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Abstract: In this work, we have experimentally demonstrated that in a
rectangular multilayered Ag/SiO, nanoplate array, electric and magnetic
resonances are exchanged at the same frequency simply by changing the
polarization of incident light for 90°. Both electric and magnetic resonances
originate from localized surface plasmons, and lead to negative permittivity
and permeability, respectively. The numerical calculations on
electromagnetic fields agree with the experiments. The investigations
provide a simple building block for a metamaterial to switch electric and
magnetic resonances by external excitation field.
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In the past decade, metamaterials have drivingly developed, which provides a new paradigm
to control the electromagnetic properties of materials beyond the nature. With deliberately
designed metallic microstructures, specific electromagnetic responses are realized, such as
artificial magnetism [1, 2], extraordinary optical transmission [3-5], optical antenna [6],
subwavelength imaging [7, 8] and invisible cloaking [9]. As we know, there are no high-
frequency magnetic materials in nature. However, the high-frequency magnetic response of a
metamaterial can be achieved by the interaction of magnetic component of incident light and
induced magnetic dipole moment. Recently, some engineered metallic structures have been
investigated, in which magnetic resonances can be excited from microwave to optical
frequencies, such as double split-ring resonators (SRRs) [1, 10], coupled metal nano-strips
[11], the metal wire pairs [12], gold nanosandwiches [13], fishnet structures [14] and so on.
At optical frequencies, the metal-dielectric-metal nanosandwich is very common as a resonant
magnetic structure, however, few efforts have been made to exploit multilayerd
metal/dielectric nanostructures [15, 16], where the coupling of surface plasmons may play an
important role [17].

The electric and magnetic responses of a system are usually characterized by permittivity
and permeability. It has been reported that the electric and magnetic responses strongly
depend on the external excitation field [18, 19], which achieve a unique way to tailor
permittivity and permeability of the structure. In our previous work [20], the electromagnetic
responses in multilayered Ag/SiO, nanoplates at optical frequencies have been investigated,
where electric and magnetic resonances can be tailored by the geometrical parameters of the
nanoplates. Based on this knowledge, in present work, we try to change the geometry of the
nanoplate to tune the electric and magnetic resonances at same frequency. We have
experimentally demonstrated that in a rectangular multilayered Ag/SiO, nanoplate array,
electric and magnetic resonances are exchanged at the same frequency simply by changing the
polarization of incident light for 90°. Both electric and magnetic resonances originate from
localized surface plasmons (LSPs), and lead to negative permittivity and permeability,
respectively. The investigations may provide another way to achieve optical magnetism by
switching electric resonance to magnetic one, which may be used to construct specific
negative-index materials.
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Fig. 1. (a) Schematic view of multilayered Ag/SiO. nanoplates on a glass substrate with
periodicities of the square lattice ax =ay =400nm, and widths of the rectangular nanoplate
ux=220nm and u,=110nm . The layer sequence from the glass substrate to the top is
Ag/SiO/Ag/SiO2/ Ag/SiOx/Ag/SiO, With a total thickness d =160nm, where all Ag layers are
25 nm thick and SiO:z layers are 13.3 nm thick except the topmost siO. layer of 20 nm thick.
(b) The calculated normal transmission spectra for the structure described in (a), which is
illuminated from the glass substrate by the x-polarized (black curve) and y-polarized (red
curve) incident light, respectively. The x-z plane cross section of (c) the electric field
distribution E where the arrows represent direction and the color map represents intensity and
(d) the magnetic field distribution H, for the electric resonance (Mode #1) in the x-polarized

incidence. The y-z plane cross section of (e) the electric field distribution E and (f) the
magnetic field distribution Hx for the magnetic resonance (Mode #2) in the y-polarized
incidence. Here, the black boxes and the white line represent Ag layers and the boundary of air,
respectively. (g) Schematics of the effective currents induced in multiple Ag layers for the four
optical modes marked in (b), respectively.

Firstly, we have designed a rectangular multilayered Ag/SiO, nanoplate array (as shown in
Fig. 1(a)). Optical properties of this nanoplate array are calculated based on the full-vectorial
three-dimensional finite-difference time-domain (FDTD) method. In the simulations, the
frequency-dependent permittivity of Ag is obtained from the Lorentz-Drude model [21].
Figure 1(b) shows the normal transmission spectra when the light along z axis illuminates this
structure from the glass substrate. In the x-polarized incidence (black curve), there is a broad
transmission dip (marked as Mode #1) at the wavelength 4 =789 nm, while there is a narrow
dip (marked as Mode #2) at A =794 nm in the y-polarized incidence (red curve). Although
two dips are located at the same wavelength 4 =800 nm, they originate from the electric and
magnetic resonances, respectively. Figures 1(c) and (d) illustrate the electric field distribution
E and the magnetic field distribution Hy in the x-z plane for the electric resonance (Mode

#1). The electric fields in all Ag layers are in the same directions, and the electric field around
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the nanoplate is very strong, especially at four corners. The magnetic field Hy in the center of
the nanoplate is weak while those on top and bottom of the nanoplate are quite strong with
opposite directions. Obviously, the LSPs on multiple Ag layers are in-phase coupled, which
lead to the electric resonance. In contrast, the magnetic resonance results from the out-of-
phase coupling of LSPs on multiple Ag layers [20]. For Mode #2, as shown in Figs. 1(e) and
(F), the electric fields in the upper and lower Ag layers are in the opposite directions, and the
electric fields are very strong with opposite directions between left and right sides in SiO,
layers; while the magnetic fields are strong within the multiayer structure. All these
phenomena indicate that the Mode #2 comes from the magnetic resonance.

It is interestingly noted that there are more than two optical modes excited in the structure
(as shown in Fig. 1(b)). Due to the fact that the diffraction is strong enough and optical
excitation becomes complicated when the wavelength is less than 600nm or so, we simply pay
attention to the cases when the wavelength is larger than 600nm. As marked in Fig. 1(b), four
transmission dips appear in both x-polarized and y-polarized incidences when A >600nm.
By calculating the electromagnetic filed distributions at these dips, the local currents in the
layer structure can be obtained, which are effectively illustrated by the highlighted arrows in
Fig. 1(g). For Mode #1, the effective currents in four Ag layers are in parallel and form the
effective electric dipoles, which is the symmetric excitation corresponding to the electric
resonance (as discussed above); while for Mode #2, the effective currents in the upper two Ag
layers are in parallel, and the currents in lower two Ag layers are in anti-parallel with those in
upper two layers. Therefore, the effective circular currents are induced and form the effective
magnetic dipole, that is, Mode #2 is antisymmetric excitation corresponding to the magnetic
resonance (as discussed above). Mode #1 and Mode #2 are similar to the excitations in two-
Ag-layer-coupled systems [22]. As for Mode #3 and Mode #4, both of them are
antisymmetric excitations. The magnetic fields induced by circular currents in Mode #3 and
Mode #4 may cancel each other, thereafter, these two excitations becomes weak.

v/ 0 7
1 . \/ . -0 \- 't . .
400 600 800 10001200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Fig. 2. (a) The retrieved permittivity &x and (b) permeability sy for the nanoplates
illuminated by the x-polarized normal incidence, while () &y and (d) gx for the y-polarized
incidence. Here, the black solid and red dashed curves stand for the real and imaginary parts,
respectively.

Now we try to give more evidence to illustrate the electric resonance (Mode #1) and the
magnetic resonance (Mode #2) at A =800 nm . We consider the whole structure effectively as
a homogeneous slab with the thickness d =160 nm between the glass substrate and the air,
and derive the effective permittivity & and permeability g from normal reflection and
transmission coefficients, analysed by a robust retrieval algorithm [23]. In the x-polarized
incidence, there is a relatively wide negative electric response around the
wavelength 4 =800 nm, as shown in Fig. 2(a). Meanwhile, the electric resonance introduces a
magnetic anti-resonance response [24], as an evident drop of Re(uy) and a negative value of
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Im(uy) in Fig. 2(b). Actually, the magnetic anti-resonance always accompanies with the
electric resonance, because the anti-resonance is intrinsic in a metamaterial owing to the finite
spatial periodicity. During the resonance, the magnetic field is gained with negative Im(uy) ,
but the electric filed is attenuated with positive Im(gx), as shown in Fig. 2(a). Thereafter, the
total energy is not gained and the system still obeys the conversation of energy. While in the
y-polarized incidence, the magnetic resonance results in a narrow band of negative magnetic
response and introduces a weak electric anti-resonance response at the wavelength
A =800nm, as shown in Fig. 2(d) and (c) respectively. (Here, the electric anti-resonance can
be analog to the above magnetic anti-resonance.) These properties confirm the electric and
magnetic resonances, which can be switched at the same frequency by changing the
polarization of incident light for 90°.
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Fig. 3. The calculated normal transmission spectra of rectangular nanoplates with varying the
long width U, for (a) x-polarization and (b) y-polarization, and varying the short width u,
for (c) x-polarization and (d) y-polarization. Here, u, =220, 230and 240 nm and u, =110nm
for () and (b), and u, =110,120and 130 nm and u, =220nm for (c) and (d).

It should be mentioned that only by optimizing the widths of the nanoplates, the electric
and magnetic resonances coincide at the same wavelength 42 =800nm in different
polarization excitations. The electric and magnetic resonances are tuned by changing the
widths of the nanoplates (as shown in Fig. 3). When the short width is fixed as u, =110nm

but the long width is varied as u, = 220, 230 and 240 nm , the electric resonance shifts a little

to the red for the x-polarization as shown in Fig. 3(a), and the magnetic resonance does not
move for the y-polarization as shown in Fig. 3(b). In contrast, when the long width is fixed as

u, =220nm and the short width is tuned as u, =110,120and 130 nm , the electric resonance

shifts a little to the blue for the x-polarization as shown in Fig. 3(c), while the magnetic
resonance dramatically shift to the red for the y-polarization as shown in Fig. 3(d). Therefore,
the electric resonance depends on both widths of the nanoplates differently, while the
magnetic resonance only determined by the width along polarization, as discussed in Ref. 20.
In experiments, a nanoplate array was fabricated by using magnetron sputtering and
focused-ion-beam (FIB) facility, and its optical spectra were measured by a micro-
spectrophotometer. First, a multilayered Ag/SiO, film was coated on a piece of glass substrate
by magnetron sputtering, then an array of nanoplates was fabricated on the film by focused-
ion-beam facility (strata FIB 201, FEI company, 30 keV Ga ions). Figures 4(a) and (b) shows
the field-emission scanning electronic microscope (SEM) images of the sample, where the
bars represent 1 zm and 200 nm, respectively. And the layer sequence is revealed by the

SEM images of side view with a 30° tilt-angle, as shown in Figs. 4(c) and (d) where both the
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bars represent 100 nm. The average parameters of this sample are close to the theoretical
design. However, the nanoplates are a little nonuniform in the array with the sidewall angle of
about 15°, and some of the glass substrate is sculpted by the ion beam.
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Fig. 4. (a) and (b) The SEM images of multilayered Ag/SiO. nanoplates on a glass substrate,
where the bars represent 1 #£m and 200 nm, respectively. (c) and (d) The SEM images of side

view with a 30° tilt-angle, where both the bars represent 100 nm. Here, the parameters of this
sample are nearly the same as that model. (e) and (f) the measured normal transmission spectra
for the incident polarization parallel and perpendicular to the long width, respectively, where
the red dashed curves are calculated spectra in Fig. 1(b).

Using a UV-visible-NIR microspectrophotometer (CRAIC QDI2010), we measured the
normal transmission spectra of the sample. For the incident polarization parallel to the long
width, there are two dips at 4 =550and 800 nm, as the black solid curve in Fig. 4(e). For the
other polarization, there are four transmission dips at A = 450, 600, 800 and 950 nm, as shown
in Fig. 4(f). Obviously, the measured spectra agree with the calculated (Figs. 4(e) and (f), red
dashed) excellently, except for the dull dip at 2 =950nm. As we discussed before, the dips
at 1 =800nm arise from the electric and magnetic resonances, respectively. Additionally,
the dips at 4 =450and 550 nm are related to propagating surface plasmons [5], the dip at
A =600nm takes place when a new diffracted beam emerges [25].

In order to understand the measured data better, we also carried out the calculations for the
nanoplates with oblique side walls (schematically shown in Fig. 5(a)). For example, in a
tapered nanoplate, the top widths of the rectangular nanoplate are set as ux=199nm and
Uy =89 nm, and the bottom widths are set as ux =241nm and uy =131nm, respectively. The
tilt angle of the side wall is about 15°. Except for the widths, the other parameters are kept the
same as the straight nanoplate array. Figure 5(b) shows the calculated transmission of the
tapered nanoplate array for both polarizations, where all the dips are changed a little owing to
the variation of widths. Corresponding to four typical modes marked in Fig. 5(b), the effective
currents induced in multiple Ag layers are illustrated in Fig. 5(c), respectively. We find that
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both the electric resonance (Mode #1) and the magnetic resonance (Mode #2) depend on the
average width in the tapered nanoplate. The dips of electric and magnetic resonances keep at
A=800nm, as the average widths in each direction are just ux=220nm and uy =110nm,
respectively. Thus, the straight nanoplate can be adopted in calculations when we focus on
switching the electric and magnetic resonances by polarization. Additionally, Mode #3 and
Mode #4 are antisymmetric excitations. Comparing the cases of straight nanoplates, the
magnetic fields induced by circular currents are cancelled partly in tapered nanoplates,
thereafter, these two excitations becomes much more obvious in tapered nanoplates.
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Fig. 5. (a) Configuration of a unit cell with vertical wall as designed, which becomes oblique in
fabrication. (b) The calculated normal transmission spectra for the incident polarization (black
solid) parallel and (red dashed) perpendicular to the long width, where the side wall of the unit
cell is oblique with a tilt angle of about 15°. (c) Schematics of the effective currents induced in
multiple Ag layers for the four optical modes marked in (b), respectively.

Furthermore, we try to experimentally demonstrate the electric and magnetic resonances
by varying the incident angle. For the incident polarization perpendicular to the short width,
the transmission dip at A =800 nm shifts to the red as the incident angle & increases, while
the dip at A =550 nm disappears, as shown in Figs. 6(a) and (b). For the electric resonance,
the electromagnetic field dominates outside the nanoplate, and the interactions between
different units are considerable. At the oblique incidence, these interactions will be influenced
by phase differences between polarized nanoplates, which lead to the redshift of electric
resonance. Contrastively, the magnetic resonance does not shift for the incident polarization
perpendicular to the long width, as the transmission dip at A =800nm in Figs. 6(c) and (d).
Additionally, this dip becomes shallow when increasing the incident angle & in the

transverse-electric (TE) case, because the in-plane component of incident magnetic field
decreases.
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Fig. 6. The measured oblique transmission spectra in the following cases. The polarization is
perpendicular to the short width: (a) TE and (b) TM; while the polarization perpendicular to the
long width: (c) TE and (d) TM case. The insets schematically illustrate each oblique incidence.

In conclusion, we have demonstrated that in a rectangular multilayered Ag/SiO, nanoplate
array, the electric and magnetic resonances are switched at the same frequency by changing
the polarization of incident light. Actually, two resonances originate from the in-phase and
out-of-phase couplings of LSPs on multiple Ag layers respectively, and they are
experimentally discriminable in the oblique incidence. The investigations may provide
another way to achieve optical magnetism by switching electric resonance to magnetic one,
which may be used to construct specific negative-index materials.
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