JOURNAL OF APPLIED PHYSICS 107, 114313 (2010)

Controlling plasmonic resonances in binary metallic nanostructures
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Investigation on the interplay of plasmonic resonances in binary nanostructures indicated that, at a
fixed wavelength, with a variation in the difference permittivity ratio 7=(€,— €,/ €, — €,), resonances
exhibit the dielectric effect, resonance chaos, collective resonance, resonance flat, and new branch
regions. This means that plasmonic resonances can be controlled by material parameters €; and ¢,.
In this work, using the Green’s matrix method of solving the surface plasmon resonances, we first
study the resonance combination of symmetrical binary three-nanostrip systems. Several resonance
branches extend across the above mentioned regions. Near fields within the gaps and at the ends of
nanostrips are greatly enhanced due to the influence of neighboring metallic material. Then, along
each resonance branch, resonances in the dielectric permittivity region are mapped into the
wavelength region of gold. Through adjusting material parameters €; and e€,, the resonance
wavelength is tuned from Az=500 to 1500 nm, while for a single nanostrip it is only at Ag
=630 nm. We also find that comparable permittivity parameters €, (or €,) and €,,(w) can control
resonance wavelength and intensity effectively. High dielectric permittivity of the neighboring metal
has also an advantage in a giant enhancement of the near field. These findings provide new insights
into design of hybrid plasmonic devices as plasmonic sensors. © 2010 American Institute of

Physics. [doi:10.1063/1.3407527]

I. INTRODUCTION

Surface plasmon resonances (SPRs) of metallic nanopar-
ticles enable important applications based on surface-
enhanced Raman scattering,1 biosensors and nanometer plas-
monic Waveguides,2 optical antennas,3 solar cells,4’5 and
nonlinear optical frequency mixing.(’*8 In practice, it is nec-
essary to adjust the resonance wavelength as well as to de-
sign the enhanced near field. There are several ways of ap-
proaching this problem. One is to fabricate different types of
nanoparticles such as nanospheres, nanoshells, nanorices,
nanorings, nanostars, nanocages, and nanotriangles.2 By con-
trolling the core-shell ratios of nanoshells, resonances can be
tuned from visible to infrared ’frequencies.2 The nanocres-
cents have shown multiple, adjustable resonances and a
strongly enhanced near field due to their unique structures
with tips and a ring.9 Another way is to arrange the nanopar-
ticles in different configurations and to use the near field
coupling among them to tailor their plasmonic properties.
For example, the redshifts and blueshifts of resonance wave-
length and giant near field enhancement in nanoparticle pairs
have been reported,lo_14 as well as the scaling rules of
shifts.'>'® Other than using the geometry and arrangement of
nanostructures, here we propose utilizing their material pa-
rameters to control their plasmonic properties. This is espe-
cially effective when both kinds of nanostructures are metal-

YE]ectronic mail: ygu@pku.edu.cn.
YElectronic mail: ghgong @pku.edu.cn.

0021-8979/2010/107(11)/114313/9/$30.00

107, 1143131

lic, their plasmonic properties are greatly modified by the
presence of the free electrons of the neighboring metal.

Based on the Green’s tensor method to solve the optical
near field of isolated nanostructures and the Green’s function
formalism in the quasistatic limit,'""® we have developed the
Green’s matrix method (GMM) to deal with the SPRs and
the near field of arbitrary shape subwavelength metallic
structures and of binary nanostructures.'”*° Instead of giving
the resonance peaks in the wavelength space, by using the
resonance capacity of surface plasmons,19 the GMM can pro-
vide the resonance spectrum in the dielectric permittivity
space. By varying the difference permittivity ratio 7=(e,
—€)/(€,—¢), at a fixed wavelength, resonance branches of
two nanostrips exhibit different regions: the dielectric effect
region, resonance chaos region, collective resonance region,
resonance flat region, and new branches region.20 This
means that the plasmonic resonance wavelength and the near
field distribution can be adjusted by means of the material
parameters of nanostructures. It is well known that a sym-
metrical structure has an incomparable advantage in plas-
monic properties. In the present work, by means of the de-
veloped method, binary triple-nanostrip systems with
symmetrical arrangements are utilized to control the SPR
properties. These three-strip-based plasmonic building
blocks can be used to design various tunable hybrid plas-
monic devices such as plasmonic sensors.

In the following section, the GMM and resonance capac-
ity concept are briefly reviewed. In Sec. III, we present the
resonance combination of binary three-nanostrips at the fixed
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FIG. 1. (Color online) Scheme of three 60X 20X 20 nm? nanostrips for (a)
parallel case and (b) perpendicular case. Here the x axis is the direction of
polarization of the incident light. The propagation is along the z axis.

wavelengths A=632.8 and 832 nm. It is shown that (i) sev-
eral resonance branches, which have different resonance ca-
pacities and permittivity parameter ranges, extend across the
above mentioned regions and (ii) near fields concentrated
within the gaps or at the ends of the nanostrips are greatly
enhanced by the free-electrons in the neighboring metallic
materials. The characteristics of each branch can act as a
guide for using real metal parameters to control the plas-
monic properties. Then, in Sec. IV, we describe the mapping
of the resonance properties in the dielectric permittivity re-
gion into the wavelength region of the real metal gold along
these resonance branches. By adjusting the material param-
eter €, (or €,), the resonance wavelength of the system can
be tuned from Ap=500 to 1500 nm, compared to its single
nanostrip resonance at Az=630 nm. Simultaneously, the
near field is strongly enhanced. This control of the resonance
wavelength requires that the permittivity parameter €, (or €,)
is comparable with €,,(w), while high dielectric permittivity
of the neighboring metal can lead to significient enhance-
ment of the near fields. Finally, we summarize the main re-
sults in Sec. V.

Il. GMM

The salient properties of the GMM are first
reviewed.'”?® Consider an arbitrary shape binary structure
with dielectric permittivities €;(r,w) and &(r, ) embedded
in a homogeneous bulk material €)(w), as shown in Fig. 1.
These nanostructures are not necessarily connected, but the
tensors €;(r, ) [=¢(r,®)—¢€)(w) for i=1 or 2] vanish out-
side the structures. Dielectric permittivities €(r,w) and
&(r,w) are generally complex and frequency dependent. If a
monochromatic field E°(r)e™" impinges on the system, the
scattered field E(r) is a solution of the wave equation

—V XV XE(r) +k*e)(w)E(r) + K eg(r,w)E(r) =0, (1)

where k is the vacuum wave number. By introducing the
Green’s operator G'(r,r’, ) associated with bulk material,”!
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the Lippmann-Schwinger equation of the field E(r) at any
point r can be written as'"*

E(r) =E’(r) +k2f dr'G(r,r',w)e, (r',w) - E(r')

1

+ nsz dr'GO(r,r", w)e, (r',w) - E(r'), (2)
€2

where C=C;U C, denotes the cluster subspace, and 7=(e,

—€)/(e;—¢€) is the difference permittivity ratio.”* This

equation implies that the field inside the nanoclusters can be

solved self-consistently through the Green’s propagator

Gr,r',w).

If the nanocluster subspace is discretized into N pieces
,\@h volume 6V (8V<V), let the Green’s matrix
G'(r,r',w)=6VK’G (r,r",w)8(r' —r))
+10VEk*G (r,r',w)8(r' —r,) for r; € C; and r, € C,. Equa-
tion (2) becomes

~ — f\()
S [(Ger’,w) -1 Br) = 2 3)
r'eC ESl(r’w)

where s=(1/¢€(r,w)= (}\//el(r,w) —¢y(w)) is the eigenvalue
of G(r,r’,w). Because G° is symmetrical, mathematically,
there are 3N real eigenvalues. Physically, only those eigen-
values with large residues of the electric field correspond to
strong resonances, which are selected by the resonance ca-
pacity of the surface plasmon.19 The region of eigenvalue s,
is clearly related to the ratio #. The cooperation of positive
permittivity (here €,=1.0) and negative permittivity €,,(r, ®)
or €,(r,w) leads to the resonances.

Via some transformations, the field E(r) (a 3N X 1 ma-
trix) within the cluster subspace has the form

3N [
S L,-E%r)
E(r) - Igl esl(rsw)(s - sn)

R, (4)

with eigenvalues s, and eigenvectors R, and L, of the

Green’s matrix G°. For any point r outside the nanoclusters,
E(r) reads

3N

~
E(r) = E°(r) + 25 L—E(r)ﬂ S GOrr'.w)

n=1 (S_S") r'eC;
+7 > Go(r,r’,w)] -Rn}. (5)

r'eCZ

For any binary nanostructure with €,(r, ) and &(r, ), both
the optical near field and far field can be expressed by the
Green’s tensor GO(r,r’, w).

When s approaches one of the eigenvalues s, i.e., s
—s,, the electric fields diverge to infinity when there is no
loss. Only those eigenstates (or resonances) with strong near
electric fields are physically meaningful.lf8 To select those
SPRs, we have defined the resonance capacity in the function
of the internal energy of the nanostructures.'® In binary nano-
structures, for each s, the joint resonance capacity is
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c Je,dr'len] - [res|E(e)[; + [c,dr' |, . [res|E(r)|];

! fcdr/|€o(w)| . |EO(I")|2

where the residue of field [res|E(r")][],
=|L,-E°%r’")/€,,(r,w)R,|. Large resonance capacity values
usually represent strong resonances with a strongly enhanced
near field. Conceptually, extinction peaks correspond to
those SPRs with high values of the resonance capacity. In the
three-nanostrip case, instead of using the resonance capacity
of each nanostrip as in the two-nanostrip case,”’ we use the
joint resonance capacity to represent the resonance intensity.

lll. SPR AND NEAR FIELD DISTRIBUTIONS

The 7—s diagram is used to describe the SPR distribu-
tion with varying # at a fixed wavelength, as well as the #
—C, (resonance capacity) diagram to give information on the
near field enhancement. Through investigations in the 7—s
and »-C, diagrams for binary nanostrips, it is found that
resonance branches include the following regions: the dielec-
tric effect region, resonance chaos region, collective reso-
nance region, resonance flat region, and new branch region,zo
which means that the plasmonic resonance properties can be
adjusted by 7, especially when both kinds of nanostructures
are metallic, i.e., 7>0. The main task of this section is to
present the n—s and 7—C, diagrams of symmetrical three-
strip nanostructures at A=632.8 and 832 nm. Since each
branch has a different resonance capacity and dielectric per-
mittivity range, in practice, we can roughly determine the
type of real metal with suitable plasmonic properties if we
know which branch it belongs to. Then, it is easy to map
resonance branches in the permittivity region to the wave-
length region. Based on the results presented here, in Sec.
IIT A, we will demonstrate how to use the material param-
eters to control plasmonic properties in a wide spectral re-
gion.

As shown in Fig. 1(a), when the central line of the three-
nanostrips is parallel to the polarization of the external elec-
tric field, it is a parallel case, however, in Fig. 1(b), when
their central line is perpendicular to the polarization of the
electric field, it is a perpendicular case. Here the input wave-
length is A=632.8 or 832 nm, the size of a nanostrip is 60
X 20X 20 nm?®, and all the gaps are 10 nm. In the calcula-
tions, we use a mesh of 5 nm. The electric field is propagat-
ing along the z direction and polarized along the x direction.
In the calculations of near field distributions, we select the xy
plane within the metal and 10 nm above the nanostrips with
the imaginary parts 0.15i in the parallel case and 0.05i in the
perpendicular case. When the incident wavelength is A
=632.8 nm, for a single 60 X 20 X 20 nm? nanostrip, there is
only one resonance at €,(r,w) =—11.78, roughly correspond-
ing to gold material at this wavelength.19
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(6)

A. Parallel case

Figure 2 displays the evolution of the resonance
branches, resonance capacity, and relative dielectric permit-
tivities €, and €, as a function of the difference permittivity
ratio 7 at A\=632.8 nm for the parallel case in Fig. 1(a). Note
that here only resonances with dielectric permittivities within
the visible spectral region are considered. With the help of
the »—C, diagram, we can select several main resonance
branches. Roughly speaking, a binary three-strip nanostruc-
ture exhibits resonance behavior similar to a binary two-strip
nanostructure.”’ However, resonance branches and the details
which lay the foundation of Sec. IV are quite different. When
7<0, it is a dielectric effect region, i.e., there must exist one
dielectric material among €, and €,. As shown in Fig. 2(a),
when € is metallic, it is branch 1 but when ¢, is metallic, it
is branch 2. For >0, both materials are metallic. When 0
< <1, branches 3 and 4 appear, where branch 3 belongs to
the resonance chaos region because there is a large fluctua-
tion of the resonance capacity, as shown in Fig. 2(b).
Branches 4 and 7 belong to the new branch region, where
only one kind of metallic material dominates the resonance
behavior, i.e., in branch 4, €, dominates, while in branch 7,
€, dominates. Near =1 with €;=¢,, branches 5 and 6 are
within the collective resonance region where both materials
participate in the resonances, nevertheless, beyond 7n>1.5,
branch 6 enters the resonance flat region with a quite strong
plasmonic resonance.
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FIG. 2. (Color online) SPR with varying 7 for the parallel case shown in
Fig. 1(a) and at the wavelength A=632.8 nm. (a) 7—s diagram, (b) »-C,
diagram, (c) eigendielectric permittivity €, and (d) eigendielectric permit-
tivity €. There are seven branches whose dielectric permittivities fall into
the optical frequency range.
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FIG. 3. (Color online) Near field distributions (a) within the nanostrips and (b) 10 nm above the nanostrips around the areas A, B, C, D, E, F, G, and H marked

in Fig. 2(b).

Detailed resonance behavior in branches 1 and 2 are first
discussed. In the dielectric effect region, the existence of the
neighboring dielectric nanostrip has some influence on the
resonance capacity as shown in Fig. 2(b). Because electro-
magnetic waves can penetrate through the dielectric material,
its resonance behavior is the same as in the vacuum, namely,
the resonance energy is gathered within or around the metal-
lic material. When »=-1, two resonances belonging to
branches 1 and 2 are found. One is dominated by €, material
with €,=—10.94 and €,=12.94 and the other is dominated by
€ with €,=12.46 and €,=-10.46, see Figs. 2(c) and 2(d).
Their near field in areas A and B is shown in Figs. 3(a) and
3(b). In these two branches, when the dielectric constants of
the dielectric material greatly increase, the near field is only
slightly enhanced and the dielectric permittivities of the met-
als are very stable. This implies that, although the high di-
electric constant of the neighboring dielectric is used, it can-
not be used to adjust the resonance wavelength and the near
field enhancement effectively.

Now we start to explore branches 3, 4, and 7 shown in
Fig. 2. They have a common feature in that only one metal
material dominates the resonance while the other metal has a
large effect on it. Branch 3 is very special due to the alter-
nation of €; and €, dominating resonances. In this branch, the
near fields around area C are illustrated in Fig. 3, which is a
resonance dominated by €; with €,=—11.70 and €,=-2.80.
Though the maximum intensity of the near field is compa-
rable with the A area in branch 1, different from where there
is no field enhancement in the dielectric material €,, there are
still large near fields in the e, material. In branch 4, reso-
nances are dominated by €, and it is seen from the D area
with €,=-22.26 and €,=—14.12 in Fig. 3 that the near fields
of the three-nanostrips are inseparable. While, in branch 7,
the €; material dominates the resonances, which are typically
illustrated by the F area with €,=—17.08 and €,=-23.40 in
Fig. 3. In these branches, from the parameter ranges of ¢

and €, in Figs. 2(c) and 2(d), we see that €, has a large
varying region in branches 3 and 7 and €; has a large varying
region in branch 4, which can be used to adjust the resonance
wavelength of real metals. However, in branches 4 and 7,
there is a giant near field enhancement within the gaps,
which is caused by the redistribution or polarization of
electrons™ in the neighboring metal and can be applied to
various plasmonic devices.'™

Next, let us focus on branches 5 and 6 in Fig. 2. When
n=1 and €,=¢, and there exist two collective resonances
shown as area G and area E of Fig. 3. When €,=¢€,=
—17.06, the resonance belongs to branch 5, when €,=¢,=
—19.20, it belongs to branch 6. The characteristic of collec-
tive resonances is that all three-nanostrips participate in the
resonances, which leads to a large near field enhancement in
the gaps.l(HS With an increment of 7, the collective reso-
nance in branch 6 becomes a €; dominated resonance. When
n=2, €,=-20.12, and €,=-41.25, and the near field intensity
reaches the maximum, which is nine times that of a single
nanostrip due to the existence of free-electrons in neighbor-
ing metallic nanostructure €,. Hence, a large €, in branch 6
can be used to control the resonance wavelength and reso-
nance intensity when these resonances are mapped into the
wavelength region of a real metal.

B. Perpendicular case

We consider the resonance properties for the perpendicu-
lar case of a three-nanostrip system, as shown in Fig. 1(b). In
this situation, the near field coupling among them is not as
strong as in the parallel case. There are 5 main resonance
branches in the optical frequencies. In the 7»—s and 7n—-C,
(resonance capacity) diagrams of Fig. 4, we see that branches
1 and 2 belong to the dielectric effect region, branch 3
roughly spans the resonance chaos region, collective reso-
nance region, and resonance flat region, and branches 4 and 5
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FIG. 4. (Color online) SPR with varying 7 for the perpendicular case shown
in Fig. 1(b) and at the wavelength A=632.8 nm. (a) »—s diagram, (b) 7
—C, diagram, (c) eigendielectric permittivity €, and (d) eigendielectric per-
mittivity €,. There are five branches whose dielectric permittivities fall into
the optical frequency range.

belong to the new branch region. The three-strip binary
nanosystem takes on resonance behaviors similar to the two-
strip case,”’ yet the details are quite different.

First consider the two dielectric branches 1 and 2 with
7<<0. Since the electromagnetic wave can penetrate though

20 40 60 80
(a) X nm
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the dielectric material, varying # does not influence the reso-
nance capacity much, as shown in Fig. 4(b). When 7=-1,
two resonances are found. One is €, material dominated reso-
nance with €,=—10.06 and €,=12.06 and the other is €,
dominated with €,=10.07 and €,=—12.07, see Figs. 4(c) and
4(d). Their near fields are concentrated near the metals, as
shown in the A and B areas in Fig. 5. Changing the dielectric
constants of the dielectric did not have a large effect on the
near field or the resonant dielectric permittivities of the
metal, which means that the dielectric materials cannot be
utilized to adjust the resonance properties.

For branch 3, due to the coexistence of multibranches,
there exist fluctuations of the resonance capacity in branch
3.2 Here only the strongest resonances are selected, so not
every individual branch is clearly shown. As an example, we
give here the details for the collective resonance. When 7
=1.0 with €;=€,=—-8.27, Fig. 5 at the C area shows a strong
near field coupling at the ends of the nanostrips. When 7
=1.6 with €,=-6.19 and €,=-10.50, area D with enhanced
near field distribution in Fig. 5 is the extension of the collec-
tive region and is transformed to a resonance flat region. In
this branch, a large range of €, and resonance capacity im-
plies an effective control of the resonances in the wavelength
region of real metals.

Branches 4 and 5 belong to the new branch region. In
branch 4, resonances are dominated by €; material. When
n=2.8 with €,=3.15 and €,=-10.61, the plot of the E area in
Fig. 5 represents a typical near field distribution in branch 4.
It is seen that the intensity of the near field is not high, yet a
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FIG. 5. (Color online) Near field distributions (a) within the nanostrips and (b) 10 nm above the nanostrips around the areas A, B, C, D, and E in Fig. 4(b).
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FIG. 6. (Color online) SPR with varying # for the parallel case shown in
Fig. 1(a) and at the wavelength A=832 nm. (a) »—s diagram, (b) »-C,
diagram, (c) eigendielectric permittivity €, and (d) eigendielectric permit-
tivity €. There are seven branches whose dielectric permittivities fall into
the optical frequency range.

near field extending across all three-nanostrips is visible. As
for branch 5, resonances are dominated by e,. In this branch
€; changes very fast, but €, remains generally stable. Hence,
if the €, material is Au, its resonance wavelength will be very
sensitive to the adjusting material €,. From the above results,
we find that in both the parallel and perpendicular cases,
many resonance branches can be used to choose parameters
which control the resonance wavelength and the resonance
intensity. In the following, we will demonstrate this kind of
control in the wavelength region of gold.

C. np-s diagram at A=832 nm

We have provided the z—s and 7—C, (resonance capac-
ity) diagrams of a three-strip nanosystem at N\=632.8 nm,
namely, through the diagrams we can directly point out for a
specific 7 which dielectric permittivities €; and €, support
the SPR. In practice, we need to map these resonances in the
dielectric permittivity region into the resonance wavelength
Ar region of real materials. It is easy to do this kind of
mapping along the resonance branches in the 7—s diagram.
According to the extension of €(€[-40,20]) and e&(e[
—40,20]) at A=632.8 nm, it is estimated that the resonances
will cover the optical frequency region and will possess simi-
lar resonance characteristics over the wavelength range from
A=500 to 1000 nm. In addition to the n—s diagram at A\
=632.8 nm, we also provide the 7-s diagram at A\
=832 nm.

First, the parallel case of a three-strip nanostructure is
presented. Comparing the 7—s diagrams at A=632.8 nm in
Fig. 2 and at A\=832 nm in Fig. 6, it is found that they
possess almost the same resonance properties, namely, there
are seven main resonance branches and their resonance ca-
pacities and resonance €; and €, roughly fall into the same
parameter regions. Next, we also compare the perpendicular
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FIG. 7. (Color online) SPR with varying 7 for the perpendicular case shown
in Fig. 1(b) and at the wavelength A=832 nm. (a) n—s diagram, (b) 7
—C, diagram, (c) eigendielectric permittivity €, and (d) eigendielectric per-
mittivity €,. There are five branches whose dielectric permittivities fall into
the optical frequency range.

case at A.=632.8 nm in Fig. 4 with that at A\=832 nm in Fig.
7, and almost the same results are found. Figures 6 and 7
illustrate these points in detail. This provides an important
foundation to map resonances along their branches.

IV. CONTROLLING PLASMONIC PROPERTIES
THROUGH BINARY NANOSTRUCTURES

Plasmonic device design generally requires consider-
ation of the resonance wavelength and the near field en-
hancement intensity. Resonances happen when the geometry
of the nanostructure, the incident light, the metallic dielectric
permittivity, and the dielectric environment match well. At
present, there are two main ways to control the resonance
properties. One is to fabricate different metallic
nanoparticles,20 another is to rearrange the nanoparticles with
different configurations and distances.'""? Here, based on
previous work on the interplay of plasmonic resonances in
binary nanostructures,”’ we propose using different material
to control the plasmonic properties of the nanostructures.
When one metallic material is used to control the SPR of
another metal, it has a large effect on the resonance wave-
length and the intensity due to the existence of free-electrons
in the controlling nanostructure. In the following, for binary
three-strip nanostructures, gold is used in two cases: (i) Au in
the middle nanostrip and €, in the two outer strips, the results
of which are shown in Figs. 9 and 11 and (ii) Au in the two
outer nanostrips and e, in the middle strip, the results of
which are shown in Figs. 8 and 10. Then by adjusting €; in
case (i) and e, in case (ii) we can control resonances. The
size of the nanostrips is the same as that in Sec. III and the
dielectric permittivity of Au is as given in Ref. 24. The labels
of branches in Figs. 8 and 9 are the same as those in Fig. 2
and labels in Figs. 10 and 11 are as in Fig. 4.
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FIG. 8. (Color online) Plasmonic resonances of Au in a parallel binary
three-strip nanostructure as a function of €, of the middle strip. (a) Reso-
nance wavelength and (b) resonance capacity.

We first consider the situation where €,(e,) >0, while
& (€;) >0, namely, a dielectric material €,(e,) is used to con-
trol the resonances of the metallic material €,(e;). It is seen
in branch 1 of Figs. 8 and 10 and in branch 2 of Figs. 9 and
11 that the resonance wavelength is nearly unchanged and
the resonance capacity only has a very small modulation
with variation in €;(€,). Because the electromagnetic wave
can penetrate through a dielectric, it is not suitable to adjust
the plasmonic resonances.

Compared to €,,(632.8 nm)=—11.78, too large € (or
€) or too small €, (or €,) does not have much effect on the
resonance wavelength, but they have a great effect on the
resonance capacity. In the parallel case, as shown in Fig. 8
(or 9), when €, (or €;) belongs to the region [—40,20], the
resonance wavelengths are changed from A;z=700 to 725 nm
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FIG. 10. (Color online) Plasmonic resonances of Au in a perpendicular
binary three-strip nanostructure as a function of €, of the middle strip. (a)
Resonance wavelength and (b) resonance capacity.

(or around Ap=650 nm), and the resonance capacity can be
modified greatly under the condition |&| (or |&])>|exyls
which corresponds to the H (or D) area of Fig. 3. As for ¢
(or &) e[-10,0], the resonance wavelength of Au and the
resonance capacity have almost no visible changes, even in
Fig. 9, we could not find strong resonances in this region.
Next, the perpendicular case is explored. As shown in
Fig. 10 (or Fig. 11), almost the same things happen but with
different parameter regions. When €, (or €) e [-40,-15],
the resonance wavelengths are changed around M
=630 nm (or from Az=650 to 675 nm), and there is a com-
parable small resonance capacity under the condition |e,|
(or |€|)>|€x,|- Finally, for € (or €)e[-5,0], the reso-
nance wavelength and the capacity have almost no change
and in Fig. 11 only many weak resonances exist (not shown
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FIG. 9. (Color online) Plasmonic resonances of Au in a parallel binary
three-strip nanostructure as a function of €, of both outer strips. (a) Reso-
nance wavelength and (b) resonance capacity.
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FIG. 11. (Color online) Plasmonic resonances of Au in a perpendicular
binary three-strip nanostructure as a function of €, of both outer strips. (a)
Resonance wavelength and (b) resonance capacity.
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here). However, why either the larger €, in branch 7 of Fig.
8 (in branch 3 of Fig. 10) or the larger €, in branch 4 of Fig.
9 (in branch 5 of Fig. 11) leads to the smaller resonance
intensity is still an open question. A possible explanation
may be related to the gathering and polarization of
electrons.”

The region where the permittivity parameter €, (or €,) is
comparable with €,,(w) is discussed. In the parallel case as
shown in Figs. 8 and 9, when €,(or ¢,) €[-20,-10], the
resonance wavelength of Au can be tuned in a wide spectral
region from Nz=650 to 1000 nm, and multibranch reso-
nances coexist due to a strong interplay between two differ-
ent materials. Moreover, in Fig. 8, at ;,=—15, there are three
close resonance branches, belonging to branches 4, 5, and 6,
respectively. This multiresonance phenomenon should have
some applications in plasmonic device design.zi26 For the
perpendicular case, this region happens at about €,(or €,)
e[-15,-5], and almost the same features of resonance
branches are found, namely, the resonance wavelength can
be tuned from Az=500 to 1500 nm, the resonance capacity
has a large increment, and multibranch resonances coexist. It
is noted in Fig. 10 that the resonance wavelength of Au can
reach \x=1500 nm near €,=—10. So we conclude that for
this kind of binary three-strip nanostructure the resonance
wavelength and intensity can be well modulated at the region
where the permittivity parameter €, (or €,) can be competi-
tive with the €y, (w).

It is worth emphasizing the validity of the numerical
results since the GMM does not include the loss of metals.
This has been clarified in Ref. 20. From visible to near-
infrared, the dielectric permittivity (e=€’ +i€”) of Au gener-
ally satisfies the condition |€'|>|€’|, so, the imaginary part
of dielectric permittivity will not have a noticeable influence
on the resonance wavelength. The imaginary part €’ can,
however, influence the width of the spectrum. In our previ-
ous work,'”*" a comparison between the GMM results and
discrete dipole approximation28 results has been done. About
10-30 nm discrepancy in the resonance wavelength means a
good agreement between both methods. So the results pre-
sented here are physically meaningful.

Finally, we use the Green’s tensor technique to describe
an example of plasmonic resonance control by means of
Au/Ag mixed metal.'” The results are also in agreement with
the finite difference time domain (FDTD) and discrete dipole
approximation (DDA) results.”’ Using above nanostrip 60
X 20X 20 nm? as a unit cell to show the absorption of Au/
Ag/Au and Ag/Au/Ag in the parallel and perpendicular
cases, its resonance is at Ap=630 nm for Au and at A\
=530 nm for Ag. However, when we mixed these unit cells
together, for both Au/Ag/Au and Ag/Au/Ag parallel cases,
their resonance wavelength is at Ap=725 nm, as shown in
Fig. 12(a). The dielectric permittivity €5, (725 nm) is —25.
In Fig. 8, we observe a very good agreement, while, in Fig. 9
only a rough correspondence is found. For the perpendicular
cases with Au/Ag/Au and Ag/Au/Ag, their resonance wave-
lengths are A\p=550 and 725 nm in Fig. 12(b). The dielectric
permittivity €, (550 nm) is —13. In Figs. 10 and 11, we
have predicted this resonance at A\;=550 nm. However, for
the resonance at Ap=725 nm, only a rough correspondence

J. Appl. Phys. 107, 114313 (2010)
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FIG. 12. (Color online) Normalized absorption cross sections of Au/Ag/Au
and Ag/Au/Ag structures for the parallel and perpendicular arrangements.

is found in Fig. 11. We think that this discrepancy comes
from the GMM, where we have not considered a loss in
metal. However, n—s and 7—C, (resonance capacity) dia-
grams based on the GMM can give us a panorama of reso-
nance behavior. For example, in the 7»—s and »-C, dia-
grams, at Ap=550 and 725 nm, »=1.83 and 7=1.38, which
correspond to the region in which one material dominates.
Hence, we conclude that in a hybrid nanostructure, SPR can
be adjusted as well.

V. SUMMARY

In this work, using the recently developed GMM for
solving SPR, we have investigated how to use material pa-
rameters in binary three-strip nanostructures to control plas-
monic properties. We have first given their resonance
branches for the parallel and perpendicular arrangement of
three-nanostrips for fixed incident wavelengths A=632.8 and
832 nm, with varying the difference permittivity ratio #
=(e,— €/ €, — €). Enhanced near fields within the gaps or at
the ends of the nanostrips can reach up to nine times that of
a single nanostrip, due to the contribution of the free-
electrons in neighboring metallic materials. Then, we have
mapped the resonances occurring in the permittivity region
into the wavelength region for the real metal Au. By chang-
ing the dielectric permittivities €; or €,, the resonance wave-
length can be tuned from Az=500 to 1500 nm, referred to a
single nanostrip with Ap=630 nm. Hence, through adjusting
the material parameters, both resonance wavelength and
resonance intensity can be controlled well. This binary three-
strip nanostructure opens new possibilities for the design of
hybrid plasmonic devices such as plasmonic sensors.
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