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Observation of the optical
analogue of quantized
conductance of a point contact
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DlFFRACTiON of light by an aperture is a well-known manifes-
tation of the \vave nature of light. The most familiär case is that
of an incident plane wave, which is diffracted into a spatial pattern
that is sensitive to the properties of the aperture: the ratio of
transmitted power to incident flux (the transmission cross-section
σ) depends in a complicated way on the aperture area A (refs
1-3). For diffuse (that is, Isotropie rather than plane-wave) Illumi-
nation, however, the Situation is much simpler4: in three
dimensions, σ increases with A in a series of Steps of equal height
Α2/2ττ (where A is the wavelength of the light), and is thus
independent of the detailed aperture shape. A similar simplification
occurs for two-dimensional diffuse Illumination of a slit: the
transmission cross-section per unit slit length increases in stepwise
fashion äs a function of the slit width W, with Steps of height A/2
occurring whenever W = ηλ/2 (π = l, 2,3,...)—that is, whenever
a new mode is enabled in the slit. Although the optical transmission
characteristics of slits have been studied extensively for plane-wave
Illumination5"8, we know of no investigation of this predicted
staircase dependence for diffuse Illumination. Here we report the
observation of such an effect, and suggest that it may play a part
in any process of wave propagation through a constriction.

The argument of ref. 4 is based on the analogy with the
recently discovered quantization of conductance in ballistic
electron transport9'10. The conductance of a point contact in a
two-dimensional electron gas increases in steps of 2e2/ h äs its
width is increased (e is the Charge on an electron). The origin
of this effect is the quantization of the electrons' transverse
momentum owing to lateral confinement within the point con-
tact. This leads to the formation of one-dimensional sub-bands
in the conduction band (analogous to the formation of transverse
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FIG. l Schematic Illustration of the apparatus.

FIG. 2 Transmitted power äs a function of the slit width, using a paper
diffuser (a) and a glass-fibre diffuser (b); trace b is scaled and shifted
vertically for clarity. The mset shows an enlarged part of trace b.

modes in a waveguide), each occupied sub-band contributing
2e2/h to the conductance. Planck's constant h appears in the
step height äs a result of the application of Fermi statistics to
a degenerate electron gas. Obviously, this consideration does
not carry over to the optical case. But the staircase dependence
of conductance on the width of the constriction is not directly
related to the fermionic nature of electrons, and has its optical
analogue in the predicted stepwise increase of the transmission
cross-section of a diffusely illuminated slit4. The diffuse Illumina-
tion is analogous to the isotropic velocity distribution of the
incoherent electron waves incident on a point contact.

We performed our experiments at a wavelength of 1.55 μιη.
This value of λ is suificiently large to allow fabrication of a slit
with tolerances of A/10, while enabling the use of a semiconduc-
tor laser and a sensitive Ge diode detector. The set-up is shown
schematically in Fig. 1. The body of the device consists of two
halves of an integrating sphere (40 mm diameter) made of
aluminium and coated with diffusively scattering barium sul-
phate. The slit is situated in a region of the sphere at which the
metal is only 25 μιη thick. The length of the slit is 200 μπι. Inside
the slit, the aluminium is covered with silver to obtain a high
reflection coefficient (0.98). This, and a small thickness, are
required to avoid destruction of the transmission staircase by
excessive absorption at the walls of the slit. The radiation trans-
mitted through the slit in all directions is collected by the
integrating sphere and detected by a Ge diode. The slit width
is varied by separating the two halves of the sphere using a
piezo-electric transducer, which allows a 15-μπι scan in width
(added to a manual offset). The Variation of the slit width is
monitored by a Michelson interferometer operating at 633 nm,
with one of the mirrors attached to the device.

The laser beam, modulated at l kHz to enable phase-locked
detection, is expanded by a microscope objective lens and scat-
tered by a diffusor. Diffuse Illumination in two dimensions only
(no propagation in the direction parallel to the slit) is crucial,
because we use a slit rather than an aperture. We obtained
two-dimensional diffuse Illumination in two different ways. In
the first, a piece of white plotting paper was used äs a three-
dimensional diffuser. To eliminate divergence parallel to the
slit, two narrow slit-shaped diaphragms were placed between
the diffuser and the slit. This resulted in an unpolarized, two-
dimensionally diffuse light source. Alternatively a random array
of parallel glass fibres was used äs an intrinsically two-
dimensional diffuser11, giving polarized diffuse Illumination with
the electric field parallel to the slit. In both methods, two-
dimensionally diffuse Illumination of the slit was achieved in
an opening angle from 0° to 85° normal to the slit. The construc-
tion of our device did not allow Illumination from —85° to 0°,
nor Illumination at grazing angles (in excess of 85°). Neither of
these omissions affects the results. Because of the large band-



width of the laser (15 nm), the Illumination is essentially inco-
herent.

The experimental results are presented in Fig. 2, which shows
the transmitted power äs a function of the slit width. The two
curves a and b show the results obtained using the paper diffuser
and the glass-fibre diffuser respectively. The latter method pro-
duces a higher Illumination intensity and thus a better signal-to-
noise ratio. A stepwise increase of the transmitted power is
clearly observed in both cases. The Steps occur at width intervals
of λ/2, äs predicted4. The first two Steps were not observed,
because the slit could not be closed completely for mechanical
reasons. The transmitted power is equal to the transmission
cross-section per unit length, σ', multiplied by a normalization
factor. For large slit widths (W^/A-»oo), σ' is equal to W; it
therefore follows that the height of the Steps in σ' must be equal
to the size of the intervals in W, that is, λ/2.

The steps in the transmission cross-section are not abrupt.
This is caused partly by non-uniformities in the slit width, and
partly by the slight absorption of radiation at the walls of the

slit, which occurs in spite of the use of a silver coating. The
resulting damping of the propagating modes11 causes a rounding
of the steps and a slight curvature of the staircase for the first
few steps, äs seen in Fig. 2α Rounding of the steps is also partly
due to non-adiabatic coupling (with inter-mode scattering)
between the narrow slit and the infinite exterior space12.

Our choice of the slit geometry was motivated partly by a
desire to make the analogy with the two-dimensional electron
gas, and partly by experimental considerations: a diaphragm of
variable area of the order of λ2 is rather difficult to fabricate,
and in addition the total transmitted power is much smaller
than that for a slit. Nevertheless, the extension of the experiment
to three-dimensional Illumination is of interest because it brings
the vector character of light into the problem in a non-trivial
way (two-dimensional diffraction being essentially a scalar
problem1).

To conclude, we find it remarkable that this optical
phenomenon, with its distinctly nineteenth Century flavour, was
not discovered before its electronic counterpart. D
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