxwell was not alone in his efforts. Another 
particularly significant figure was a Danish physicist, Ludvig Valentin 
Lorenz (1829 - 1891). Lorenz had begun his early work on light propa-
gation with attempts to fit the Fresnel Coefficients that he took as 
fundamental, into ideas of transverse mechanical vibrations of the ether, 
but soon realized that this was an untenable hypothesis, and abandoned 
completely the ether concept. He developed an electrodynamic theory 

of light propagation that included the optical properties of materials. 
The particularly relevant study for this account was his theory of the 
optical properties of a substance consisting of an assembly of molecules 
leading to ideas of the variation of optical properties with density[6]. 
Like this paper, much of his work was first published in Danish and was 
therefore not well known by the international community until pub-
lished later in German.

By a strange coincidence a Dutch physicist, Hendrik Antoon Lorentz 
(1853 - 1928), who won, jointly with Pieter Zeeman, the Nobel prize for 
physics in 1902, completely independently arrived at similar results [7]. 
The similarity of their surnames has led to some confusion in assigning 
credit, but the result that interests us particularly is what is now usually 
known as the Lorentz-Lorenz expression (although sometimes, and 
probably more correctly, Lorenz-Lorentz). However, they were not the 
only ones who had arrived at the expression.

Rudolf Julius Emmanuel Clausius (1822 - 1888), was, at various 
times, a professor at schools in Germany and Switzerland. He also, at 
the age of around 50, organized and led an ambulance brigade in the 
Franco-Prussian War (1870 - 1871) when he received a serious wound 
in one leg, from which he never fully recovered. He is best known for 
his significant advances in thermodynamics but his book on thermo-
dynamics [8] also contains a part on electrical theory and here he pub-
lished what we can recognize once again as the relationship we want.

None of these four people ever worked together. It is unlikely that 
they ever even met and certainly their contributions were completely 
independent. However this is the way that science and technology 
advance. Many people make contributions that become significant only 
when the subject is ready to receive them. Often by that time many have 
been forgotten and other more recent workers derive the credit. It is 
virtually certain that others, too, reached the same conclusions as the 
four we have mentioned.

In what follows we use the modern symbols and terminology 
consistent with SI units. We can think of materials as being made up 
of polarizable particles, that is particles where a negative and positive 
charge can be separated by an applied field to form a dipole. Note that 
we are here using the term polarization in its electrical rather than 
optical sense. Normally these particles will be the atoms or molecules of 
the material. They will be polarized by the electric field of the light wave. 
But this polarization will itself cause a change in the electric field, so that 
each particle will experience not just the primary field but the field of 
all the other dipoles as well. The concept is simple, but the calculation, 
involving integrating over every other dipole, virtually impossible. The 
solution is to treat each individual particle as though it were surrounded 
by a continuous medium rather than localized particles, the continuous 
medium having properties derived from the assembly of polarizable 
particles. This artificial medium is usually called the effective medium. 
In an isotropic medium the correction implies that the local field con-
sists of the impressed, or primary, field supplemented by an extra term 
that depends on the polarization. If we assume that the molecule is sur-
rounded by a sphere, outside of which we have the continuous medium 
then it can be shown that 

(1)
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Since the relative permittivity, εr, and the susceptibility, χ, are related 
by

(7)
Then

(8)

Equation (8) is the more common form of the relationship. It is of 
immense importance. It allows the properties of a material to be derived 
from the properties of its molecules and permits the variation of dielec-
tric and optical properties with parameters like strain to be calculated.

We now move to larger particles, or inclusions, of, perhaps, ellip-
soidal shape, immersed in another material, in other words a composite 
material. This takes us to the beginning of the 20th Century when have 
the two classic papers of Maxwell Garnett [2, 3]. James Clerk Maxwell 
Garnett (1880 – 1958) was the son of Professor William Garnett who 
worked with James Clerk Maxwell at the Cavendish Laboratory, coau-
thored a biography of Maxwell, and named his eldest son after him. 
His son went on to Trinity College where he studied mathematics and 
wrote his two famous papers. He appears to have done little in optics 
afterwards but became very involved in the theory of education. He 
was also a barrister, General Secretary of the League of Nations Union, 
Principal of Manchester Municipal College of Technology and Dean of 
the Faculty of Technology of the Victoria University of Manchester.

We can imagine both materials as being continuous and character-
ized by relative permittivities εm for the host material and εi for the 
particle. The macroscopic internal field inside a uniformly polarized 
ellipsoid is now given by

(9)

where E is the primary field, P the polarization, and ε0 the permittivity 
of free space. This is the fundamental relationship that is generally asso-
ciated with Lorenz and Lorentz. The 1/3 factor multiplying P, comes 
from the properties of the sphere that we imagine surrounds the mol-
ecule. Note that from now on, ε0 will indicate the permittivity of free 
space (units of farads per metre) but all other ε’s will indicate relative 
permittivities (dimensionless).

Let us assume isotropic materials and that there are N particles 
per unit volume, each of polarizability α. Then the polarization P that 
results will be given by 

 (2)
or

(3)

The susceptibility, χ, is defined as the ratio P/(ε0E). Then, using (1), we 
have

(4) 

Dividing (4) by E and substituting χ, yields

(5)
  

so that

(6)

Equation (6), in various forms, is usually known as the Clausius-
Mossotti equation, although, in reality, all the equations belong to all 
four workers. continued on page 38
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where F is the depolarizing factor depending on the orientation and 
shape of the particle. In its most general form F is a tensor but for 
regular shapes and orientation is a simple factor. As we might guess 
from equation (1), the factor is 1/3 for a sphere. In physical terms, the 
polarizations of the external and internal media have created a charge 
distribution over the surface of the particle that is related to the discon-
tinuity of the normal component of field at the boundary. Then with a 
little development,

(10)

The new polarization within this inclusion will now be given by

(11)

However what interests us more is the change in polarization caused by 
the replacement of the equivalent volume of host medium material by 
the inclusion. This is

(12)

and we can express this in terms of the primary field E as

(13)

Let us fix E. The polarization of the entire material will increase, fol-
lowing (13). The actual increase will depend on the packing density, p, 
that is the fraction of the volume taken up by the included material. If 
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the packing density is unity then all the volume is taken up by the inclu-
sions and the actual increase in polarization is exactly that given by (13). 
If the packing density is less than unity then the increase will be propor-
tional to the packing density. In other words, if ΔP is now changed to 
represent the increment in P over the whole material, then

(14)

The effective medium theories assume that the behavior of the 
system can be represented as an effective medium, that is a uniform 
medium with relative permittivity ε. We can imagine that we start with 
the surrounding medium of the composite material. This has a permit-
tivity εm. The properties are perturbed by inclusions of packing density 
p. The perturbation is given by equation (14). This perturbation can 
be considered as equal to that that would be obtained by replacing the 
entire volume of material by the effective medium. Then the effective 
medium would have packing density unity and equation (13) would 
apply. Then we can write:

(15)

Equation (15) is the basis for much of the effective medium theory.
The Maxwell Garnett [2, 3] theory assumes spherical inclusions and 

for those the value of F is 1/3. Thus,

(16)

This handles very well the type of structure where one material is 
clearly in the form of identifiable particles in a matrix of the other. The 
polarizing factor, F, can handle particles of different shapes. In fact 
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Bragg and Pippard [9] who much later took a rather different route 
through the theory, eventually emerged with essentially equation (15).

Not all composite materials fit this model. Some are better repre-
sented as two intermingled phases where it is difficult to identify one 
as an inclusion and the other as a host. Some 30 years after Maxwell 
Garnett’s papers, D.A.G. Bruggeman tackled that problem.

Bruggeman was a teacher at a Dutch high school and it is difficult 
to find out anything else about him. He suggested [10] that each com-
ponent of such composite materials should be treated as an inclusion in 
a matrix of the effective medium. We start with the effective medium. 
The contribution of each component will follow an expression similar 
to (14). However, if the effective medium is correctly chosen, the sum of 
the perturbing contribution of each component should be zero so that 
the properties remain exactly those of the effective medium. This gives:

(17)

where we are assuming the same depolarizing factor for both 
components.

In all these expressions it is normal to replace the relative permit-
tivity by the optical constants according to the relationship

(18)
where the usual sign convention is that nk is positive. Note that this 
would appear to be the opposite convention from what is normal thin-
film practice. The particular convention is actually unimportant, as long 
as it is rigorously observed. The values derived for n and k will both 
be positive, and can be substituted in normal thin film theory as (n-ik) 
without problems.

An Example
We take the example of gold dispersed in glass, the structure that yields 
the beautiful Murano ruby glass mentioned at the beginning. The con-
centration of gold is normally quite small and depends on the required 
depth of color. Pink glass requires rather less than does deep red. We 
assume 14 parts per million by volume, that is a value for p of 1.4x10-5. 
The optical constants we use for glass and for gold are shown in Figure 1 
and Figure 2. We use the Maxwell Garnett expression (16) together with 
(18) to calculate the composite optical constants, Figure 3. From these 
we calculate the transmittance, Figure 4, and transmitted color in the 
D65 illuminant, Figure 5, of a 4mm thick plate of the material.

Figure 1. The optical constants of gold.

Figure 2. The optical constants of glass.

Figure 3. The optical constants of the composite material assuming a gold 
concentration of 1.4x10-5 by volume.

Figure 4. The calculated transmittance of 4mm of the composite material.
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Figure 5. The calculated chromaticity on transmission of the ruby glass sample 
in D65 illuminant. The color patch on the right gives some idea of the color.

Current Work
The various theories so far mentioned are approximate in that they are 
essentially zero frequency calculations even though the practitioners 
may have been thinking in optical terms. They do allow the influence 
of particle shape but the primary parameter is packing density with 
no account taken of particle size and particle spacing. Wavelength is 
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involved only in the sense of the dispersion of the properties of the indi-
vidual component materials.

It is a difficult field. There are all kinds of size and distribution 
effects that require statistical approaches. Metal dispersions can exhibit 
surface plasmon resonance effects that lead to many interesting and 
potentially useful properties. Variations of the microstructure to create 
deliberately inhomogeneous composite materials are being applied 
in optical coatings. Then, structures that are deliberately anisotropic, 
such as metal nanorods immersed in dielectric materials, lead to inter-
esting properties but greater theoretical difficulties. Inclusions that are 
arranged regularly in a kind of lattice exhibit coherent scattering effects. 
This leads into ideas of photonic crystals and photonic band gaps where 
the behavior of optical waves is similar to that of electron waves in 
solids. Much of the work is still empirical, in the sense that the detailed 
theory tends to be tackled once the measurements are made. Prediction 
remains difficult. Although composite materials, as we have seen at the 
beginning of this account, represent one of the oldest areas of research, 
they represent also one of the newest.
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