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We understand very well that when light strikes a specular 
surface at a particular obliquity, the amount of light 
reflected or transmitted depends not only on the nature 

of the material of the surface but also on the polarization of the 
incident ray. We also understand that, provided the surface is a simple 
boundary between two homogeneous and isotropic transparent 
materials, then there is a particular angle at which the reflected light 
becomes completely linearly polarized. The name we associate with this 
polarizing angle is that of David Brewster, one of the giants of science 
in the first half of the nineteenth century. We shall take a quite simple 
approach to the theory of the Brewster angle but first let us look at the 
story of its discovery. We start with polarization itself.

Malus
The story of the Brewster and polarizing angle is inextricably entangled 
in the story of polarization. We do not know when or where the first 
observations of effects due to polarization might have been made. There 
is a plausible theory, but little hard evidence, that the Vikings must have 
used the polarization of sky light for navigation, particularly useful 
when the sun was obscured. However the modern study of polarization 
really began with Erasmus Bartholinus, a Danish physician, who, in 
1669 published a book on what he called a “marvelous and strange 
refraction” that he had discovered in calcite crystal, also known as 
Iceland Spar. This is the first, so far known, publication of an effect that 
we can recognize as due to the polarization of light. Isaac Newton had 
just received his MA from Trinity College, Cambridge, and clearly was 
aware of the publication, but even he was unable to explain the result 
beyond postulating in his Opticks that light rays should have sides or 
poles.

100 years passed without much progress until the work of Étienne-
Louis Malus (1775 - 1812), a French army officer and scientist who 
applied his considerable mathematical abilities to the study of the 
double refraction described by Bartholinus. He made a remarkable 
discovery one evening in Paris when he was examining the reflection 
of the setting sun in the window of a building on the other side of the 
street. It appeared that the larger portion of the light preferentially 
chose one or other of the two possible directions in a doubly refracting 
crystal of calcite. This led him to the polarizing effect of a simple 
surface on obliquely incident light. Like Newton, he imagined the rays 
as having sides or poles. Then in a paper [1] read to the Mathematical 
and Physical Sciences Class of the National Institute of Sciences and 
Arts [2] and published in 1810, he writes: “Giving the name poles to 
these sides, I will call the modification that gives the light the properties 
relative to these poles, polarization [3]. I have delayed till the present 
to admit this term in the description of the physical phenomena in 
question … the difficulty of describing them forces me to admit this 
new expression …”. This is the origin of the term polarization. Malus 
recognized that the polarization of the ordinary and extraordinary rays 
in a doubly refracting crystal were opposite, and he used such crystals as 
simple polarizers. He observed that, when unpolarized light is incident 
on a glass surface "forming with it an incidence of 35°25', all the light 
that it reflects is polarized in one sense. The light that traverses the 
glass is composed, 1, of a quantity of light polarized in the opposite 
sense to that reflected and proportional to that quantity; 2, of another 

unmodified portion that preserves the characteristics of the direct light. 
These polarized rays have exactly all the properties of those that one has 
modified by doubly refracting crystals ..." The value Malus gives for the 
angle of incidence may appear rather curious at first sight but the sense 
is that of the angle between the ray and the glass, rather than between 
the ray and the normal. In other optics papers he uses the usual 
definition of the angle of incidence.

Then the sentence that robbed him of the discovery of, and credit 
for, the Brewster angle: “I have determined on many substances the 
angle of reflection under which the incident light is most completely 
polarized and I have recognized that that angle is neither in the order 
of refractive powers, nor that of dispersive forces; it is a property of 
bodies independent of the other types of actions that they perform on 
the light.” His problem was not so much that of measurement – his 
measurements were extraordinarily accurate - but of the lack of pure 
homogeneous materials, particularly glass.

In the same paper Malus described what we would now call a pile 
of plates analyzer or polarizer. He reported also that he could vary the 
orientation of the polarization of a light ray by using a calcite crystal 
with parallel faces perpendicular to the ordinary ray. Turning the crystal 
about the ordinary ray then varied the polarization without changing 
the ray direction.

Then in a memoire read to the Institute in 1811 [4] he describes 
his experiments on polished metallic substances and mentions his 
discovery that metallic mirrors at a certain oblique incidence depolarize 
light. "Thus for metallic substances one uses the reflection of an already 
polarized ray, taking care that the poles [direction of polarization] form 
an angle of 45° with the plane of incidence, and one observes the angle 
under which the light appears depolarized like a natural ray." What 
Malus was actually observing, although he did not know it, was the 
formation of circularly, or elliptically, polarized light.

There is no doubt that Malus laid the foundations of the subject of 
polarization. He had been, as an army officer, a member of Napoleon’s 
Egyptian expedition, (1798 - 1801), and had suffered from an infection 
of what was thought to be plague from which he never completely 
recovered. This caused his early death in 1812. His name is one of those 
inscribed on the Eifel Tower.

Sir David Brewster
In December 1781, in the Scottish border town of Jedburgh, David 
Brewster, the third child and second son of James Brewster, the rector 
of Jedburgh Grammar School, was born, just six and a half years after 
Malus. His first venture into optics, apparently, was his interest, as child, 
in the optical effects of an aged and damaged glass window pane. His 
father was anxious that he should have a career as a minister of religion, 
and, at twelve years old, Brewster entered the University of Edinburgh, 
gaining his MA at the age of nineteen. His studies were a mixture of 
divinity and natural philosophy and although at that time he considered 
himself destined for the church, nevertheless he devoted much time 
to science and especially optics. Even then he had begun his incredible 
record of publication. He made many contributions to the Edinburgh 
Magazine that combined articles on literature and on science, becoming 
its editor in 1802. Although Brewster still felt that the church was 
eventually to be his vocation, he was a licensed minister and preached 
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frequently as a visitor, he took up tutoring instead, and continued his 
scientific pursuits.

It is impossible in a short article to catalog Brewster’s many 
contributions but they ranged over all kinds of optical topics and 
even outside optics. By 1807 he was recognized by a Doctor of Laws 
degree from Marishal College, Aberdeen, and an MA from Cambridge. 
The following year he was elected to the Royal Society of Edinburgh 
and accepted editorship of the new Edinburgh Encyclopaedia. This 
onerous task, added to all his others, was a sizeable burden for a further 
quarter of a century, with considerable stress and little monetary 
reward. In fact it was not until his later tenure at the University of 
Saint Andrews that his finances became more secure. He was a prolific 
author, publishing, apart from books, over 300 scientific papers during 
his life. He was elected to the Royal Society in 1815. Then in 1817 he 
invented the kaleidoscope, which was a tremendous success on both 
sides of the Atlantic, but was, in spite of Brewster’s patent, pirated 
left right and center, and actually earned him little except trouble. He 
received numerous prestigious awards, including an honorary Doctor of 
Medicine degree from the University of Berlin, was the principal figure 
behind the creation of the British Association for the Advancement of 
Science, was knighted in 1831, became Principal of the University of 
Saint Andrews in 1838, and then, in 1860, Principal, and a year later also 
Vice-Chancellor, of the University of Edinburgh. He died on the 10th 
February 1868.

One of the now less well known innovations for which Brewster 
was responsible was the segmented lens that he devised in 1811. 
This avoided the then poor transmittance of large volumes of glass 
by a construction using multiple smaller and higher quality pieces. 
An obvious application was in lighthouses because their hammered 
metal reflectors gave such a dim light that it could not be seen in the 

frequent sea fog. Such segmented lenses are better known as Fresnel 
lenses. Although Augustin-Jean Fresnel (1788-1827) was a little later 
with his independent conception, France began to adopt such lenses 
in lighthouses in 1822, long before Britain. Brewster pushed for years 
for their adoption, but it was 1835 before the new life saving lens was 
used in a British lighthouse. Even then only new lighthouses were so 
equipped.

The 1815 Philosophical Transactions of the Royal Society contains 
no less than five papers authored by Brewster. In one of them he records 
the depolarizing effect of a wide range of materials. Like Malus, in some 
cases he appears to mistake the production of circularly or elliptically 
polarized light as a depolarizing effect. Apart from various crystals, 
the impressive list of materials includes bristles of a sow, human hair, 
seaweed, “the horny excressence on the human foot,” and a cow’s 
bladder. Another of his papers reports strain birefringence. There is 
much of interest, but it is the Brewster angle, recorded in the fourth 
paper [5], that concerns us particularly here. His paper was read on 
March 16th, 1815.

The basic quantitative theory of the surface effects was still to be 
developed by Fresnel, and so Brewster’s investigations were entirely 
experimental. His measurements were of amazing accuracy and the 
immense quantity of work he performed is almost incredible. He 
made measurements on many materials including precious stones and 
glass, but there were some difficulties. Here are Brewster’s own words. 
“The measures for water and the precious stones afforded a surprising 
coincidence between the indices of refraction and the tangents of the 
polarising angles but the results for glass formed an exception and 
resisted every method of classification.” This was the same difficulty 
met by Malus. Then, he explains, having given up for a time he later 
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returned to the problem and, “The piece which I used had two surfaces 
excellently polished. The polarising angle of one of these surfaces almost 
exactly accorded with the law of the tangents, but with the other surface 
there was a deviation of no less than two degrees. Upon examining the 
cause of this anomalous result, I found that one of the surfaces had 
suffered some chemical change, and reflected less light that any other 
part of the glass. This artificial substance acquires an incrustation, or 
experiences a decomposition by exposure to the air, which alters its 
polarising angle without altering its general refractive power ... by the 
aid of heat alone I have produced a variation of 9° on the polarising 
angle of flint glass, and given it the power of acting upon light like the 
coloured oxides of steel.”

This discovery of the corrosion of glass surfaces was echoed by 
Joseph von Fraunhofer two years later [6] when reporting on his 
accelerated life testing experiments on glass, where he employed acid to 
attack it.

Then further, from Brewster's account: “Having thus ascertained the 
cause of the anomalies presented by glass, I compared the various angles 
which I had measured, and found that they were all represented by the 
following simple law.

“The index of refraction is the tangent of the angle of polarisation.” 

[Brewster’s italics].
And a little later in the paper: "When a pencil of light is polarised 

by reflexion, the sum of the angles of incidence and refraction is a right 
angle.”

The paper presented some 29 propositions following from his law, 
which explained many of the puzzling aspects of polarization.

We know a great deal about Brewster’s life, thanks to a book written 
by his daughter [7]. Although the book purports to tell about his social 
life only, it recounts in vivid detail his meetings with the other principal 
scientists of his day, and includes much of his correspondence. It paints 
a clear picture of the nature of, and the community involved in, the 
pursuit of science at that time.

Derivation of the Tangent Rule
Thanks to Fresnel, the theory of the effect of a surface on incident light 
is well understood and the treatment of the Brewster, or polarizing, 
angle is a straightforward extension. We use here the normal thin-film 
approach in which the tilted p-admittance is: 

where    is the propagation angle and y the characteristic admittance 
equal to the refractive index n.   is given by Snell's Law

and in this case all materials are dielectric. The p-amplitude reflection 
coefficient is given by

and   will be zero if       =      .

There is no really aesthetically pleasing approach to the derivation. 
Replacing y by n we have two equations: 

from which we must eliminate    .
We rewrite and square the two equations. 

Then adding them together and rearranging we obtain the Brewster 
condition: 

No such relationship is possible for s-polarization.

Figure 1. The reflectance of borosilicate glass at 510nm as a function of angles of incidence. The Brewster 
angle is at 56.67°.

The variation in the reflectances for the two polarization modes 
is illustrated in Figure 1. The variation in p-reflectance around the 
Brewster angle is quite slow and illustrates the difficulties Brewster and 
Malus must have faced in their experiments with the sun as light source 
and their own eyes as receiver.

The Pseudo-Brewster Angle
As recounted earlier, Malus reported on the depolarizing effect of a 
metal. At that time mirrors were normally coated with tin in the form 
of an amalgam. Metals exhibit what has normally been termed the 
pseudo-Brewster angle. There is no actual polarizing or Brewster angle 
but p-polarization shows a typical shape that falls as the angle increases 
from zero and then passes through a minimum and rises to 100% at 
grazing incidence. The s-polarized reflectance simply rises. The behavior 
for pure tin is shown in Figure 2. The angle of incidence corresponding 
to the minimum p-reflectance is called the pseudo-Brewster angle 
because the shape of the curve looks similar to that of dielectric 
materials, although the minimum is not zero. The retardation starts at 
180° at normal incidence and drops through 90° at the principal angle, 
shortly after the pseudo-Brewster angle, finishing at zero.

The Brewster Angle
continued from page 29
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Figure 2. The reflectance as a function of angle of incidence for pure tin showing the pseudo-Brewster 
angle together with the retardation and the point where it becomes 90° known as the principal angle.

At the principal angle with pure tin, Figure 2, the light reflected 
from a linearly polarized beam at 45° to the plane of incidence 
would be elliptically polarized because of the difference between p
and s-reflectances. It might have been just possible for Malus to have 
recognized this as slightly different from completely depolarized light. 
The addition of an oxide layer to the tin, Figure 3, however, moves 
the two reflectances much closer together and the reflected light much 
nearer circular polarization.

One can speculate, but, whatever the true situation, the incredible 
accuracy achieved by these early workers with such limited equipment 
compared with what we have today, leaves us completely in awe.

Figure 3. The reflectance and retardation of an opaque film of tin that has acquired 25nm thickness of tin 
oxide over its surface. The pseudo Brewster angle is rather less pronounced and the polarization splitting 
much smaller than with pure tin.

Conclusion 
The story of polarization is a particularly fascinating part of the 
history of optics. The early workers like Malus and Brewster drew their 
conclusions purely from experimental observations. The true nature of 
light as an electromagnetic wave was not established until James Clerk 
Maxwell's great book [8] that appeared some seventy years after the 
Malus and Brewster papers. Although Brewster is justly remembered 

largely for the polarizing angle, his contributions were much more 
extensive and his influence on the scientific community, not just in 
Britain but also in Europe, and especially in France, was considerable.

References
1. E.-L. Malus, "Mémoire sur de nouveaux phénomènes d'optique.," Mémoires de   

l'Académie des Sciences 11, 105-111 (1810).

2. The National Convention had, in 1793, abolished the previous Royal Academy of   
Sciences along with the other academies. They were reconstituted in 1795 under   
the National Institute of Sciences and Arts, later, and still today, Institut de France,   
with various Classes corresponding to the old academies. Then,    
in 1816, the Classes became once again Academies with the Science Class   
of the Institute renamed the Royal Academy of Sciences. Some further years   
passed and with France now a republic, the name became the Academy of Sciences, 
as it still remains.

3. Polarisation in French and frequently in British English. In the quotations I have   
translated Malus's French as polarization but left David Brewster's English as 
polarisation.

4. E.-L. Malus, Mémoires de Mathematiques et de Physique. Institut de France, Paris, 1811.

5. D. Brewster, "On the laws which regulate the polarization of light by reflection from 
transparent bodies.," Philosophical Transactions of the Royal Society 105, 125-159   
(1815).

6. J.v. Fraunhofer, "Versuche über die Ursachen des Anlaufens und Mattwerdens   
des Glases und die Mittel, denselben zuvorzukommen", in Joseph von Fraunhofer's 
Gesammelte Schriften, Verlag der Königlich Bayerischen Akademie der   
Wissenschaften: München, 1888. The paper was originally published in 1817.

7. M.M. Gordon, The home life of Sir David Brewster, Second ed. Edmonston and Douglas, 
London, Cambridge and Glasgow, 1870.

8. J.C. Maxwell, A Treatise on Electricity and Magnetism. Clarendon Press, Oxford, 1873.

About the Author

Angus Macleod
Angus is a Past President of the Society of Vacuum 
Coaters. He was born and educated in Scotland. In 1979 
he moved to Tucson, AZ, where he is President of Thin 
Film Center, Inc. and Professor Emeritus of Optical 
Sciences at the University of Arizona. His best-known 
publication is Thin-Film Optical Filters, now in its fourth 
edition. In 2002 he received the Nathaniel H. Sugerman 
Memorial Award from the Society of Vacuum Coaters.

For further information, contact Angus Macleod at angus@thinfilmcenter.com.

0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90

Reflectance (%)

Incident Angle (deg)

0

30

60

90

120

150

180

Retardation (deg)

p polarization

s polarization

Retardation

90 deg

Retardation

Pseudo

Brewster

Angle

0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90

Reflectance (%)

Incident Angle (deg)

0

30

60

90

120

150

180

Retardation (deg)

Become an SVC 

Corporate Sponsor

Corporate Sponsors play a vital role in the 

Society by ensuring that the technical programs 

are responsive to the interests of the vacuum 

coating community. Many representatives from 

Corporate Sponsor companies are involved in the 

Technical Advisory Committees and the Standing 

Committees that shape the future focus of SVC.

CORPORATE SPONSOR 

MEMBERSHIP DUES
$1,100 for the first calendar year of application; 
$550 per year thereafter.

For more information: Membership button on 

www.svc.org. Contact SVC at 505-856-7188 or 

viviennemattox@svc.org.

™

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

___________________

______________

mailto:angus@thinfilmcenter.com
http://www.svc.org
mailto:viviennemattox@svc.org

