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We consider Babinet’s principle for metamaterials at optical frequencies and include realistic conditions
which deviate from the theoretical assumptions of the classic principle such as an infinitely thin and perfectly
conducting metal layer. It is shown that Babinet’s principle associates not only transmission and reflection
between a structure and its complement but also the field modal profiles of the electromagnetic resonances as
well as effective material parameters—a critical concept for metamaterials. Also playing an important role in
antenna design, Babinet’s principle is particularly interesting to consider in this case where the metasurfaces
and their complements can be regarded as variations on a folded dipole antenna array and patch antenna array,
respectively.
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Babinet’s principle is a classic concept of the wave theory
of light. It had originally been used to simplify the analysis
of certain diffraction problems.1 In scalar formulation, Babi-
net’s principle yields a correspondence between an amplitude
transmission mask and a complementary mask. Beyond this
original application, Babinet’s principle has found great im-
portance in, for example, the design of broadband antennas.
In such designs, ideally, it is possible to produce antennas
which have an arbitrarily large bandwidth. This can involve
the use of an antenna form which has a conductor pattern
that is itself its own complement.2 Another important appli-
cation has been in the formation of frequency-selective sur-
faces in the far infrared. This has involved the use of grid
structures and their complementary structures which can be
seen as capacitive and inductive gratings, respectively.3 Most
of these applications are designed to operate at microwave
frequencies where metals can be regarded as near-perfect
conductors. Perfect conductivity is a mandatory requisite to
apply Babinet’s principle in a rigorous manner.1 With few
exceptions �e.g., Ref. 4�, Babinet’s principle is traditionally
applied to amplitude transmission structures while neglecting
the presence of resonant eigenmodes. Localized eigenmodes
contribute to the optical properties of a wide variety of nano-
and micro-optical devices, such as subwavelength apertures,
optical antennas, or materials with novel electromagnetic
properties.

These novel properties have become available with the
development of metamaterials composed of resonant unit
cells.5 In the microwave domain, one of the most common
designs for such a unit cell is the split ring resonator �SRR�.6
By scaling down the size of SRRs, it is possible to shift the
frequency of the fundamental eigenmodes of the SRRs into
the optical range.7 It has thus far been unclear whether Babi-
net’s principle is applicable to such conductor patterns in
optical metamaterials. Because a metamaterial is generally to
be considered an effective medium, the structures are ideally
much smaller than the wavelength of incident light. In typi-
cal optical metamaterial regimes, normal metal boundary
conditions are not entirely applicable because the field pen-
etration depth is comparable to the structure size. Addition-

ally, all metamaterials which have been realized thus far have
suffered from relatively high losses, especially in the optical
region. This leads to the question as to whether Babinet’s
principle can even be applied.

These questions demand answers because Babinet’s prin-
ciple is a fundamental concept in optics as well as in radio
and microwave frequency antenna physics. With recent
progress in optical frequency antennas8 and metamaterials,
the opportunity of using Babinet’s principle to explore new
metamaterial designs and possibilities for these systems is
desirable. An ideal test bed to answer these questions is to
consider the conductor patterns of an SRR and a complemen-
tary SRR �C-SRR� as shown in Fig. 1. SRR structures are
explored here because they have been crucial in the devel-
opment of metamaterials and are well understood in the mi-
crowave and optical9 domains. Recent work has been per-
formed with these structures in the microwave10 and
terahertz11 regions, where the used copper and gold as SRR
material represents a nearly perfect conductor. Meanwhile, it
was shown that the C-SRR structures can help in the design
of narrow band frequency-selective structures with micros-
trip technology.12 Additionally, these patterns correspond to
important antenna structures. This is apparent when regard-
ing the single SRR in Fig. 1�a� as a folded dipole antenna,
whereas the complementary structure in Fig. 1�b� can be re-
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FIG. 1. �Color online� Schematic view of �a� the fabricated gold
SRRs and �b� their complementary structure. Both structures have a
height of 15 nm and are deposited on a 2-mm-thick Infrasil glass
substrate.
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garded as a variation of a planar patch antennas. Both have
important applications in microwave physics.2

In this Brief Report, we establish that it is indeed possible
to utilize Babinet’s principle for metamaterials in the optical
domain when the system is nonideal. If a complementary
wave with E0

c =cB0 and B0
c =−E0 /c illuminates a comple-

mentary screen Sc, the full vectorial Babinet’s principle states
that the total scattered fields behind the screen must satisfy
E−cBc=E0 and B−Ec /c=B0.13 Here, E0 and B0 are the in-
cident fields from the original screen S. Although this prin-
ciple is only exact for a perfectly conducting thin planar
screen of infinite extent, we consider its validity for the op-
tical metamaterial regime. Since metamaterials are composed
of subwavelength structures, only the zeroth diffraction order
can propagate. On the other hand, metamaterials have intrin-
sic resonances.9 An approach to the interpretation of Babi-
net’s principle is necessary, which considers the electric and
magnetic fields due to these resonances. The complementary
nature of these fields is discussed below.

Figure 1 schematically shows arrays of periodically ar-
ranged gold SRR and C-SRR structures. Both types of struc-
tures were fabricated on top of a glass substrate �Infrasil, n
=1.46� using electron beam lithography techniques. The
SRRs and C-SRRs have outer dimensions �as confirmed by
electron microscopy� of 420�420 nm2 with line and slit
widths of 60 nm and 70 nm, respectively. The size of the gap
is 220 nm for the SRR and 240 nm for the C-SRR. The
height of the gold layer in both cases is 15 nm.

The optical response of the samples was measured over a
wide frequency range with a Fourier transform infrared spec-
trometer. Figure 2 shows the measured transmittance and re-
flectance spectra of the SRR and C-SSR structures for both
polarization directions. Due to the incipient strong absorp-
tion of the glass substrate below 70 THz, values for the re-
flectance are only attainable for the low frequency edge of
the measured spectra. For the SRR, three pronounced reso-
nances appear in the spectra, two for the polarization parallel

to the gap of the SRRs and one for the polarization perpen-
dicular to the gap. These are the first three lowest-order plas-
monic eigenmodes of the SRR.9 These modes are labeled on
the plot by the number of nodes of the electric field compo-
nent normal to the plane of the SRR. The fundamental mode
near 70 THz, for instance, is indicated by “1”. This mode
plays a particularly important role in the magnetic dipolar
response of the SRR if the magnetic field component of the
incident light field is oriented perpendicular to the SRR
plane.7

When comparing the spectral response of the SRRs with
that of the complementary structures �Figs. 2�b� and 2�c��, it
is obvious that the behavior of the reflectance has been in-
terchanged with the transmittance when the polarization di-
rection of the light is rotated by 90°. Each peak in the reflec-
tance of the SRRs corresponds to a peak in the transmittance
of the C-SRR. The slight shift in the spectral peak positions
is due to deviations of the fabricated structure sizes between
the SRRs and the C-SRRs; this leads to small differences in
resonance frequencies. Although gold already shows a strong
absorption in this frequency region, the peaks �dips� in the
transmittance �reflectance� of the complementary structure
are well pronounced. Even the spectral width of the modes is
comparable to the eigenmodes of the SRR structure.

For a rigorous simulation of the scattering response, a
technique based on the Fourier modal method14 was em-
ployed which, for the description of the material, used the
dielectric function of gold from Ref. 15. The results of the
simulated spectra are shown in Fig. 3. For the calculation,
the structure sizes of the fabricated SRRs and C-SRRs were
taken into account. For high frequencies, particularly above
300 THz, the measured peaks in the spectra of the C-SRRs
are less pronounced in comparison to those calculated and
seem to be strongly broadened. Further experiments with the
same structure sizes for the C-SRRs but different periods
show that these peaks shift noticeably to lower frequencies in
the spectrum when the distance between sites is increased.

Polarization Polarization
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FIG. 2. �Color online� Measured transmittance �blue, dotted�
and reflectance �red, solid� of ��a� and �d�� SRRs and ��b� and �c��
C-SRRs for the two polarization configurations. The numbers mark
the eigenmodes described in the text.
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FIG. 3. �Color online� Calculated transmittance �blue, dotted�
and reflectance �red, solid� of ��a� and �d�� SRRs and ��b� and �c��
C-SRRs for the two polarization configurations. The numbers mark
the eigenmodes described in the text.
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This behavior is a typical sign for the excitation of propagat-
ing surface plasmons in the metallic film by the periodicity16

and will not be considered here further.
To understand the excited modes in the case of the

C-SRRs better, the near-field distributions of the first and
third resonance �indicated by 1 �1c� and 3 �3c� in Fig. 3� were
calculated for both cases. The calculations were performed
with the finite difference time domain method. The results
for the component of the electric and magnetic fields normal
to the surface are shown in Fig. 4. For the SRR resonance 1,
the electric field component Ez �normal to the plane of the
paper� shows a strong enhancement at the two ends of the
ring structure. As recently shown, this characterizes the first-
order eigenmode of the SRR due to the excitation of a fun-
damental localized plasmon mode along the entire ring.9

In the case of the complementary structure, Babinet’s
principle anticipates that each electric field component E
should be interchanged with its magnetic counterpart B. The
magnetic near field, therefore, exhibits the analogous behav-
ior in the C-SRR, as shown in Fig. 4�b�. This magnetic field
distribution shows qualitatively the same behavior as the
electric field for the first-order eigenmode of the SRR. In
analogy to the SRR eigenmodes, higher-order modes of the
C-SRR also occur �field distributions are only shown for the
first- and third-order resonances in Fig. 4�. Therefore, it is
reasonable to use an analogous labeling scheme for the
C-SRR eigenmodes as for those of the SRR—labeling in
accordance to the node number of the appropriate field in z
direction. In a microscopic picture, the eigenmodes of the
SRR are related to the excitation of localized surface plas-
mon polaritons in the metallic nanoring, whereas the eigen-
modes of the C-SRR are related to localized guided modes in
the nanoslits through the metal film.

These localized guided modes show the same behavior as

modes in nanocavities. The light is guided as eigenmodes
inside the slits and can propagate through the metal film with
relatively low losses. As for the excitation of the eigenmodes
of the SRR, the resonance position in the spectrum of such
cavity modes is determined mainly by the geometric details
of the structure. Because the SRR and C-SRR structures are
of subwavelength size, a macroscopic picture involving ef-
fective material parameters17 can be used. In this picture,
efficient transmission of light through a nanostructured metal
film can be intuitively understood. This requires the extrac-
tion of an effective relative permittivity � and permeability
�.

In addition to the complementary relationships between
the SRR and C-SRR structures which we have already dis-
cussed, we find a complementary relationship in effective
permittivity resonances. This relationship gives a correspon-
dence between the spectral positions of the plasmonic eigen-
modes and the positions of effective material resonances.
The peaks or dips in the reflectance and transmittance spectra
indicate the plasmonic eigenmodes. On the other hand, ef-
fective material resonances appear in the permittivity �,
shown in Fig. 5. The permittivity was retrieved from the
simulated spectra of Figs. 3�a� and 3�b�. Due to the propaga-
tion of the light perpendicular to the SRR plane, only a reso-
nant behavior in the permittivity occurs, and the permeability
�not shown� is nearly unresponsive ���1�. In Fig. 5, the
labeled vertical lines show the spectral locations of the indi-
cated plasmonic eigenmodes from Fig. 3.

When comparing the spectra of the SRRs with the re-
trieved permittivity �Fig. 5�a��, we see that the spectral posi-
tions of the plasmonic eigenmodes coincide with the maxi-
mum of the imaginary part of the permittivity. The plasmonic
resonances, therefore, spectrally coincide with the reso-
nances in the effective material parameters.

In the case of the C-SRR structures shown in Fig. 5�b�,
the locations of resonances in � have a complementary rela-
tionship with the plasmonic resonance positions. Rather than
being located at the same spectral positions, the plasmonic
resonances �high transmission� correspond to spectral loca-
tions where Re��� is near unity. The locations of the � reso-
nances, therefore, correspond to regions far from the plas-
monic resonances and are thus broad sections of high
reflectivity.
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FIG. 4. �Color online� Calculated field distribution for the first-
and third-order eigenmodes of the ��a� and �c�� SRR and ��b� and
�d�� C-SRR. The plot shows the field component ��Ez� and �Bz��
normal to the structure plane 7.5 nm above the surface. The fields
are normalized to the illuminating electric and magnetic fields,
respectively.
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FIG. 5. �Color online� Retrieved real part �solid line� and imagi-
nary part �dotted line� for the permittivity of the SRR and C-SRR
slab structures from the calculated spectra. The vertical dotted lines
together with the numbers mark the transmission and/or reflection
resonance positions in the spectra. Im��� in �b� is shown with a 1/3
magnitude scale.
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This is explicable in light of the fact that the material
layer with effective � near unity is well matched to its envi-
ronment �i.e., air, glass�. In such a case, high transmission is
expected. This interpretation is also consistent in the SRR
case, in which locations with Re��� near unity correspond to
broad regions of high transmission. This behavior is comple-
mentary between SRR and C-SRR and can be regarded as
Babinet’s principle for effective material parameters in
metamaterials. Because the effective material resonances oc-
cur far from the resonances in the reflectance and/or trans-
mittance spectra, this aspect is of particular interest for
metamaterials. This approach connects the guided mode pic-
ture and the effective material picture and illustrates com-
plete correspondence between the pair of subwavelength
structures. This high transmission and impedance-matched
behavior is especially useful in the designs of enhanced
transmission subwavelength structures as well as in efficient
nanoantennas.8,18

In conclusion, we have shown that Babinet’s principle
qualitatively holds for metamaterials at near-infrared optical
frequencies, despite the fact that the properties of the system

include subwavelength structures and lack perfect conductiv-
ity and ideal boundary conditions. With the example of the
well-known SRR, we have demonstrated that, for a comple-
mentary structure �C-SRR� illuminated by a complementary
wave, the reflection and transmission can be interchanged.
The eigenmodes of the C-SRR can be denoted in analogy to
the eigenmodes of the SRR; this analogy is an implication of
Babinet’s principle. We have shown that there is additionally
a complementary behavior of effective material parameters.
Babinet’s principle, therefore, can open possibilities for the
design and understanding of metamaterials, metasurfaces,
and nanoantennas in the optical domain, as it has done for
radio frequency and microwave antenna physics.
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