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Abstract: A one-dimensional diatomic meta-chain with equal-size holes and
different-length slits is designed. Broadband coherent magnetic plasmon
waves (MPW) are formed in such a system, excited by both the electric
resonance in the slits and the magnetic resonance in the holes in a wide range
of incidence angles (0°—40°) and broad frequency bands (200-230 THz).
The dispersion properties of the MPW measured in our experiments agree
with the theoretical calculation based on the Lagrange model. The coherent
MPWs reported in this paper may have applications in subwavelength
integrated nanocircuits.
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1. Introduction

Although the invention of metamaterials has stimulated the interest of many researchers and has
important applications in negative refraction [1-6], invisible cloaking [7-9], and many other
transform optical designs, the basic design idea is very simple: composing effective media from
many small structured elements and controlling their artificial electromagnetic (EM) properties.
According to the effective media model, the coupling interactions between the elements in
metamaterials are somewhat ignored; therefore, the effective properties of metamaterials can be
viewed as the “averaged effect” of the resonance property of the individual elements. However,
the coupling interaction between elements should always exist when they are arranged into
metamaterials. Occasionally, especially when the elements are very close, this coupling effect is
not negligible and will have a substantial effect on the properties of the metamaterials. Recent
studies have shown that the resonance coupling effect between split-ring resonators (SRR) can
introduce magnetoinductive waves [10-16], electroinductive waves [17,18], planar
transmission lines [19], stereometamaterials [20-22] and radiation suppression [23]. Besides
SRRs, the near-field coupling between other structures, such as nano-rods [24], fish-net [25]
and nanosanwiches [26] are also reported.
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In our previous theory work [27], another kind of coupling mechanism between resonance
elements, called exchanging current interaction, was proposed in a one-dimensional chain of
SRRs. Compared with the near-field magnetic and electric coupling, this interaction is much
stronger and can lead to coherent magnetic plasmon waves with broad dispersive frequency
bands and a slow group velocity of light. In our experimental work [28], a diatomic chain of
SHRs was devised with a unit cell, including two SHRs with equal-length slits and
different-sized holes. The extraordinary transmission peaks induced by the excitation of the
coherent MPWs in such a system can be directly observed in our experiment. However, these
MPWs can only be excited through magnetic resonance in the nanoholes. Electric resonance
does not contribute to the excitation. The normal incidence wave cannot be coupled onto
MPWs, and the incidence angle has to be oblique.

In this letter, we propose a new design for the meta-chain of SHRs. Here, the unit cell
includes two SHRs with different-length slits and equal-sized holes, which is different from our
former work. The advantage of this new design is that the coherent magnetic plasmon wave can
be excited both by the magnetic resonance in holes and the electric resonance in slits. Due to the
strong electric resonance in the slits, the coherent magnetic plasmon in meta-chain can be
excited much more efficiently. The excitation can also be realized under normal incidence. The
incidence excitation angle can then be tuned in a wide range, from normal incidence to 40°, and
a continuous wide excitation frequency band can be obtained through tuning the incidence
angle. The measured dispersion of the coherent magnetic plasmon waves agrees with our
theoretical calculated results.

2. Numerical Model and experimental results

Figure 1(a) shows the structure of our designed slit-hole resonator, which is comprised of a
nanohole and a nanoslit connecting the hole and the edge. The bulk material is silver. Compared
with Pendry’s SRR structure and other magnetic resonance structures, the SHR structure is
much easier to fabricate with the focus ion beam (FIB) technique, and its resonance frequency is
easily realized in the infrared range. This structure can be described by an equivalent LC circuit
method, as shown as Fig. 1(b). The slit in the SHR can be seen as a capacitor, and the nanohole
can be seen as a conductor that connects it. The Lagrangian of SHR structure can be written as
3=LQ?/2-Q?/(2C) , where L is the inductance of the hole, Q is the total oscillation charge
in the SHR, and C is the capacitance of the slit.

Fig. 1. Structure (a) and equivalent LC circuit (b) of a single SHR.

Based on this SHR resonator, a diatomic chain is designed, as shown in Fig. 2(a). The unit
cell of this chain is composed of two SHRs with different-length slits and equal-sized holes.
Here, the radius of the two holes are both 125 nm and the lengths of the two slits are 60 and 180
nm. The bulk material is silver, with a thickness of 60 nm. A sample of one-dimensional chain
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of SHRs was fabricated with the FIB technique. A sample is shown in Fig, 2(c). In our optical
measurement, the sample is set on a rotation table with a y-polarized (E-field along y direction)
light. The transmission is collected by an optical spectrum analyzer (ANDO, AQ-6315A) via a
fiber coupler. Based on the method reported by Decker [15], the transmission spectra were
taken by changing the incidence angle with this setup. The results are shown in Fig. 3(a). In this
figure, we can see that the extraordinary optical transmission (EOT) peak is induced by MPW,
changing from 230 to 200 THz, by tuning the incidence angle ¢ from 0° to 40°. In this
measurement, EOT can be obtained for the normal incidence wave (#=0°), which did not occur
in our previous work [28].In the following model, we show that this is caused by the electric
resonance in the slits.

(a) (c)
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Fig. 2. Structure (a) and equivalent LC circuit of a SHR meta-chain; (c) FIB image of the
fabricated sample.
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Fig. 3. (a).Observed transmission spectra under different incident angles; (b).The Measured
transmission map and the calculated angular dependence curve of the optical mode of MPW.

3. Simulation results and discussions

The resonance frequency of the two SHRs can also be simulated numerically using the
finite-difference time-domain method (FDTD) with a commercial software package (CST
Microwave Studio). The longer SHR with a 180 nm slit has a resonance frequency of
@, =135THz . Using the same method, the resonance frequency of the SHR with a 60 nm slit
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can also be found at @, =91THz . For the infinite diatomic SHR chain, its equivalent LC circuit
could be described as Fig. 2(b), in which the longer SHR has a capacitance of C, and the
shorter SHR has a capacitance of C,. Therefore, the Lagrangian equation of the chain could be
expressed as

[ LQ2 LE: (Qu-Uny)’ (Qn-0)°
‘S_Zm:{ 2 2 2C, 2C, J @)

Here, we define Q, asthe oscillation charge of the m-th longer SHR and q,, as the oscillation
charge of the m-th shorter SHR. Based on the Euler-Lagrangian equation, the dispersion of
MPW could be obtained as

o = (af +af) £ \(ef + ) +20f o cos(kd) @)

where k is the wave vector, o is the angular frequency, and d = 740 nm is the period of the
chain. In the above simulations, we have already obtained @ =135THz , @, =91THz .
Substituting them into Eq. (2) we can obtain two different dispersion branches, which are
depicted as two separate black curves in Fig. 4(a). CST simulations show that the two branches
stand for two different MPW modes by normal incidence. For the upper branch e, , the
neighboring SHR units oscillate in the opposite phase [see Fig. 4(b)], which can be called the
optical branch, as reported by Sydoruk [29]. For the lower branch _, the neighboring units
oscillate in the same phase [see Fig. 4(c)], which can be called the acoustic branch. The light in
the free space is depicted as the blue line in Fig. 4(a). The optical branch of MPW is above the
blue line; therefore, it can be excited by the plane wave from the far-field with an oblique
incidence angle. This introduces an extraordinary optical transmission in the experiment. To
compare our experimental results with the Lagrange theory, the dispersion of MPW under
different incidence angles was calculated from Eq. (2) based on the wave vector matching
condition k =k, siné. The theoretical results are shown as the black solid curve in Fig. 3 (b),
which agree with our measurements.
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Fig. 4. (a). Dispersion properties of MPW; (b). Current distribution of induced current in one unit
cell for the optical mode, in which the arrays represent the direction and the intensity of the
incident electric field; (c). Current distribution for the acoustic mode.
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In our former work, the SHR chain had equal-length slits and different-sized holes, and its
EOT can only be excited for the incidence angle € >6°. In this work, for the normal incidence
wave (@ =0°), an EOT resonance peak is observed at 230 THz [see Fig. 3(a)]. This is caused by
the electric resonance in the SHR, which was not reported in our former work. When the light is
normally incident on the sample, no magnetic field penetrates the hole; therefore, the magnetic
resonance does not contribute to the MPW. Only the electric field, which is always in the y
direction, excites an electric resonance in the slits. If the neighboring slits are of equal lengths,
as in our former work, the electric resonances in the two slits will have equal strengths and
cancel out each other. Then, the electric resonance cannot contribute to the excitation of MPW
for the normal incidence wave. For the design structure, the two neighboring slits have different
lengths; therefore, the electric resonances have different strengths and do not cancel out each
other [see Fig. 4 (b)]. The final contribution of electric resonance to MPW should be that the
electric resonance of the longer slit subtracts that of the shorter slit. When the incidence angle
increases, increasing magnetic flux will pass through the hole, and the magnetic resonance in
the holes will become stronger. As a result, the EOT peak becomes stronger when the incidence
angle increases from 0° to 24°, as shown in Fig. 3(a). For @>24°, the EOT peak will begin to
decrease because the projected area of the fabricated pattern in the incidence direction decreases
and the whole transmitted energy is reduced.

In this work, the experimental results show that the optical branch of MPW can be excited
both by electric and magnetic resonance from far-field incidence waves. However, the acoustic
MPW mode cannot be coupled to the far-field because its dispersion curve is below the light
line [see Fig. 4 (a)]. Some near-field techniques have to be used to excite this mode, such as
scanning near-field optical microscopy (SNOM). However, without coupling with far-field
waves, the radiation loss of this mode could be very low, making it useful for subwavelength
energy transport. Further experimental investigation on the SHR chain should be conducted in
the future.

4. Conclusion

In summary, we have proposed and studied the coherent magnetic plasmon mode in a
one-dimensional meta-chain. Our theoretical calculations and experimental results have proven
that the coherent MPW in such a structure can be excited not only by the magnetic resonance,
but also by the electric resonance; therefore, it has better properties compared with our former
structure. The resonance frequency of the excited MPW can be easily tuned in a broad width by
directly changing the incidence angle. A Lagrange model was employed to describe the
coherent mode, and the calculated results agree with the experimental results. The coherent
MPWs reported in this paper may have applications in subwavelength integrated nanocircuits.
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