VOLUME 90, N UMBER 10

PHYSICA L R EVIEW LET T ERS

week ending
14 MARCH 2003

Optical Manifestations of Planar Chirality
A. Papakostas,1,2 A. Potts,1,2 D. M. Bagnall,1,2 S. L. Prosvirnin,3 H. J. Coles,2 and N. I. Zheludev1,*
1

2

Department of Physics and Astronomy, University of Southampton, SO17 1BJ, United Kingdom
Department of Electronics and Computer Science, University of Southampton, SO17 1BJ, United Kingdom
3
Institute of Radio Astronomy of National Academy of Sciences of Ukraine, Kharkov, 61002, Ukraine
(Received 27 August 2002; published 14 March 2003)
We report that planar chiral structures affect the polarization state of light in a manner similar to
three-dimensional chiral (optical active) media. In experiments with artificial metal-on-silicon chiral
planar gratings of 442 wallpaper group symmetry, containing millions of chiral elements per square
centimeter, we observed rotation of the polarization azimuth in excess of 30 of light diffracted from it.
The rotation was found to change its sign for two enantiomeric forms of the media and to have
components associated with both the structural arrangement and the chirality of individual structural
elements.
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medium consisting of microscopic chiral metallic objects
distributed regularly in a plane, with a density of several
millions per square centimeter. In this artificial medium
we have observed handedness-sensitive rotations and elliptization of the polarization state for visible light diffracted from the structure.
We studied arrays of gammadions arranged in regular
two-dimensional square gratings to produce a structure of
planar 442 wallpaper group symmetry (in Orbifold notation, or ‘‘p4’’ in International Union of Crystallography
notation) [8]. This group has no axes of reflection or glide
reflection and is 2D chiral with corresponding wallpaper
structures available in two enantiomeric forms (see inset
in Fig. 1). The structures were manufactured using a
combination of direct-write electron beam lithography
and ion beam milling on a thin film of metal (100 nm

The ability of left-right asymmetrical (chiral) threedimensional molecules to rotate the polarization state of
light known as optical activity is one of the most remarkable effects in optics that has been extensively studied
since its discovery at the beginning of the 19th century.
An optical active medium (for example, a medium consisting of randomly oriented helixlike molecules) will
show opposite signs of polarization azimuth rotation for
the two mirror-symmetric (enantiomeric) forms of the
constituting molecule. The general concept of chirality
also exists in two dimensions [1– 4], where a planar object
is said to be chiral if it cannot be brought into congruence
with its mirror image unless it is lifted from the plane.
One could therefore envisage a planar chiral medium that
consists of ‘‘flat’’ chiral elements possessing no line of
symmetry in the plane. So far, there have been only a few
theoretical publications on the optical manifestations of
such planar chirality. Hecht and Barron predicted incoherent circular differential Rayleigh and Raman light
scattering from an ensemble of planar chiral molecules
[5]. They showed that genuine strong chiral scattering
phenomena could be generated through pure electric dipole interactions (in comparison with the much weaker
processes involving magneto-dipole interaction in threedimensional chirality), while Arnaut and Davis calculated the scattered fields from the two-dimensional chiral
structure of a metallic wire gammadion and found rotation of the polarization azimuth of the scattered field [6].
However, there have as yet been no reports of experimental observations of any optical manifestations of planar
chirality, apart from the observation of a random chiral
component in a highly localized near-field polarization
effect in metallic fractal aggregates [7]. Consequently, it
has yet to be shown whether planar chiral media could
affect the far-field polarization state of light scattered on
it in a manner similar to three-dimensional chiral media
when the polarization effect is sensitive to the handedness
of the structure. Here we report that we have manufactured left- and right-handed forms of a regular artificial

FIG. 1. A schematic illustration of the experiment to study
optical manifestations of two-dimensional chirality in artificial planar structures. The inset shows a scanning electron
micrograph of a typical chiral structure (Ti=Au=Ti on silicon).
Dark areas correspond to removed metallic film.
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of gold sandwiched between two 20 nm thick layers of
titanium) on a double-polished silicon substrate. The
gammadions had sides of length   1:4 m, but different internal angles , with positive values of  corresponding to clockwise gammadions and negative values
corresponding to anticlockwise. The pitch of the gratings
was 4:0 m in both directions so that the density of
gammadions was 6:2  106 cm2 , while the total grating
area available for optical measurements was approximately 1  1 mm2 . Optical experiments were performed
at a wavelength of 632 nm, and the polarization parameters of the diffracted wave were measured using the
‘‘rotating wave-plate’’ polarimetric technique. The structures were oriented to the incident beam in such a way
that the plane of incidence was parallel to one axis of the
gammadion array (see Fig. 1). In this configuration, diffracted waves propagate in both the plane of incidence
and at various angles to it, with the scattered light showing a well-defined rectangular diffraction pattern. The
polarization states of these diffracted waves are noticeably different from those which would be expected for
diffraction from a nonchiral grating. If the diffracted
wave remains in the plane of incidence and the incident
wave is polarized either in the plane of incidence or
perpendicular to the plane, no polarization change would
be expected for a nonchiral grating. However, we found
that if the incident wave is linearly polarized, say, in the
plane of incidence, the polarization states of the diffracted waves are, in general, elliptical, with the polarization azimuth rotated by some angle to the initial
polarization state. For a given angle of incidence , the
polarization states of various diffraction orders were
found to be different. We concentrated on characterizing
the polarization states of the first-order diffracted waves
in the plane of incidence and measured the difference
between the polarization azimuth of the incident wave ’
and that of the diffracted wave. We also measured the
ellipticity angle  of the diffracted wave (where   0
corresponds to a linearly polarized wave, and   45
corresponds to right and left circular polarizations, accordingly [9]).
We first measured the diffracted beam polarization
change as a function of the angle of incidence  for three
pairs of enantiomeric chiral structures with different
gammadion internal angles , for an incident wave that
was linearly polarized in the plane of incidence [see
Fig. 2(a)]. The polarization azimuth rotation
and
the degree of ellipticity  both strongly depend on the
angle of incidence . However, whatever the values of ,
, and , the waves diffracted from enantiomeric planar chiral structures were of the same amplitude but of
opposite sign. A comparison of results for the polarization azimuth rotation [Fig. 2(b)] for enantiomeric pairs
with different values of  illustrates that the strongest
polarization effects are seen in the ‘‘open’’ gammadion
structures with   45 . We also compared the polarization azimuth rotation for positive and negative incident
107404-2

week ending
14 MARCH 2003

angles, . Although some minor differences in the
polarization response for incident angles of opposite
signs were observed, the polarization changes were found
to be largely insensitive to the sign of the incident angle.
Our results [Figs. 2(a) and 2(b)] unambiguously show that
polarization changes in light diffracted from a chiral
planar structure show a true signature of planar chirality
because the interaction of light with the two enantiomeric
(left-right) forms of the structure yields different polarization changes that would not be observed if the structure
lacked planar chirality. Comparison of the polarization
changes resulting from light reflected from an unstructured gold surface with that for the two enantiomeric
forms of the chiral structure for different incident polarizations [Fig. 2(c)] provides further evidence for true
planar chirality. Incident waves linearly polarized with
’  0 and 90 are eigenpolarizations of an unstructured
metallic surface: the polarization azimuth and ellipticity
of the waves do not change on reflection. By contrast,
chiral planar structures exhibit strong polarization
changes for both ’  0 and 90 with the polarization
changes having an opposite sign for each enantiomeric
form in both cases. Moreover, the orientation mean values
of both the polarization azimuth rotation and the ellipticity (each averaged over the incident polarization azimuth ’) are nonzero and have opposite sign, indicating
that true planar chirality should also be observable for
light scattered from randomly oriented gammadions. It
should be noted that the geometry of the experiment
imposes unequal conditions for the incident light polarized in the plane of incidence and perpendicular to the
plane. As a result of this asymmetry, planar chirality
appears on a background of ‘‘birefringence.’’ In such a
situation, one would expect the polarization change to be
an alternating function of ’, as seen in this experiment.
Such an alternating dependence has a clear analogy with
the polarization change in the optical Faraday effect in a
birefringent crystal. One can distinguish between two
different hierarchy levels of planar chirality. The first is
‘‘molecular’’ chirality derived from the chirality of individual structural elements such as gammadions, which
have no symmetry axes. Molecular chirality will survive
even if structural elements are randomly oriented on the
plane. The second source of planar chirality is due to the
ordering of structural elements, which are not necessarily
in themselves chiral. Here the chirality of the structure as
a whole emerges as a result of ordering. Thus, for example, a square grid of crosses with equal sides would be
chiral overall, and the structure will still have no axis of
symmetry, if all the crosses are equally rotated by any
angle with respect to the grid that is not a multiple of 45 ,
even though neither the crosses nor the grid are themselves chiral. Such planar ‘‘structural’’ chirality will,
however, vanish if these nonchiral elements are randomly
oriented in the plane. Analysis of Fig. 2(c) shows that the
orientation mean value of the polarization azimuth rotation, which represents the molecular component of planar
107404-2
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FIG. 2. (a) Polarization azimuth rotation (䊉, ) and change in ellipticity (䊏, 䊐) of light wave diffracted from left-handed (,
䊐) and right-handed (䊉, 䊏) gammadion arrays plotted as functions of the incidence angle. The two enantiomeric forms correspond
to   45 (left handed) and   45 (right handed). Note the change of the sign of the polarization effects from left- to righthanded structures. For illustration and comparison purposes, theoretical results are presented which show polarization azimuth
rotation (lines I and IV) and ellipticity (II and III) for a complementary design of gammadions made of an ideal conductor (I and
III: left-handed gammadions; II and IV: right-handed gammadion). (b) Polarization azimuth rotation of light wave diffracted from
left-handed (, 4, 䊐) and right-handed (䊉, 䉱, 䊏) gammadion arrays of different degrees of chirality plotted as functions of the
angle of incidence. The different plots correspond to different internal angles   45 (),   90 (4),   135 (䊐),
  45 (䊉),   90 (䉱),   135 (䊏). (c) Polarization azimuth rotation of light wave diffracted from left-handed ()
and right-handed (䊉) gammadion arrays and reflected from an unstructured Ti=Au=Ti surface () plotted as functions of the
polarization azimuth of the incident wave. The lines A, B, and C are the orientation mean values of the rotations for right- and lefthanded gammadions and unstructured metal, respectively. Note that when the unstructured metal shows no polarization change
[’  0 (180), 90 ], left- and right-handed gammadion structures show opposite rotations, as indicated by the arrows.
(d) Comparison of theoretical values of the continuous chirality measures calculated using the Zabrodsky and Avnir model (curve
A), and using formula (1) (curve B), with experimentally observed values of azimuth rotation (solid connecting lines have been
added by hand to distinguish between gammadions with different angles). In all cases normalized absolute values (magnitudes) are
presented.

chirality, constitutes about 12% of the total chiral effect
measured at ’  90 and ’  0 . Therefore, structural
and molecular planar chirality are both seen in our artificial gammadion gratings.
It is possible to establish a continuous measure of
planar geometrical chirality, which raises the intriguing question of how this measure is related to the strength
of observable chiral optical effects. However, such a
relationship depends on the excitations created by light
in the structure and will undoubtedly depend as much on
the material characteristics of the structure as on its
geometry. Nevertheless, analysis of the geometrical chirality may be used as a relatively simple first step in
identifying the most promising chiral structures. To illus107404-3

trate this, we compare our experimental results with two
models of continuous chirality. The first, the Zabrodsky
and Avnir model [3], introduces a continuous chirality
scale based on the minimal distances that the vertices
of a shape must move in order to attain the nearest achiral
configuration, which in our case we assumed to be a
grid of crosses. The second model, which we introduce
here [10], evaluates the chirality of a set of points by
summing the individual chirality measures of all possible
triangles made from the points. If a particular triangle
has sides of length a1 , a2 , and a3 , the chirality measure
for that triangle is calculated by summing the differences
in areas for pairs of subtriangles created by bisecting
each of the angles in turn. This results in the following
107404-3
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formula:  r1 ; r2 ;r3  a1  a2 a1  a2 1  a2  a3 
a2  a3 1  a3  a1 a3  a1 1 . By summing over all
possible combinations of the points on the shape, one will
arrive at the following chirality measure K:
1 ZZZ
K
 r1  r2  r3 r1 ;r2 ; r3
6
  r1 ;r2 ; r3 dr1 dr2 dr3 :
(1)
Here
r1 ;r2 ; r3 is the area of an individual triangle
defined by coordinate vectors r1 , r2 , and r3 and  r is
the point density function. We find it remarkable that the
experimentally observed magnitude of the polarization
azimuth rotation shows some correlation with both geometrical chirality measures and particularly strong correlation with that calculated using formula (1) [see
Fig. 2(d)].
On the microscopic level the mechanism behind optical
manifestations of planar chirality may be understood if
one considers an electromagnetic field polarizing a gammadion. If a conductive gammadion interacts with the
electric field of the incident wave, directed, for instance,
along one of the gammadion legs, the positive and the
negative carriers are driven into opposite legs. As the
conductive strip is bent in a chiral fashion, charges will be
shifted not only along the direction of the field, but also
into the bent ends of the legs, thereby inducing a polarization perpendicular to the driving electric field with a
sign that depends on the direction of the bend and, therefore, on the chirality of the gammadion. When fields are
re-emitted by the chiral currents, a rotation of the polarization state of the scattered field is observed. The
diffraction pattern and polarization properties of the
diffracted waves are formed by a coherent addition of
fields scattered from individual elements in a given direction. We were able to compare our experimental data with
values calculated using a numerical model which incorporates this microscopic mechanism [11]. This numerical
code was originally developed for microwave application
and treats chiral gammadions as thin narrow strips of
ideal conductors, an assumption which is not strictly correct in the optical part of the spectrum. Moreover, in our
experiments we used gammadion structures etched into a
gold film, where the chiral response is likely to be formed
by excitation of plasmons in grooves of the structure [12],
so they are complementary to gammadions made from
strips of conducting metal, as assumed in the calculation.
In spite of these obvious discrepancies between the model
and the actual experimental situation, we believe that it is
instructive to compare experimental data with the results
of these calculations, which we present in Fig. 2(a). The
model predicts many essential features of the observed
polarization effect, namely, opposite signs of the rotation
and elliptization for enantiomeric forms, pronounced dependence of the effect on the incident angle, and the
characteristic magnitudes of rotation and elliptization.
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To summarize, we observed for the first time unambiguous evidence of optical manifestation of chirality
in a two-dimensional planar system in the far-field diffraction regime. Possibly the most intriguing feature of
planar chirality would be that the sign of chirality reverses if the structure is observed from different sides of
the plane and so should be the polarization effect associated with it [5]. If a subwavelength 2D chiral structure
would show a polarization effect in the absence of diffraction, its nonreciprocal features should resemble those
of the optical Faraday effect of polarization plane rotation in magnetized media and contrasts with conventional
optical activity where polarization azimuth rotation
caused by three-dimensional chirality does not depend
on the direction of propagation. As reversing of the
propagation direction is equivalent to the time reversal
T operation, polarization azimuth rotation on transmission through a planar chiral structure would be a relatively rare manifestation of a T-odd effect in optics. So
far, using the 2D chiral structures described above, we
have been able to see that for a transmission diffraction
experiment at a wavelength of 1:52 m the polarization
eigenstates change if the direction of light propagation
through the structure is reversed.
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