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We investigate the magnetic resonant modes in the coupled nanosandwich (CSW) structure, which can be con-
sidered a metamolecule composed of two meta-atoms (nanosandwiches). The coupling between two nanosand-
wiches leads to two magnetic resonant modes, the split of the single magnetic resonant mode. Moreover, the
coupling effect in a more complicated system that consists of two closely placed CSWs is studied, where four
magnetic resonant modes with different phase relationships between meta-atoms are observed. It is shown that
the interaction between CSWs leads to this secondary split of the magnetic resonant mode. We further consider a
one-dimensional metacrystal formed by a chain of CSWs, and directly observe the magnetic plasmon (MP) bands
through the Fourier transformation approach. Modifying both the thickness of the middle metal layer of CSWs
and the spacing between CSWs, one can efficiently engineer the MP band, and even open a bandgap. Such a CSW
chain can even work as a subwavelength waveguide, which may have potential applications in nano-optics and

photonics. © 2011 Optical Society of America
OCIS codes:  160.3918, 240.6680.

1. INTRODUCTION

Nowadays, metamaterials have attracted considerable inter-
est for their new physics and excellent functionality [1,2],
which cannot be obtained from the natural materials [3—6].
A good example is high-frequency negative magnetic perme-
ability, which can be obtained from the magnetic resonance in
different artificial metal structures, such as split ring resona-
tors (SRRs); high-frequency negative magnetic permeability is
able to provide magnetic resonance from GHz to 100 THz with
structures ranging in size from millimeters to nanometers
[7-9]. However, the resonant frequency of SRR structure
has a limit because of the kinetic energy of electrons [10].
To overcome such a limit, scientists have conceived of other
new structures, such as the nanorod pair [11], fishnet struc-
ture [12-14], and nanosandwich structure [15,16] to increase
the resonant frequency to even the visible region [17].

On the other hand, besides negative permeability, scientists
have also paid attention to various phenomena that are due to
the coupling effects in metamaterials [18,19]. A simple struc-
ture, such as an SRR or a metallic nanoparticle, can be con-
sidered a meta-atom, and a complicated system composed of
several closely placed meta-atoms can be viewed as a meta-
molecule. In such a metamolecule, meta-atoms strongly cou-
ple with each other, and the hybridization effect will appear,
leading to some interesting properties, such as hybridized en-
ergy levels [20] or plasmonic electromagnetic-induced trans-
parency [21]. Moreover, coupled SRRs stacked with different
directions can even provide chirality [22]. Once a large num-
ber of meta-atoms is regularly stacked, we can get a metacrys-
tal, which has similar properties to those of the solid state
crystal [23]. For example, the magnetic plasmon (MP) band
can be obtained in a connected single SRR chain [24,25],
and the optical-phononlike MP band is even observed in a dia-
tomic slit-hole resonator chain [26]. A one-dimensional (1D)
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metacrystal composed of a chain of nanosandwiches has also
been designed to get a higher frequency MP band [27].

In this paper, we investigate the magnetic resonant modes
in the coupled nanosandwich (CSW) structure and the MP
band in a 1D metacrystal composed of CSWs. The coupled
system can provide additional properties that those simple
systems cannot. The newly introduced hybridized magnetic
resonant modes and magnetic plasmon bandgap may be use-
ful in designing devices in nano-optics and photonics. The
magnetic resonant modes resulting from the hybridization ef-
fectin a CSW are presented in Section 2. The complicated cou-
pling properties in two closely stacked CSWs are also studied
in Section 3. Furthermore, we investigate the MP band in a 1D
CSW chain in Section 4. Finally, the conclusion is presented.

2. COUPLED NANOSANDWICH

As shown in the inset in Fig. 1, the CSW we studied can be
considered a stack of two nanosandwiches with a shared me-
tallic layer. According to the work of S. M. Wang et al. [27], the
closed loop composed of free current and displacement cur-
rent makes a magnetic resonator from a nanosandwich, which
can be considered a meta-atom. In the CSW, two such meta-
atoms couple with each other by current interaction in the
shared metallic layer. We define the thickness of this metal
layer as d. Here, the metal component in the CSW is chosen
to be silver with Drude type permittivity, e(w)=1- a)zz, /
(@® + iyw), where the bulk plasma frequency w, = 1.37x
10%rad/s, and the relaxation rate y = 12.24 x 1013rad/s.
The dielectric material is glass with an index of 1.5. The struc-
tural parameters of the CSW are a = 300nm, b = 350 nm,
h =50nm, and d = 25nm. In order to quantitatively study
the magnetic resonance of a CSW, a commercial software
package, CST MICROWAVE STUDIO (CST AG, Germany),
is employed to obtain the numerical analysis.

© 2011 Optical Society of America
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Fig. 1. (Color online) Magnetic field excited in a single nanosand-
wich and in a CSW. The geometry of a CSW is shown in the inset,
where the yellow layers (top, middle, and bottom) correspond to
the metallic layers and the blue layers (second and fourth) are dielec-
tric layers.

We first provide the spectrum of excited magnetic reso-
nance in a single nanosandwich labeled by the black dotted
curve in Fig. 1. The parameters a and b are the same as given
above, and the thicknesses of the three layers is /2, h, and h,
from top to bottom (exactly half of the CSW). It presents only
one magnetic resonant frequency at 186 THz. A CSW can be
considered a metamolecule composed of two meta-atoms (na-
nosandwiches). Because of the coupling between the two
meta-atoms, the eigenmagnetic resonant mode splits into
two resonant frequencies at fj; = 196 THz and fj, = 168 THz.
To further investigate how the meta-atoms couple with each
other, we present the distributions of the electric field, current
density, and magnetic field at these two frequencies in the y—z
plane in Fig. 2. The displacement current in the nonmetallic
surrounding and the free current in the metallic slabs form
two closed loops in the CSW, leading to two induced magnetic
fields highly confined in the middle glass layers. According to
the different phase relationships between the two excited
magnetic fields, these two modes correspond to the sym-
metric mode at the high frequency and the antisymmetric
mode at the low frequency, respectively. Figures 2(a)-2(c)
present the field distributions of the symmetric mode, and
Figs. 2(d)-2(f) correspond to the antisymmetric mode.

In the CSW, the thickness of the middle metallic layer, d,
directly determines the strength of the coupling, which plays
a crucial part in the magnetic resonant frequency split from f,
to fo1 and fs. We investigate the two eigenmodes in the CSW
with d varying from 20 nm to 160 nm, shown in Fig. 3. Because
of the strong coupling between the meta-atoms (nanosand-
wiches), the split of the two resonant frequencies is quite large
with a small d. As d increases, the coupling effect becomes
weaker, and the split shrinks. When d is large enough, more
than 100 nm, the split tends to zero, and the two modes degen-
erate to the same one.

In order to theoretically interpret this phenomenon, Lagran-
gian formalism is introduced to describe the coupling in the
CSW [24]. In the CSW, each nanosandwich has an equivalent
inductance—capacitance circuit with a capacitance C from
the two silver slabs and a total inductance L, including the ki-
netic inductance, which is strongly dependent on the size of the
nanostructure [10]. We define the charge accumulated in the
system as a generalized coordinate, and the Lagrangian of a
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Fig. 2. (Color online) Electric field, free current, and magnetic field
distribution in y—= plane (¥ = 0) of (a)—(c) the symmetric mode and
(d)—(f) antisymmetric mode.

single nanosandwich can be expressed as I = L¢?/2 - ¢?/
2C, where the two terms correspond to the energy stored in
the inductor and the capacitor, respectively [24]. By solving
the Euler-Lagrange equations, we can obtain the resonant fre-
quency w, = 1/v/LC, which is similar to the electromagnetic
theory of LC circuits. In the CSW, we define ¢; and g, as the
charges in each nanosandwich, and L and C as the induction
and the capacitance of each nanosandwich. Then we can write
the Lagrangian of the coupled system as

3= Q% + q%) + aq14, (1)

L . .
5(‘1%"“1%)

_%(

where the first two terms respectively correspond to the energy
stored in the inductors and capacitors. Here, considering the
magnetic-inductive coupling between the two meta-atoms,
the interaction term aq, ¢5 is introduced. We introduce the mag-
netic momentum u = Aq, where A is the effective area of the
magnetic loop of single meta-atom. By solving the Euler-
Lagrange equations, we can obtain two eigenfrequencies
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Fig. 3. Magnetic resonant frequencies of the symmetric mode and
the antisymmetric mode.
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fo1 is the symmetric mode with y; = ps, and f gz corresponds to
the antisymmetric mode with y; = —u,. Here, a is negative, be-
cause of the different direction of the free current of ¢; and g5 in
the middle slab. This is consistent with the numerical results
presented above and can be a theoretical proof of its validity.
With the aid of the numerical simulation, magnetic coupled
coefficient a can be calculated by using Eq. (2). For example,
whend = 50 nm, we have @ = 0.14. It should be mentioned that
this method can only give a qualitative picture of the CSW, and
the evaluation of the exact coupling strength is quite difficult..
Since the coupling is directly decided by d, a is a function of d.
When d is small, |a| is large, which means that there is strong
coupling between the two meta-atoms. As d increases, |«
decreases.

fOl

3. TWO COUPLED NANOSANDWICHES

After providing the magnetic resonant modes in a single CSW,
we investigate the coupling effect in two closely placed CSWs,
a more complicated metamolecule than a single CSW. The in-
set of Fig. 4 illustrates the way the two CSWs are placed. The
parameters of the CSWs are the same as above. Here, the dis-
tance between the CSWs is chosen to be p = 400 nm. Figure 4
shows the spectrum of magnetic resonance excited in such a
double CSW system. We can observe four eigenmagnetic
resonant frequencies at f;; = 174.5THz, f5; = 166.2THz,
f31 =206.8THz, and f4; = 171.8 THz. The distributions of
the electric field, current density, and the magnetic field in
the y—z plane are presented at these four frequencies in Figs. 5
and 6. In Fig. 5, the distributions of the magnetic field at f;
and f3; are plotted with the magnetic field inside the CSWs
being symmetric. In Fig. 6, the distribution of the magnetic
field in CSW is antisymmetric at f5; and f;.

Different from the current interaction in the single CSW
case, in this double CSWs system, another kind of coupling
between the CSWs through the electromagnetic field overlap
is introduced, which leads to a secondary magnetic resonant
frequency split. In Fig. 4, the former antisymmetric mode f;
further splits into f; and f3; (f1; <fo1 <f31) and another
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Fig. 4. (Color online) Magnetic field excited in two coupled CSW sys-
tems. The geometry of the system is shown in the inset.
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Fig. 5. (Color online) Electric field, free current, and magnetic field
distribution in y—z plane (x = 0) at (a)—(c) f; and (d)—(f) f5.

secondary split exists around the former symmetric mode
Soo (far <foe <f41)- We have Af =f3 -f1; =32.3THz,
Aof =f41 —f21 = 5.6 THz. The strength of the new kind of
coupling is strongly dependent on the spacing, p, between the
two CSWs. To figure out how p affects the system, we change
p to 450nm and keep the other parameters unchanged. Four
new peaks at fi5 =185.8THz, fo = 168.8THz, f3 =
203.8 THz, and f4» = 170.5 THz are obtained, where the sec-
ond subscript “2” means the second case. The horizontal
arrows show the movements of magnetic resonant frequen-
cies in Fig. 4. The frequency splits still exist with ALf = f35 —
fl2 = 18 THz and A/Zf :f42 —f22 = 17THZ, while A].f > A/l‘f
and Ayf > ALf, which results from the decreasing of the
coupling between theCSWs.

The Lagrangian formalism is also used to describe such
double CSW systems. We define g; and q; as the oscillation
charges for a single CSW. For double CSWs, the coupling ef-
fect between the two CSWs is taken into consideration. Then
we can also write the Lagrangian of the system,

. . . . 1
(@ +d7 + @ +35) - 55 (a1 +df + 6+ a5)

(g1 -a)* + (6 -a5)", (3

I =

no|

Ay 1

+alq1d) + 25) - 30,
where the first three terms correspond to the energy in two
independent CSWs, and 2171 (g1 - a2)* + (¢} - ¢5)?] is due to
the electric field coupling effects between the two CSWs. Be-
cause the magnetic fields are highly confined in the glass layer
along the x axis direction in a single CSW, the coupling effects
of magnetic fields between the adjacent CSWs can be ne-
glected compared with the strong electric field coupling

Fig. 6. (Color online) Electric field, free current, and magnetic field
distribution in y—z plane (x = 0) at (a)—(c) f5 and (d)—(f) f,.
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effects for the small spacing between CSWs. This differs from
the case in the connected SRRs system [24,25], in which the
strong current interaction, the term related to ¢, plays a major
role. After solving the Euler-Lagrange equations, four reso-
nant frequencies can be obtained at

1 1 1 1 1 1
N=g\Vitec P m\VITaC
1 1 1 2 1 1 1 2
f3*§\/L+a(6+c—l)* f4*ﬂ\/L_a(6+c—l)~
()

Here, f5 > f1 and f, > f5. We have yy = p} = py = pby at fy;
K1 = —H) = pg = —py atfo; uy = py = —pz = —py atfz;and puy =
—uy = —ps =y at f4. The symmetry of these different modes
is the same as the result obtained from the distribution of the
magnetic field in Figs. 5 and 6. As p increases, the parameter
C, which decides the strength of coupling effect, decreases

and both frequency splits A,f = L \/g(\/%“' o \@) and
Aof = i /T}ra(\/%—c%— \/%> decline.

4. COUPLED NANOSANDWICH CHAIN

When we use the meta-atoms to form a metacrystal, for exam-
ple a 1D system, we can get the collective magnetic resonant
mode (magnetic plasmon) in the system, which is quite similar
to the collective vibration in the crystal lattice [27-30]. And
if the meta-atom is replaced with a complex metamolecule
with two eigenmodes, such as a CSW, the result will be quite
interesting and of rich physics.

Our 1D structure is composed of a chain of 20 CSWs, which
is about 8 ym and far beyond the wavelength at the frequency
of more than 100 THz. As a result, we could no longer use the
quasi-static approximation used above, and we need to take
the retardation and the high-order interactions into considera-
tion [31-33], which is quite difficult for theoretical derivation.
Therefore, the numerical simulation is a good choice for inves-
tigation on such a chain. Figure 7(a) shows a 1D CSW chain
and the exciting current source. In this system, a, b, h, d, and p
are 200nm, 300 nm, 50 nm, 25nm, and 400 nm, respectively.
The magnetic field distributions at different frequencies
H(w,y) can be obtained through numerical simulation. A
Fourier transformation (FT) method, H(w.k) = [H(w.y)
e™dy, is employed to get the magnetic field information in
the wave vector region, so that we can easily observe the mag-
netic plasmon modes excited in the chain according to their
value [27,30]. An FT map is shown in Fig. 7(b), with the bright-
ness indicating the strength of H(w, k). There exist two mag-
netic plasmon bands marked by a red rectangular box (inner
box) and a yellow rectangular box (outer box). The former
corresponds to the antisymmetric MP mode with a bandwidth
of about 20 THz, ranging from 158 THz to 178 THz. The latter
band is the symmetric MP mode with a width of about 92 THz,
ranging from 129 THz to 221 THz. These two bands have an
overlap at about 165 THz, and the magnetic field here is much
stronger because of the coexistence of both symmetric and
antisymmetric MP modes. In addition, it is found that the
modes in the symmetric MP band are stronger than those of
the antisymmetric band, because the symmetric modes are
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Fig. 7. (Color online) (a) Structure of the CSW chain, (b) Dispersion

relationship of the CSW chain with a =200nm, b = 300nm,
p =400nm, and d = 25nm.

much easier to excite by the current source than the antisym-
metric modes.

The physics mechanism of the 1D CSW system can be di-
vided into two parts of the coupling effect. First, the coupling
between two meta-atoms in the CSW results in the first split of
eigenmagnetic resonant frequency, fo — fo1, fo2. As shown in
Fig. 8, when two CSWs are placed side by side, the interaction
between the adjacent CSWs leads to the secondary frequency
splits, o1 — f3,.f1 while foo — f4, fo. When a large number of
CSWs are coupled with each other, two magnetic plasmon
bands will form, corresponding to the gray blocks in Fig. 8.
The location of the band is directly determined by f,; and
So2- In addition, the bandwidth of these two bands strongly
depends on the interaction between the CSWs. Therefore, we
can modulate the 1D CSW system in two ways, by changing d
and p. The former directly determines the property of a single
CSW and the latter presents the information about the chain.

We first compare cases with d = 25nm and 40 nm, while
keeping p = 400 nm unchanged. The FT maps of both cases
are presented in Figs. 9(a) and 9(b), respectively. In Fig. 9(a),
we obtain a symmetric MP mode with a width of about 65 THz,
ranging from 155 THz to 220 THz. We get an antisymmetric MP
mode with a width of about 15 THz, ranging from 161 THz to
176 THz. In Fig. 9(b), although with different d, we obtain a
similar bandwidth of symmetric MP mode as the former case,
at about 62 THz, ranging from 156 THz to 218 THz, which may
be due to the unchanged coupling between the CSWs. We also
observe an antisymmetric MP mode with a width of about
16 THz, ranging from 173THz to 189THz, which owns a

fo %

Jo

Fig. 8. Energy band diagram of CSW chain.
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Fig. 9. (a) Dispersion relationship of the CSW chain with @ = 200 nm, b = 300 nm, p = 400 nm, and d = 25 nm; (b) dispersion relationship of the
CSW chain with ¢ = 200 nm, b = 300 nm, p = 400 nm, and d = 40 nm; (c) dispersion relationship of the CSW chain with ¢ = 200 nm, b = 300 nm,

p =500nm, and d = 25 nm.

similar bandwidth as the former case. However, the center fre-
quency, which determines the location of the MP band, of the
two cases is different, especially in the antisymmetric case.
This means that one can efficiently tune the MP band location
of the CSW chain by changing the height of the middle metal
slab of the CSW, d. The other way to tune the MP band is to
change the period, p, of the chain. We change p = 500 nm
while d = 25nm remains unchanged. This time, we observe
a symmetric MP mode with a width of about 26 THz, ranging
from 182 THz to 208 THz and an antisymmetric MP mode with
a width of about 8 THz, ranging from 168 THz to 176 THz. It
can be concluded that the bandwidths of both the symmetry
band and the antisymmetric band can be efficiently modified
by tuning the period p. In addition, in Fig. 9(c), we can even
get a bandgap when we increase the period and reduce the
interaction between the CSWs. In the metacrystal composed
of CSWs, we get one more freedom degree, d, to modify the
coupling inside the the CSW, which leads to an additional MP
band. Together with changing the period p, we can implement
a variety of MP band engineering techniques and get both
bands and gaps from the dispersion relationship that the na-
nosandwich system cannot provide [27].

It should also be mentioned that such a CSW chain can be
used as an MP waveguide. The strong modes at the high-
frequency part are well able to propagate a field for the large

(a)

1.0x10"4

5.0x10"

Power Flow

Fig. 10. (a) Power flow at cross section with y = 3500 nm; (b) power
flow at 2 = 0 along the chain.

wave vector that cannot leak to free space. Moreover, because
of the high confinement of the electromagnetic field in the
CSW, such a waveguide is a subwavelength waveguide. The
power flow in it is strongly localized to the waveguide itself,
which leads to the subwavelength property. In the MP band
(about 213 THz), the power flow at the cross section with y =
3500 nm is shown in Fig. 10(a). The power flow at @ = 0 along
the chain is also plotted. The power flow does not decrease
fast along the chain, except at the input part, where a peak
results directly from the exciting source.

5. CONCLUSION

In summary, we first investigate the two eigenmagnetic reso-
nant modes in the CSW, which can be considered the eigen-
frequency split in a diatomic metamolecule composed of two
meta-atoms. Then, a more complicated system that consists of
two closely placed CSWs is studied, in which four eigenmodes
are observed. The spacing between CSWs directly decides the
strength of the interaction between the CSWs that leads to the
secondary split of the eigenmagnetic resonant mode. We
further consider a 1D metacrystal formed by a chain of CSWs
and observe the MP bands through the FT map. Modifying
both the thickness of the middle metal layer, d, of the CSWs
and the spacing between CSWs, p, can efficiently engineer the
MP band and even open a bandgap. Such a CSW chain can
even work as a subwavelength waveguide, which may have
potential applications in nano-optics and photonics.
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