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Figure 3.10 Interference fringe patterns for two, three and four slits. As the number of slits increases, more secondary
maxima appear, but the principal maxima become brighter and narrower. (a) Graph and (b) photographs of fringe patterns.

3.4 | Interference in Thin Films

Learning Objectives

By the end of this section, you will be able to:

* Describe the phase changes that occur upon reflection
* Describe fringes established by reflected rays of a common source
* Explain the appearance of colors in thin films

The bright colors seen in an oil slick floating on water or in a sunlit soap bubble are caused by interference. The brightest
colors are those that interfere constructively. This interference is between light reflected from different surfaces of a thin
film; thus, the effect is known as thin-film interference.

As we noted before, interference effects are most prominent when light interacts with something having a size similar to
its wavelength. A thin film is one having a thickness ¢ smaller than a few times the wavelength of light, 4. Since color is
associated indirectly with A and because all interference depends in some way on the ratio of A to the size of the object
involved, we should expect to see different colors for different thicknesses of a film, as in Figure 3.11.

Figure 3.11 These soap bubbles exhibit brilliant colors when
exposed to sunlight. (credit: Scott Robinson)
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What causes thin-film interference? Figure 3.12 shows how light reflected from the top and bottom surfaces of a film
can interfere. Incident light is only partially reflected from the top surface of the film (ray 1). The remainder enters the
film and is itself partially reflected from the bottom surface. Part of the light reflected from the bottom surface can emerge
from the top of the film (ray 2) and interfere with light reflected from the top (ray 1). The ray that enters the film travels a
greater distance, so it may be in or out of phase with the ray reflected from the top. However, consider for a moment, again,
the bubbles in Figure 3.11. The bubbles are darkest where they are thinnest. Furthermore, if you observe a soap bubble
carefully, you will note it gets dark at the point where it breaks. For very thin films, the difference in path lengths of rays 1
and 2 in Figure 3.12 is negligible, so why should they interfere destructively and not constructively? The answer is that a
phase change can occur upon reflection, as discussed next.

Incident ﬁ

light

]

Figure 3.12 Light striking a thin film is partially reflected
(ray 1) and partially refracted at the top surface. The refracted
ray is partially reflected at the bottom surface and emerges as
ray 2. These rays interfere in a way that depends on the
thickness of the film and the indices of refraction of the various
media.

Changes in Phase due to Reflection

We saw earlier (Waves (http://cnx.org/content/m58367/latest/) ) that reflection of mechanical waves can involve a
180° phase change. For example, a traveling wave on a string is inverted (i.e., a 180° phase change) upon reflection at
a boundary to which a heavier string is tied. However, if the second string is lighter (or more precisely, of a lower linear
density), no inversion occurs. Light waves produce the same effect, but the deciding parameter for light is the index of
refraction. Light waves undergo a 180° or 7z radians phase change upon reflection at an interface beyond which is a
medium of higher index of refraction. No phase change takes place when reflecting from a medium of lower refractive index
(Figure 3.13). Because of the periodic nature of waves, this phase change or inversion is equivalent to +4/2 in distance

travelled, or path length. Both the path length and refractive indices are important factors in thin-film interference.


http://cnx.org/content/m58367/latest/
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Figure 3.13 Reflection at an interface for light traveling from a
medium with index of refraction 7 to a medium with index of

refraction n,, n; < n,, causes the phase of the wave to change

by m radians.

If the film in Figure 3.12 is a soap bubble (essentially water with air on both sides), then a phase shift of /2 occurs for

ray 1 but not for ray 2. Thus, when the film is very thin and the path length difference between the two rays is negligible,
they are exactly out of phase, and destructive interference occurs at all wavelengths. Thus, the soap bubble is dark here.
The thickness of the film relative to the wavelength of light is the other crucial factor in thin-film interference. Ray 2 in
Figure 3.12 travels a greater distance than ray 1. For light incident perpendicular to the surface, ray 2 travels a distance
approximately 2t farther than ray 1. When this distance is an integral or half-integral multiple of the wavelength in the
medium (4, = A/n, where 1 is the wavelength in vacuum and n is the index of refraction), constructive or destructive

interference occurs, depending also on whether there is a phase change in either ray.

Example 3.3

Calculating the Thickness of a Nonreflective Lens Coating

Assume the index of refraction of the glass is 1.52.

Strategy

ray 1. For rays incident perpendicularly, the path length difference is 2t.
Solution

To obtain destructive interference here,

_ﬂ'nZ
2t ===

where /,, is the wavelength in the film and is given by 4,, = A/n, . Thus,

2t >

Solving for t and entering known values yields
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Sophisticated cameras use a series of several lenses. Light can reflect from the surfaces of these various lenses
and degrade image clarity. To limit these reflections, lenses are coated with a thin layer of magnesium fluoride,
which causes destructive thin-film interference. What is the thinnest this film can be, if its index of refraction
is 1.38 and it is designed to limit the reflection of 550-nm light, normally the most intense visible wavelength?

Refer to Figure 3.12 and use n; = 1.00 for air, n, = 1.38, and ny = 1.52. Bothray 1 and ray 2 have a 4/2

shift upon reflection. Thus, to obtain destructive interference, ray 2 needs to travel a half wavelength farther than
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L Mny _ (500 nm)/1.38

7 7 = 90.6 nm.

Significance

Films such as the one in this example are most effective in producing destructive interference when the thinnest
layer is used, since light over a broader range of incident angles is reduced in intensity. These films are called
nonreflective coatings; this is only an approximately correct description, though, since other wavelengths are only
partially cancelled. Nonreflective coatings are also used in car windows and sunglasses.

Combining Path Length Difference with Phase Change

Thin-film interference is most constructive or most destructive when the path length difference for the two rays is an integral
or half-integral wavelength. That is, for rays incident perpendicularly,

2t = Apy 245, 345,002t = A/2, 34,12, SA,/2,....
To know whether interference is constructive or destructive, you must also determine if there is a phase change upon
reflection. Thin-film interference thus depends on film thickness, the wavelength of light, and the refractive indices. For

white light incident on a film that varies in thickness, you can observe rainbow colors of constructive interference for
various wavelengths as the thickness varies.

Example 3.4

Soap Bubbles

(a) What are the three smallest thicknesses of a soap bubble that produce constructive interference for red light
with a wavelength of 650 nm? The index of refraction of soap is taken to be the same as that of water. (b) What
three smallest thicknesses give destructive interference?

Strategy

Use Figure 3.12 to visualize the bubble, which acts as a thin film between two layers of air. Thus
ny =n3 = 1.00 for air, and n, = 1.333 for soap (equivalent to water). There is a 4/2 shift for ray 1 reflected

from the top surface of the bubble and no shift for ray 2 reflected from the bottom surface. To get constructive
interference, then, the path length difference (2t) must be a half-integral multiple of the wavelength—the first
three being 1,/2, 31,/2, and 51,/2. To get destructive interference, the path length difference must be an

integral multiple of the wavelength—the first three being 0, 4,,, and 24,,.

Solution

a. Constructive interference occurs here when

_ Ay 34, 54,
2Z‘C_ 2’ 2 il 2 s eee s
Thus, the smallest constructive thickness ¢. is
_ An _ Mn _ (650nm)/1.333 _
le=F =% =" = 122 nm.

The next thickness that gives constructive interference is f;, = 34,/4, so that
te = 366 nm.

Finally, the third thickness producing constructive interference is ¢, = 54,/4, so that
te =610 nm.

b. For destructive interference, the path length difference here is an integral multiple of the wavelength. The first
occurs for zero thickness, since there is a phase change at the top surface, that is,
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t d = 0,
the very thin (or negligibly thin) case discussed above. The first non-zero thickness producing destructive
interference is

2ty = A

Substituting known values gives

. _ A _ An _ (650nm)/1.333
2 - 2

ty=%5= = 244 nm.

\S]

Finally, the third destructive thickness is 2t(; = 21,, so that

no— 9 —A_650nm _
ty =dp=%= 1333 488 nm.

Significance

If the bubble were illuminated with pure red light, we would see bright and dark bands at very uniform increases
in thickness. First would be a dark band at 0 thickness, then bright at 122 nm thickness, then dark at 244 nm,
bright at 366 nm, dark at 488 nm, and bright at 610 nm. If the bubble varied smoothly in thickness, like a smooth
wedge, then the bands would be evenly spaced.

3.2 Check Your Understanding Going further with Example 3.4, what are the next two thicknesses of
soap bubble that would lead to (a) constructive interference, and (b) destructive interference?

Another example of thin-film interference can be seen when microscope slides are separated (see Figure 3.14). The slides
are very flat, so that the wedge of air between them increases in thickness very uniformly. A phase change occurs at the
second surface but not the first, so a dark band forms where the slides touch. The rainbow colors of constructive interference
repeat, going from violet to red again and again as the distance between the slides increases. As the layer of air increases, the
bands become more difficult to see, because slight changes in incident angle have greater effects on path length differences.
If monochromatic light instead of white light is used, then bright and dark bands are obtained rather than repeating rainbow
colors.
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Figure 3.14 (a) The rainbow-color bands are produced by thin-film interference in the
air between the two glass slides. (b) Schematic of the paths taken by rays in the wedge of
air between the slides. (c) If the air wedge is illuminated with monochromatic light, bright
and dark bands are obtained rather than repeating rainbow colors.

An important application of thin-film interference is found in the manufacturing of optical instruments. A lens or mirror
can be compared with a master as it is being ground, allowing it to be shaped to an accuracy of less than a wavelength over
its entire surface. Figure 3.15 illustrates the phenomenon called Newton’s rings, which occurs when the plane surfaces
of two lenses are placed together. (The circular bands are called Newton’s rings because Isaac Newton described them and
their use in detail. Newton did not discover them; Robert Hooke did, and Newton did not believe they were due to the wave
character of light.) Each successive ring of a given color indicates an increase of only half a wavelength in the distance
between the lens and the blank, so that great precision can be obtained. Once the lens is perfect, no rings appear.
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Figure 3.15 “Newton’s rings” interference fringes are produced when two plano-convex
lenses are placed together with their plane surfaces in contact. The rings are created by
interference between the light reflected off the two surfaces as a result of a slight gap between
them, indicating that these surfaces are not precisely plane but are slightly convex. (credit: Ulf
Seifert)

Thin-film interference has many other applications, both in nature and in manufacturing. The wings of certain moths
and butterflies have nearly iridescent colors due to thin-film interference. In addition to pigmentation, the wing’s color
is affected greatly by constructive interference of certain wavelengths reflected from its film-coated surface. Some car
manufacturers offer special paint jobs that use thin-film interference to produce colors that change with angle. This
expensive option is based on variation of thin-film path length differences with angle. Security features on credit cards,
banknotes, driving licenses, and similar items prone to forgery use thin-film interference, diffraction gratings, or holograms.
As early as 1998, Australia led the way with dollar bills printed on polymer with a diffraction grating security feature,
making the currency difficult to forge. Other countries, such as Canada, New Zealand, and Taiwan, are using similar
technologies, while US currency includes a thin-film interference effect.

3.5 | The Michelson Interferometer

Learning Objectives

By the end of this section, you will be able to:

* Explain changes in fringes observed with a Michelson interferometer caused by mirror
movements

* Explain changes in fringes observed with a Michelson interferometer caused by changes in
medium

The Michelson interferometer (invented by the American physicist Albert A. Michelson, 1852-1931) is a precision
instrument that produces interference fringes by splitting a light beam into two parts and then recombining them after they
have traveled different optical paths. Figure 3.16 depicts the interferometer and the path of a light beam from a single point
on the extended source S, which is a ground-glass plate that diffuses the light from a monochromatic lamp of wavelength
Ao - The beam strikes the half-silvered mirror M, where half of it is reflected to the side and half passes through the mirror.

The reflected light travels to the movable plane mirror M, where it is reflected back through M to the observer. The

transmitted half of the original beam is reflected back by the stationary mirror M, and then toward the observer by M.
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