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Switching the electric and magnetic responses in a metamaterial
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We demonstrate in this Rapid Communication that in an assembly of stacked metallic U-shaped resonators,
pure magnetic and electric responses are, respectively, realized, and the magnetic and electric responses can be
switched at the same frequency by changing the polarization of incident light for 90°. This unique feature
originates from the topological symmetry of the structure. We suggest that this property opens a gateway to
construct metamaterial with tunable permittivity and permeability.
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As an artificial microstructure, metamaterial opens a gate-
way to achieve electromagnetic properties that are unattain-
able from natural materials and provides intriguing perspec-
tives for manipulating electromagnetic waves. With
deliberately designed metallic microstructures, specific elec-
tromagnetic responses occur; hence, artificial magnetism,l’3
negative refractive index,*’ enhanced optical
transmission®~!2 and invisible cloaking,'>!* etc., can be real-
ized. The electric and magnetic responses of a system are
usually characterized by permittivity and permeability, which
depend not only on the intrinsic structure of the material but
also on the polarization of incident light. Yet studies so far
concentrate most on finding new geometries to achieve de-
sired electric and magnetic responses, and very few re-
searches have been done on the role of external excitation
fields.

Conventional designing of materials with negative refrac-
tive index follows the idea to combine a resonant magnetic
structure with metal that provides a “background” of nega-
tive permittivity in a broad spectral range.® including the
wavelength where magnetic response occurs.”!>10 Yet elec-
tric and magnetic components of an electromagnetic wave
are coupled. The magnetic response of a metamaterial in fact
originates from the interaction of magnetic component of
incident light and induced magnetic dipole moment gener-
ated by surface electric current.? It is intriguing to find out
the reasons that electric and magnetic responses are discrimi-
natively excited in these microstructures and to find a way to
tailor permittivity and permeability of the structure.

Here, we report that the magnetic and electric resonances
of the same metallic structure can be switched at the same
frequency band by simply altering the polarization of inci-
dent light by 90°. This property originates from the
constructive/deconstructive superposition of electric and
magnetic responses of four orthogonally placed U-shape
resonating (USR) elements. Although each individual reso-
nator exhibits distinctive electric and magnetic responses, the
collective response of all the resonators in the unit can be
purely electric or magnetic. Our finding offers an interesting
implication for metamaterial design that one can achieve the
bulk properties that fundamentally differ from that of each
individual element.
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PACS number(s): 78.20.Ci, 42.25.Ja, 73.20.Mf, 78.67.—n

The elementary building block of the metallic structure
consists of two types of USR pairs, U, and U,. For U, [Fig.
1(a), right], its upper and lower layers have been rotated,
respectively, with respect to that of U; [Fig. 1(a), left]. Four
pairs of such USR elements assemble a unit, where the ele-
ments in diagonal direction are identical [Fig. 1(b)]. An array
of such units is arranged in a simple square lattice. The co-
ordinate frame is so set that the diagonal directions of USRs
are defined as x and y directions, respectively, as shown in
Fig. 1(a). Meanwhile, the opening of U, on the upper layer
points to 45°, while that on the lower layer points to —45°.
Light incidents along +z and the polarization (defined as the
direction of E) are characterized by angle 6.

With the finite difference time domain method (CST Mi-
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FIG. 1. (Color online) (a) The structure of stacked and orthogo-
nally rotated USR pairs (U, and U,). (b) The unit constructed with
U, and U,. The elements in the diagonal directions are identical. (c)
Transmission coefficients (|¢]) with different polarization (#=0, x
polarization; #=/4; and 6=/2, y polarization). Two resonant
dips locate at w; and wp, respectively. (d) The calculated surface
current density excited on USRs at lower and higher resonant fre-
quencies, respectively. The red/gray small arrows represent the cal-
culated local current distribution, and highlighted arrows represent
the effective current. In the calculation, both the interlayer and the
substrate are set as vacuum, and a=4.0 um, b=1.0 pum, and
2=600 nm.
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crowave Studio), we calculate the transmission coefficients
of USRs array with different polarization [Fig. 1(c)]. Inde-
pendent of polarization of incident light, two resonant dips
appear around ;=400 cm™! and w,=590 cm™!, respec-
tively. Surface current densities on U, at these two resonant
frequencies are illustrated in Fig. 1(d) with small arrows. The
effective-induced electric currents on each layer of USRs are
schematically illustrated by the highlighted long arrows. One
may find that at w;, the electric currents on the upper and
lower layers of USRs flow in parallel; whereas at wy, the
currents on the two layers are antiparallel. The detail surface
current analysis and corresponding electric/magnetic field
distributions are provided in the supporting material.'” It
should be emphasized that the mode of the induced electric
current on a USR pair is independent of the polarization of
incident light.

The relative direction of the induced current in elements
U, and U,, however, depends on the polarization of incident
light. For example, as illustrated in Fig. 2(a), when the nor-
mal incident light is x polarized, at w; the excited currents
on both upper and lower layers of U; flow in the same di-
rection and are anticlockwise; meanwhile, those on U, flow
in the same direction, yet they are clockwise. When the in-
cident light is y polarized, at the same frequency, the excited
surface currents on both layers of U; and U, are anticlock-
wise, as shown in Fig. 2(b). The induced surface currents on
U, and U, at wy have the similar feature and are shown in
Fig. 2(c) (for x polarization) and Fig. 2(d) (for y polariza-
tion), respectively.

Whether a response is magnetic or electric depends not
only on the mode of surface electric currents'®!? but also on
the polarization of the incident light. From Fig. 2, one may
easily find that the excited circular currents on USRs gener-
ate the induced magnetic fields H é, which either cancel out in
the unit cell [Figs. 2(a), 2(c), and 2(d)] or is along the propa-
gation direction of incident light [Fig. 2(b)], and does not
add to the incident field. So the induced vertical magnetic
moments do not contribute to the resonance in permeability
w20 However, situation differs in the horizontal plane. To
elucidate this, we project the induced surface currents on
upper and lower layers of USRs in directions along x axis
and y axis, respectively. Let us take element U; as an ex-
ample [Fig. 2(a), left]. At w,, the projected currents on the
upper and lower layers of U; along x direction are antipar-
allel; whereas those along y direction are parallel. This
means that curl integration along the loop in x-z plane is
nonzero, indicating an induced magnetic field H’ is estab-
lished according to Ampere’s law. Along y direction, in y-z
plane, two parallel projected currents on the upper and lower
layers suggest that there exists an induced electric field E’
along —y direction according to Ohm’s law. Similar analysis
can be applied to U, [Fig. 2(a), right], where a magnetic field
H' is induced in +y direction, and an electric field E’ is
induced in +y direction. Therefore, when the incident light is
x polarized, by combining U, and U,, as that shown in Fig.
2(a), a pure induced magnetic field is established in y direc-
tion, which is in the same direction of the magnetic compo-
nent of the incident light; the induced electric fields in U,
and U,, however, are in the opposite directions, and hence
are canceled out [Fig. 2(a)]. Consequently, a pure magnetic
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FIG. 2. (Color) By setting x and y axes along the diagonal
directions of USRs, we project the induced surface current along x
and y directions. (a) for x-polarized incident light, at w; the induced
electric fields contributed by U; and U, are canceled; whereas the
induced magnetic fields sum up and are along the direction of the
incident light. In this scenario, magnetic response occurs. (b) for
y-polarized incident light, at w; the induced magnetic fields con-
tributed by U; and U, are canceled; whereas the induced electric
fields sum up and are along the direction of the incident light. In
this scenario, electric response occurs. (c) and (d) show the situa-
tions at high resonant frequency wy, where electric (c) and mag-
netic (d) responses are induced, respectively. It should be noted that
the induced magnetic fields in vertical direction H: either cancel out
in the unit cell or along the k vector of incident light. They do not
add to the incident field H.

response is excited by x-polarized light in this scenario.
Each separated element U, or U, is polarimetric due to
chirality of the structure. However, by combining U, and U,
in the way as we show above, a linear response is generated
when the polarization of incident light is along the diagonal
directions of USRs. The diagonal directions of USRs can be
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FIG. 3. (Color online) (a) The calculated transmission (|¢|) and
reflection (|r]) coefficients for x-polarized incident light. (b) The
retrieved permittivity and permeability with x-polarized incident
light. (c) The calculated transmission (|¢]) and reflection (|r]) coef-
ficients for y-polarized incident light. (d) The retrieved permittivity
and permeability with y-polarized incident light. The shaded re-
gions denote the zones with negative effective permittivity and per-
meability, respectively.

considered as the principal axes of this metamaterial. The
topological symmetry of the structure is responsible for the
unique features presented here.

Similarly, for y-polarized incident light, at w;, induced
magnetic field is along +y direction and induced electric field
in —y direction on U, [Fig. 2(b), left]; on U,, both induced
magnetic and electric fields are in —y direction [Fig. 2(b),
right]. So, by combining U; and U,, as shown in Fig. 2(b),
induced magnetic fields along y direction are canceled out,
whereas a purely induced electric field is established along
—y direction, which is exactly in the same direction of the
electric component of incident light. Therefore, a purely
electric response is excited [Fig. 2(b)].

The same analysis can be applied at wy. It turns out that
with the combination of U; and U,, electric response can be
established when incident light is x polarized [Fig. 2(c)], and
magnetic response is established when the incident light is y
polarized [Fig. 2(d)]. We therefore conclude that both
x-polarized and y-polarized incident lights can equivalently
excite either electric or magnetic response.

The unit consisting of elements U; and U, in the way
shown in Fig. 1(b) is applied as the building block to con-
struct an array with a simple square lattice. The transmission
and reflection coefficients of the array are shown in Figs.
3(a) and 3(c) for x- and y-polarized incident lights, respec-
tively. In both cases, two resonances appear, respectively, at
w; and wy. Calculation indicates that for both scenarios,
there is no change in polarization orientation, so the retrieval
method based on S parameters’! can be safely applied. Fig-
ures 3(b) and 3(d) illustrate the effective permittivity &4 and
effective permeability u.; of the structure. Magnetic re-
sponse occurs at w; when the incident light is x polarized
(characterized by an evident jump in w.g); electric response
occurs at wy (characterized by an evident jump in &.) for
the same polarization. For y-polarized incident light, electric
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FIG. 4. (Color online) (a) Scanning electron micrograph of USR
array fabricated by the alignment nesting lithography. The bar
stands for 10 wm. (b) The detail micrograph of the unit of USRs.
The arms of lower layer USRs look wider than that on the upper
layer due to the coverage of Si3N,. The bar stands for 4 um. (c)
Experimentally measured transmission spectra with different polar-
ization. The inset shows the schematics of measurement setup. Two
resonance dips can be identified. (d) Retrieved permittivity (black
solid line) and permeability (red/gray solid lines) from the experi-
mental data with different polarizations. The dashed lines are from
the simulation, which act as the guide for the eyes.

response occurs at w; and magnetic response occurs at wgy,
instead. This means that x and y axes are indeed the principal
optical axes of the structure, along which purely electric/
magnetic responses to external excitation are achieved. By
changing the polarization of incident light for 90°, magnetic
and electric responses of the system can be switched at the
same frequency.

Such metallic structure has been fabricated with lift-off
process and alignment nesting lithography on a double-
polished silicon wafer and details are provided in the sup-
porting material.!” The USRs are fabricated from gold film
100 nm in thickness, and the first and the second layers of
U-shaped patterns are separated by a 600-nm-thick silicon
nitride. With alignment nesting lithography, USR in the sec-
ond layer locates exactly above that the one on the first layer,
yet the orientation has being rotated 90° in a specific way.
Hence, an array of deliberately arranged array of elements
U, and U, is fabricated [Figs. 4(a) and 4(b)]. Figure 4(c)
shows the measured transmission spectra with different po-
larization (from #=0 for x polarization to #=7/2 for y po-
larization). Two resonant dips (w; and wy) can be identified
and their relative strength is polarization dependent, which
are consistent with calculations. Experiments also show that
polarization property does not change when the incident light
is x or y polarized. Figure 4(d) illustrates permittivity and
permeability of the metallic structure retrieved from the mea-
sured x- and y-polarized transmission spectra following the
method reported in Ref. 22. The retrieval is based on the
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transmission intensity measurements and the details are pro-
vided in the supporting material.!” For x-polarized incident
light, the evident drop of &. (electric response) occurs at
oy, and the drop of u. (magnetic response) occurs at wy.
For y-polarized incident light, the evident drop of &, and
Mg can be identified at w; (electric response) and at wgy
(magnetic response), respectively. With these data, we con-
firm that at the same resonant frequency, magnetic and elec-
tric responses of the structure can indeed be switched by
merely changing the polarization of incident light orthogo-
nally.

In fact, the polarimetric effect of USRs is an interesting
topic. A linearly polarized light is shown to change its polar-
ization after passing through an array of split ring resonators
and all types of polarization are accessible from the
structure.?? Similar feature indeed exists in an array of U, or
U,. However, by setting principal axis as the diagonal direc-
tions of USRs, two eigenstates of surface-plasmon resonance
appear. Consequently, purely electric and magnetic reso-
nances can be realized and switched by orthogonally chang-
ing either the polarization of incident light or the orientation
of the metallic structure. If the polarization of incident light
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deviates from principal axes, an assembly of the eigenstates
emerges and hybrid resonances are obtained.

So far the electromagnetic response of USRs has been
extensively studied, and the magnetoinductive and electroin-
ductive coupling of the structures has also been
investigated.?>->> What we report here is a feature that the
magnetic and electric resonances of the same metallic struc-
ture can be switched at the same frequency by simply alter-
ing the polarization of incident light by 90°. Such a property
originates from the constructive/deconstructive superposition
of electric and magnetic responses of the USR elements. Al-
though each individual resonator exhibits distinctive electric
and magnetic responses, the collective response of the four
resonators in a unit can be purely electric or magnetic. This
feature reveals a possibility to tailor permittivity and perme-
ability of an artificial microstructure and to construct func-
tional metamaterials.
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