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Direct naked-eye detection of chiral and Faraday effects
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PACS 42.25.Ja — Polarization

PACS 87.19.1t — Sensory systems: visual, auditory, tactile, taste, and olfaction
PACS 42.66.Lc — Vision: light detection adaptation, and discrimination

Abstract — We demonstrate that the human eye is able to detect the optical activity of chiral
molecules and the Faraday effect, even under white-light viewing conditions, without the help of
any polarizer. Indeed, we show that our eye acts as a differential analyzer and isolates the response
in the blue part of the visible spectrum, thus avoiding the difficulties related to the inherent
chromatic dispersion encountered in usual experiments performed under white-light conditions.
Moreover the human eye enables to clearly distinguish between the fundamental reciprocal
and non-reciprocal characteristics of the optical activity and the Faraday effect, respectively.
Furthermore the human eye, without any specific optical dichroic axis in the retina, enables us
to read, with the naked eye, hidden information encoded via different states of polarization, and
suggests the possibility of direct detection of quantum entanglement effects.

Copyright © EPLA, 2012

The transverse vectorial nature of light is a powerful tool
to investigate birefringences and dichroisms of different
gaseous, liquid and solid media [1-3]. Polarimetry is
widely used in physics, chemistry and biology. Recently
circular dichroism and spectropolarimetry have brought
observational evidence to solve astrophysical problems
like the dissipation of angular momentum from accretion
disks [4,5]. Moreover, astronomers have also recently
succeeded in detecting and monitoring for the first time
the blue polarized light scattered in the atmosphere of an
exoplanet [6]. However, most of the experiments require
monochromatic or narrow-band light sources to avoid
dispersion effects. Arago himself observing the sunlight
passing through a quartz crystal placed between crossed
polarizers [7], discovered the optical activity but was
surprised to see a complex superposition of different colors.
The optical rotations of linearly polarized light, both in
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the case of optical activity and Faraday effect, vary with
the different wavelengths and obscure the measurements in
white light. Moreover, since the experiments of von Frisch
with bees [8], many animals have shown to be directly
sensitive to the polarized Rayleigh scattered UV and blue
light of the sky [9] and use the spatially polarized light of
their surroundings for navigation, signalization. Although
a universal master gene has been identified [10,11], many
fundamental differences remain between the structures
and functions of the various complex eyes. For instance,
to the best of our knowledge, detecting fundamental
effects with the naked eye is considered as out of reach
for humans, although Haidinger earlier showed [12] the
existence of polarization patterns on the retina. One may
wonder if it is possible to completely avoid the chromatic
dispersion effects, so as to perform polarimetry in the
polarized surrounding white light and detect directly, with
the naked eye, fundamental effects such as the optical
activity of chiral molecules, the Faraday effect, or even
to read hidden polarized information.
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Fig. 1: (Colour online) Basic white-light polarimetry.

(a) Experimental set-up using the light of the sky. Polarizer
P and analyzer P, are HN22 polaroids, OA corresponds to
the optical activity of the sucrose solution contained in a cell,
D is a visible spectrum detector. (b) Experimental sky white-
light intensity transmitted when the polarizer P, is rotated.
Black line 1: without the sucrose cell, the degree of polariza-
tion reaches 0.9. Red line 2: with a 50 cm long sucrose cell filled
with a concentration of 0.4g/ml, the minimum is smoothed,
due to the dispersion effect, preventing any optical activity
measurement.

To investigate this possibility let us first try to test
chirality, i.e., to perform a measurement of the optical
activity of a sucrose cell using white light and a standard
detector. The usual polarimetric experiment is schema-
tized in fig. 1(a). In a first step, without the cell, the
light coming from the sky for instance, is detected through
polarizers P; and P, where P, is rotated from 0° to
180°. When using HN22 polaroids the degree of polar-
ization of light after passing through the crossed polariz-
ers, defined as p = %, where I, and I,;, are the
maximum and minimum intensities, respectively, reaches
p=0.9 (curve 1 in fig. 1(b)). If, in a second step we try
to measure the optical activity of a solution of dextrogyre
sucrose contained in a 50 cm long cell filled with a concen-
tration of Cp=0.4g/ml and located between the two
polarizers, we obtain the curve 2 of fig. 1(b). The experi-
mental chromatic dispersion of the optical activity of the
sucrose reaching more than 90° for our cell between the
blue and red edges of the visible spectrum [13], smooths
the minimum and forbids any measurement in white light.
We observe successive different colors but we are unable
to measure the optical activity of sucrose in this experi-
ment. Surprisingly if now we try to measure the optical

activity of sucrose with the naked eye, in the absence of
any analyzer, the observation is then direct.

Before realizing the experiment, let us recall the
main properties of the polarization sense in the human
eye [12,14], necessary to carry out naked-eye polarimetry.
The typical Haidinger’s pattern appears as an image
centered on the fovea. The blue brush of the pattern is
parallel to the E-vector of the linearly polarized light
entering the pupil, while the yellow brush is perpendicular
to the E-vector. Using colored filters, one can readily
show that only the blue light (below 500 nm) falling on the
blue cones can induce patterns subtending a visual angle
of about 3°, centered on a 1 mm? disk, at the center of the
fovea. Recently, as these patterns cannot be photographed,
they have been calculated, simulated and experimentally
mimicked [14] taking into account the distribution of
the blue cones in the fovea [15,16]. An estimation of the
contrast of the polarization pattern is about 3% [14],
clearly above the threshold of the sensitivity of the human
eye to a contrast, which is of about 1% [17,18]. Hence the
naked eye can behave like a monochromator, selecting
only the blue part of the spectrum. Moreover when the
polarization of the light is rapidly switched in front of
the eye, the patterns are rapidly reactivated and a short
0.1s recovering time can be measured [14]. This provides
us with the opportunity to use here this short time oppo-
nency to differentially compare two successive polarization
states so as to detect chiral and Faraday effects.

The naked-eye polarimetric experiment is realized either
by using the partially polarized sky light or an artificial
polarized light source (fig. 2(a)). The polarized white-
light source is here provided by a simple liquid-crystal
display screen of a desktop computer giving a linearly
polarized light. Let us for instance look at the screen
alternatively through the sucrose cell and without the cell
by shifting rapidly the cell laterally (fig. 2(a)), so as to use
the 0.1s time. We then observe successively polarization
patterns on the foveal pit similar to those simulated in
figs. 2(b), (c) for different cell lengths. For dextrogyre
sucrose solutions (Cy=0.4g/ml) in a 10 cm long cell, we
observe a 55 & 5° optical rotation (fig. 2(b)). For a 20 cm
long cell, the optical rotation reaches 110° +5° (fig. 2(c)).
The observations through the sucrose cells are no more
obscured by dispersion effects associated with the presence
of the long and medium wavelengths of the incident
white light. When we vary the sucrose concentration
we observe the increasing value of the rotation of the
polarization pattern represented in fig. 3(a). Note that as
no preferential axis exists for the polarization sense in the
human eye, all the directions are equally detected with the
same precision giving constant error bars. The blue, green
and red curves are theoretical curves deduced from the
Drude formula [19] which takes into account the dispersion
variations for the sucrose [13], where the specific rotation
[a] of the electric field is given by
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Fig. 2: (Color online) Direct naked-eye polarimetry. (a) Direct
observations of a polarized light from a computer screen,
alternatively with and without the sucrose cell. The polarizers
are removed and the naked eye alone is used as detector.
(b) Naked eye: observed and simulated polarization patterns
[14], in the absence and in the presence of a 10cm sucrose
cell length filled with a concentration Co=0.4g/ml. Here
the angular graduations are drawn on the computer screen.
With the 10 cm cell, the experimental value of the polarization
rotation is 55° +5°. The precision is deduced statistically from
the different values obtained by successive measurements and
from values obtained by different observers. (¢) Same as in (b),
but with a 20 cm sucrose cell length. The experimental value
of the polarization rotation is then 110° & 5°.

where A; are constants associated to the visible or near
ultraviolet absorption bands \;. The three curves corre-
spond to the three cone pigments of the retina, having
absorption maxima in the blue part of the spectrum
(Amax =420 nm), the green part (Apmax =531 nm) and the
red part (Apmax = 588 nm) [15,16]. Note that the naked-eye
measurements are in agreement with only the theoreti-
cal curve corresponding to the blue part of the spectrum
(fig. 3(a)). This constitutes an indirect confirmation of the
crucial role played by the blue cones alone in the polariza-
tion sensitivity of the human eye.

One may wonder if Faraday could have observed the
so-called Faraday rotation [20] demonstrating that light
responds to magnetic forces through diamagnetic or para-
magnetic media, with the naked eye. Let us look at the
polarized source through a Faraday optical rotator and
then dropping it rapidly like for the sucrose cell. In our
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Fig. 3: (Color online) Rotation angle of the polarization
measured with the naked eye through different types of circular
birefringences. (a) Optical activity: rotation angle of the
polarization wvs. different sucrose concentrations with a 20 cm
cell length. The filled-in circles are experimental measurements.
The blue, green and red curves are the theoretical curves
taking into account the sucrose dispersion in the blue, green
and red parts of the spectrum [13] corresponding to the
absorption maxima of the three cone pigments at 420 nm,
531 nm and 588 nm respectively. (b) Faraday rotation: rotation
angle of the polarization vs. the magnetic-field strength. The
open circles correspond to experimental measurements. The
blue, green and red curves are the theoretical curves taking
into account the dispersion of the Yb*T-doped glass [21].
(c) Total optical activity rotation ws. the number of forward
and backward passes through a 20 cm long sucrose cell (Co/3
sucrose concentration). After one round trip the polarization
rotation is cancelled. The optical activity is a reciprocal effect.
(d) Faraday rotation wvs. forward and backward passes, for a
magnetic field of 2kG. After one round trip the polarization
rotation is multiplied by a factor 2. The Faraday effect is a
non-reciprocal effect.

case we use a 19.5mm long piece of glass doped with
Yb** with its permanent magnet [21]. The 5mm diam-
eter Faraday rod can be adjusted inside the magnet to
vary the effective magnetic field applied to the Faraday
glass. The rotations of the polarization patterns with the
naked eye for different values of the effective magnetic field
are reported in fig. 3(b) and compared to the theoretical
curves taking into account the dispersion of the Verdet
constant for the doped glass [21]. Here too the polariza-
tion pattern rotations are also in agreement only with the
theoretical predictions in the blue. The dispersion effects
are again avoided.

Moreover, it is well known that the circular birefrin-
gences associated with the optical activity and the Fara-
day effect are fundamentally different. Lord Rayleigh [22]
was the first to suggest the use of Faraday rotation for
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optical isolation. He noted that the rotation should be in
the same absolute direction whichever way the light may
be travelling. If we neglect the interface losses, for trans-
parent media both the optical activity and the Faraday
effect can be represented by a 2 x 2 rotation matrix in
the Jones formalism [3]. Let us call M; the propagation
matrix for light travelling along the rotator and Ms the
corresponding matrix for light in the opposite direction.
After a forward pass through the rod, a reflection and a
backward trip through the rod, Jones calculus gives for a
rotation 6 of the electric field,

Mi(6oa)Ma(Ooa) =1, (2)

for an optical activity fpa, and

M (0pr) M2 (0rr) = M (20FR), (3)
for a Faraday rotation fpgr. Optical activity appears as
a reciprocal effect, while the Faraday effect appears as a
non-reciprocal effect. Let us try to test this main difference
with the naked eye for both cases but simply by using an
extra mirror when looking at a computer screen so as to
add forward and backward propagations through the two
elements. The experimental results are shown in figs. 3(c),
(d). Clearly the human naked eye is also able to observe
directly this fundamental difference between the two types
of circular birefringences.

One may also wonder if humans are able to perform
multiaxis naked-eye polarimetry, i.e., to read information
encoded via hidden different axes of polarization of the
light. In the presence of a perfectly constant intensity stim-
ulus from a computer screen for instance and without the
help of any polarizer, let us try to guess and measure
the orientations of unknown successive polarized states,
observed through an extra half-wave plate. Figure 4(a)
shows typical successive flips of linearly polarization states
selected by a first person. Figure 4(b) displays the corre-
sponding response noted by a second observer using only
his naked eye. The rapid 0.1s creating and erasing time of
the photoreceptor chromophores [14] allows the human eye
to act as a differential analyzer and to follow the successive
switches of the polarization states of a constant intensity
light source.

To conclude, the naked-eye polarimetry provides a
direct access to different fundamental effects. Note that
the high sensitivity of the human eye to small contrasts,
used here, has also recently allowed the detection of a
single-atom layer with an opacity as low as 2.3% using
the naked eye [23]. The naked-eye detection has also been
suggested for “seeing” quantum entanglement without
the help of man-made detectors [24-26]. The differential
detection of amplified orthogonally polarized pulses could
be identified without any polarizer thanks to the specific
spatially distributed dichroism of the blue photoreceptors
in the fovea if the pulses are emitted in the blue part of the
spectrum. Moreover, note that, as shown in fig. 4, the eye
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Fig. 4: (Color online) Typical naked-eye detection of multiaxis
polarization flips. (a) The successive polarization orientations
of the light emitted by a computer screen are switched
randomly at 0°, 45°, 90° ... angles by a first person by using
a half-wave plate. The light intensity reaching the eye remains
strictly constant. (b) The successive corresponding blue brush
orientations detected by a second person using only her naked
eye. The thickness of the blue lines corresponds to the typical
error bar (+5°).

should be able to discriminate between successive random
polarization orientations of the pulses. This novel type of
polarimetry with no defined transmission axis, may open
opportunities in many areas including optics, information
coding, retinal physiology [27,28] and evolutionary biology.
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