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Engineering the plasmonic optical properties of cubic silver
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The plasmonic optical properties of nanostructures including a dimer, a linear chain, a T-shaped
nanostructure, and a 2D array consisting of Ag nanocubes have been investigated using the dis-
crete dipole approximation method. The simulation results indicate that both the interparticle gap
and polarization have an important impact on far-field and near-field characteristics. With decreas-
ing interparticle distance for four nanostructures, the plasmon resonance peak is monotonically red-
shifted and the electric intensity enhancement factor increases rapidly due to increased interparticle
coupling interaction. Moreover, we also find that a T-shaped nanostructure has the largest electric
intensity enhancement factor compared with other three nanostructures due to the coupling inter-
action at the intersection. This coupling is caused by the radiative interference between subradiant
and superradiant resulting in Fano resonance. These results show how nanostructure arrangement
design, gap adjustment, and polarization control can be used to achieve high field enhancements.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826626]

. INTRODUCTION

For several decades, the noble metal nanoparticles have
attracted huge interest because of their excellent adjustable
plasmonic optical properties by tailoring the size, shape, and
environment. Among all noble metal materials, there is a large
number of studies on Ag nanoparticles due to its strongest lo-
calized surface plasmon resonance (LSPR) and broad reso-
nance spectral range across from 300 to 1200 nm.! The LSPR
arises when the oscillating electric field of the incident light
resonantly couples to the conduction electrons making them
collectively oscillate at the certain frequency.” So far, there
is a lot of research both experimental and theoretical about
the plasmonic properties of metal nanoparticles with different
shapes (sphere, cube, rod, and triangle plate).>*

Furthermore, the nanostructures assembled by Ag
nanoparticles from 1D to 2D have many novel plasmonic fea-
tures due to surface plasmon coupling. These nanostructures
include a dimer, a linear chain, a T-shaped nanostructure, and
a 2D array. Among these, a dimer can be the simplest assem-
bled nanostructure. Previously, Schatz et al. have investigated
electromagnetic fields around Ag dimers of sphere and trian-
gular prisms in detail.’ Recently, Schatz et al. have reported
the synthesis of solution-dispersible gold nanorod dimers with
gaps as small as 2 nm for surface-enhanced Raman scatter-
ing (SERS).® Xia’s group have prepared Ag nanocubes dimer
based on plasma etching, and measured SERS enhancement
factor depending on incident polarization.” Kim et al. carried
out the near-field optical mapping of gold nanocubes dimers
to directly investigate the strong coupling between two adja-
cent nanocubes.® Grillet e al. measured absolute extinction
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cross section of individual Ag nanocube dimers using spa-
tial modulation spectroscopy technique, and their results were
supported by discrete dipole approximation calculations.’
Extending a dimer to a linear chain can produce huge dif-
ference in both far-field and near-field, and a linear chain
can be used to transport electromagnetic energy like waveg-
uide. Zhang’s group have studied experimentally and theo-
retically that the plasmon resonance wavelength was signif-
icantly red-shifted with the increased nanoparticle number
in 1D chain.' Moreover, Maier et al. observed that plas-
mon shift saturated and the infinite chain limit was typically
reached for chains consisting of about ten nanoparticles be-
cause near-field interactions could be negligible for larger
separations.!! So we chose linear chains consisting of ten
nanocubes in this study. Another experimental study was con-
ducted by Nomura et al., who have measured a plasmon prop-
agation length of 4 um for a chain of 230 nm gold nanopar-
ticles with gaps of 70 nm.'? Recently, Gao et al reported that
polymer-grafted Ag nanocubes could be self-assembled into
1D chain that had well-defined interparticle orientations in
experiment.'®> Furthermore, they investigated different plas-
monic response of edge—edge-oriented nanocubes and face—
face-oriented nanocubes with different oriented nanojunc-
tions. All the works mentioned above can greatly support this
study.

Besides, a T-shaped nanostructure attracts people’s in-
terest because it can bend light around corners or split light
into two branches, which can be used to direct energy trans-
fer. In particular, Seideman’s group firstly reported that the
phase and polarization of the excitation source could be in-
troduced as tools to control over the pathway of light at the
intersection of a T-shaped nanostructure,'* !> which provided
a new way to transfer electromagnetic energy in plasmonic

© 2013 AIP Publishing LLC
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nanodevices. Finally, 2D periodically arranged nanocubes can
be a plasmonic crystal. Maier et al. have used this system to
study Fano resonance because of its ability to exhibit very
sharp and strong spectrum.'® Besides, the 2D nanostructure
array can be well-ordered and close-packed metal nanoparti-
cles superlattices, which can be prepared by chemical method
including controlled evaporation of the solvent and Langmuir-
Blodgett techniques.!” Chen et al. observed a red shift at
the plasmon resonance wavelength with decreasing interpar-
ticle distance in experiment.'® These studies mentioned above
mainly focus on the property of individual nanostructure, so
it is hard to find the impact of nanostructure arrangement on
field distribution and enhancement under the same situation.
To our knowledge, there are few reports that have a detailed
comparison of four nanostructures from 1D to 2D.

In this paper, we report that the optical properties of
four nanostructures consisting of Ag nanocubes can be ad-
justed by interparticle gap and incidence polarization. By
comparing four nanostructures, we can find the dependence
of field distribution and enhancement on nanostructure ar-
rangement. Moreover, we assign different plasmon resonance
modes based on surface charge distribution and some refer-
ences. Combining the plasmon hybridization theory, we can
show how the plasmon coupling interaction naturally deter-
mines the plasmon resonance modes which cause the change
of far-field and near-field characteristic. In particular, we ex-
plain why there is the largest field enhancement for a T-shaped
nanostructure based on Fano resonance.

Il. NUMERICAL CALCULATION METHOD

To simulate the far-field optical characteristic and near-
field mapping of plasmon around complex metal nanostruc-
tures, a flexible and general numerical tool based on elec-
trodynamic theory is needed. Over the past years, many
numerical methods have been introduced, including dis-
crete dipole approximation (DDA) method, the finite differ-
ence time domain (FDTD) method, and the finite element
method (FEM).!® Among these methods, the DDA theory
was developed by Purcell and Pennypacker.”’ After some im-
provements, Draine and Flatau implemented this theory in
DDSCAT program, which allowed that this method could be
used to calculate scattering, absorption of targets with arbi-
trary geometries, and complex refractive index. In particular,
our works benefited from efficient near-field calculations im-
plemented recently,>! which enabled us to use this powerful
tool to solve the plasmonic problem of complex metal nanos-
tructures. In the DDA method, the continuum target is repre-
sented as a cubic array of N polarizable elements. The elec-
tromagnetic scattering problem that an incident periodic wave
interacts with this array of point dipoles is then solved self-
consistently. In order to minimize the errors, the interdipole
spacing d should be small enough compared with the distinc-
tive structural feature of the target. For an accurate calcula-
tion, Imlkd < 0.5 should be met,?> where m is the complex
refractive index of the target material; k = 27/A, where A is
the wavelength in vacuo; and d is the interdipole spacing.

For our calculation, the latest available DDSCAT 7.2 pro-
gram was used here. In order to describe conveniently, we de-
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fined the axis connecting nanoparticles as long axis, and the
axis perpendicular to long axis in xoz plane as short axis for
four nanostructures. Besides, we defined Lab Frame in which
the incident radiation propagated in the +x direction, and lin-
early polarized along the z direction. The Target Frame was
defined by setting target axis a; as (1, 0, 0). The incident an-
gle o was specified by incident direction and target axis a;.
Every Ag nanocube with side length of 5 nm was represented
by 1000 dipoles, so the interdipole space was 0.5 nm, which
was small enough to minimize the errors. Such a fine dis-
crete dipole approximation of the single Ag nanocube was
checked to achieve both a quite good shape definition and
a proper convergence of the calculations. Therefore, we al-
ways kept the same interdipole spacing whatever the number
of nanoparticles and the interparticle separated distance were.
The effective radius a.; of Ag nanocube, that was, the radius
of a sphere of equal volume, was needed in calculation. It was
3.9 nm, 6.7 nm, 7.3 nm, and 14.4 nm for a dimer, a lin-
ear chain, a T-shaped nanostructure, and a 2D array, respec-
tively. The refractive index of ambient dielectric was 1.46.
This value was chosen because it corresponded to the refrac-
tive index of oleic acid which was often used in the case of
Ag nanoparticles synthesis.?* Besides, the surface charge dis-
tribution profile of nanostructure was calculated by FEM to
assign the resonance mode correctly.

When the sizes of novel metal nanoparticles are less
than several tens of nanometers, the conduction electrons
suffer an additional damping process due to their scattering
from the nanoparticle surface, resulting in a reduced effec-
tive mean free path. Therefore, the size correction of dielec-
tric function becomes necessary.’* The dielectric function of
Ag nanocubes was calculated by size correction in Eq. (1):%
L “

e(w, Lepr) = ep() + (@ T io70)

w2

- . p. ) (1)
w(w + iwyy+iove/a.rr)

where ¢, was the bulk dielectric function from experimen-
tal values of Johnson and Christy,? w), was the plasma an-
gular frequency of 9.6 eV, y, was the damping constant of
0.018 eV, vy was the Fermi velocity of 1.4 x 10° m/s,>* and
a.r was the effective particle radius.

lll. RESULTS AND DISCUSSION
A. Far-field optical characteristic

Seen from Figure 1, there always exist six resonance
peaks regardless of the number of nanocubes for four nanos-
tructures. Recently, Near ef al. had a detailed investigation on
the relationship between extinction peak and plasmon reso-
nance mode in the extinction spectrum of Ag nanocube us-
ing DDA method.?” The plasmon resonance modes at the dif-
ferent extinction peaks were assigned correctly by plotting
field vector orientations around nanoparticles. The results in-
dicated that it was always dipole mode at the largest plasmon
resonance peak (LPRP) whatever the size of nanocube was,
while higher-order multipolar plasmon modes appeared at



164713-3 Yang et al.

~
&
-

(b)

J. Chem. Phys. 139, 164713 (2013)

60
1.5nm Inm
z 8 Z 50}
= =
D %
S 6 g 40
= b=
v @ 30t 9 10nm
= 4 8
2 £ 20
= 20f
g2 £ 10
N 7 -
<[ o
350 400 450 500 550 300 400 500 600 700 800
Wavelength/nm q Wavelength/nm
C
© @
E 20¢ Inm ? 40
o 2
215 S
£ & 30
3] %]
g1 S 20
S S
£ 5 £ 10
s e
0 0
300 400 500 600 700 800 300 400 500 600 700
Wavelength/nm Wavelength/nm

FIG. 1. The extinction efficiency spectrum for (a) a dimer, (b) a linear chain, (c) a T-shaped nanostructure, and (d) a 2D array arranged from Ag nanocubes
with different interparticle distances. Inset is the schematic which depicted the geometry of the system. The incidence and polarization directions for four

nanostructures are the same.

small extinction peak. Moreover, the LPRP always appeared
at the largest resonance wavelength, while small extinction
peak appeared at short resonance wavelength. This property
is further confirmed by experimental observation. Recently,
Mazzucco et al. have observed near-field mapping around in-
dividual subwavelength-sized silver nanocubes by means of
electron energy loss spectroscopy,”® which indicated the rela-
tionship between plasmon resonance mode and certain reso-
nance peak in the extinction spectrum. Next, we will mainly
pay attention to the LPRP for four nanostructures because
many applications choose wavelength based on the LPRP
from the experimentally collected extinction spectrum.
Figure 1 presents the extinction efficiency spectrum of
four nanostructures with different interparticle distances at
incidence angle of 0°. It indicates that the LPRP is mono-
tonically red-shifted with decreasing nanoparticles separa-
tion, and the extinction efficiency reaches its maximum value
when the interparticle distance of two Ag nanocubes is 1 nm.
This phenomenon can be explained by the capacitive coupling
between the plasmon modes of two adjacent Ag nanocubes
resulting in hybridized states.?” Similarity, Grillet et al ex-
plained the plasmonic coupling between two Ag nanocubes
results from the electrostatic interaction between the elec-
tron charge distributions induced on both facing surfaces.’
When the interparticle distance is 5.5 nm, the coupling of two
nanocubes is very weak, which makes the extinction spec-
trum of four nanostructures similar to that of single nanocube.
However, when two adjacent Ag nanocubes approach each
other to 1 nm, the coupling interaction of plasmon modes in
two nanocubes becomes very strong. Moreover, the LPRP is
red-shifted to different wavelengths for four nanostructures

with the same interparticle distance. A T-shaped nanostruc-
ture has the largest red shift to 723 nm while keeping the in-
terparticle distance of 1 nm, which indicates that a T-shaped
nanostructure has the strongest coupling interaction. The de-
tailed analysis about impacting of strong coupling on near-
field distribution will be provided later in this paper.

A more interesting phenomenon is that the line shapes
of extinction spectrum are quite different for four nanos-
tructures. For symmetric nanostructure like a dimer, a lin-
ear chain, and a 2D array, the line shapes are always sym-
metric. However, for asymmetric nanostructure such as a
T-shaped nanostructure, the asymmetric line shape appears in
Figure 1(c). At the same time, for other asymmetric nanos-
tructures like dolmen structure'® and split-ring,?° the asym-
metric line shape based on Fano resonance also forms. The
Fano resonance is caused by the radiative interference ef-
fects, and it can be particularly important for arrays of
nanoparticles.31 Furthermore, the radiative interference can
be described clearly by plasmon hybridization modes. The
hybridization schematic is shown in Figures 2(a) and 2(c).
Combining surface charge distribution profile in Figure 2(b),
we can deeply understand how the Fano resonance forms
for a T-shaped nanostructure under the coupling interfer-
ence of different resonance modes. For longitudinal mode in
Figure 2(a), collective oscillation of electron clouds is slowed
by the electrostatic attraction between high charge densities
of opposite sign sustained on the facing surfaces of nanocubes
when dipole alignment of two nanocubes is parallel.’ So we
define parallel dipole alignment as bonding mode, which cor-
responds to low-energy and LPRP; while the opposite dipole
alignment causes an antibonding mode, which corresponds
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FIG. 2. Schematic illustrating the relationship between the orientation of the dipole moments and plasmon hybridization modes under the longitudinal mode
(a) and transverse mode (c). (b) Surface charge distributions of T-shaped nanostructure calculated by FEM at the LPRP position (723 nm).

to high-energy.’?>33 In this situation, the bonding mode has
increased total dipole moment, which is superradiant, and
the antibonding mode is subradiant.?->* While for transverse
mode in Figure 2(c), the bonding mode has a reduced to-
tal dipole moment, which is subradiant, and the antibond-
ing mode is superradiant. So the Fano resonance is the result
of interference between superradiant and subradiant modes.
The more detailed discussion will be appeared in near-field
mapping of a T-shaped nanostructure. It was noted that Son-
nefraud et al. explored Fano resonance resulted from inter-
ference between subradiant and superradiant modes in con-
centric ring-disk cavity nanostructure.® Compared with our
study, the ring-disk nanostructure is radial excitation. So the
opposite dipole alignment causes a bonding mode, which is
subradiant, while the parallel dipole alignment is antibonding
mode, which is superradiant.

Besides, the width of the LPRP gradually decreases and
full-width at half-maximum (FWHM) decreases to 10 nm
when the interparticle distance is 1 nm. Hicks et al. explained
this narrowing of the collective plasmon mode induced by far-
field diffractive coupling.’® As a result, it has an important
application in surface plasmon resonance sensing since the
narrow line width produces improved sensitivity.>! Moreover,
Figure 3 presents the extinction efficiency spectrum of four
nanostructures with interparticle distance of 1 nm at different
incidence angles. With the incidence angle increasing from 0°
to 90°, the incident light polarization is along from the long
axis to the short axis. The extinction efficiency of longitudi-
nal plasmon resonance peak decreases monotonically, while
that of transverse plasmon resonance peak increases mono-
tonically, and the position of both peaks keeps unchanged,
which indicates that the transverse mode is gradually domi-
nated.

B. Near-field mapping of plasmon

When the incident light linearly polarizes along the long
axis, and the interparticle distance is 1 nm, there is the

strongest electric intensity for four nanostructures. The cross
section of electric intensity is shown in Figure 4. For a dimer,
the light is concentrated into exceedingly small volume in the
gap between nanoparticles, which creates the huge near-field
enhancements. This highly localized, giant electric field en-
hancement is commonly known as the hot-spot phenomenon.!
However, there exist different electric field distributions
for four nanostructure arrangements. For a linear chain in
Figure 4(b), the electric intensity in the central gap area is
stronger than that in the both end gap areas. This can be at-
tributed to that the longitudinal plasmon mode supported by a
linear chain is no longer localized on the individual nanopar-
ticle but can propagate along the chain axis, which makes it
possible to transport electromagnetic energy along the linear
chain.’! Many experimental works can also demonstrate this
energy transfer along a linear chain.*’~° In fact, when inter-
particle distance decreases to 1 nm, the electric distribution of
a linear chain can compare with that of nanorod. As well as,
a T-shaped nanostructure can compare with two nanorods ar-
ranged in T-shaped configuration, and a 2D array can compare
with thin film.

Compared with a linear chain, we can see that the hot-
spot is more strongly concentrated in the central gap area of
T-shaped nanostructure, and the intersection of two branches
has the strongest electric intensity in Figure 4(c). To our
knowledge, this unique property has not been reported. We
speculate that it may come from the asymmetry of nanos-
tructure. The long branch along the z direction undergoes the
longitudinal plasmon mode, while the short branch along the
y direction undergoes the transverse plasmon mode. Based
on the discussion above, the bonding mode is always dom-
inated for both longitudinal and transverse modes in plas-
monic nanostructures due to its low energy. So the lon-
gitudinal mode is superradiant, while the transverse mode
is subradiant. Furthermore, under the strong coupling con-
dition, the radiative interference between longitudinal and
transverse plasmon modes can happen at intersection of this
asymmetry nanostructure. It is the interference between
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superradiant and subradiant that produces Fano resonance,
which results in bright and dark mode, and asymmetric
line shape. Remarkably, Funston’s research about two Au
nanorods arranged in T-shaped configuration also confirmed
this coupling interaction between longitudinal and transverse
plasmon modes at intersection by plotting surface charge den-
sity profiles.*! From Figure 2(b), we can see weak surface
charge density for transverse plasmon mode along the y di-
rection and strong surface charge density at the intersection.
From previous report, it was this intersection that provided
an important structure basis for polarization control, which
could be used to transfer the electromagnetic energy.'* The
accordance between near-field mapping from DDA method
and surface charge density distribution from FEM confirms
the above explanation.

For a 2D array in Figure 4(d), the electric intensity is
not concentrated into small area like a linear chain and a
T-shaped nanostructure even though the interparticle distance
keeps small enough to reach strong coupling. So the electric
field enhancement for a 2D array is less than that of a lin-
ear chain and a T-shaped nanostructure. Unlike the asymme-
try of short branch in T-shaped structure, the intersection ef-
fect of 2D array with the strong symmetry disappears, and the
electric intensity is more equally distributed in 2D array. This
near-field mapping is similar to Maier’s report about that of
the plasmonic crystal, and the Fano resonance has not been
produced by this symmetric nanostructure.'® A 2D array has
also been discussed in detail by Schatz,*? which indicates that
radiative damping effects can be negligible for the nanopar-
ticle arrays, and the Fano resonance are evanescent. Besides,
the coupled dipole approximation method was also used to

calculate the plasmonic properties of Ag nanoparticle array,
which get the consistent result with the DDA method.*>*3
Taking different far-field optical characteristics and near-field
mappings of four nanostructures, we can know that the elec-
tric field enhancement and distribution not only depend on the
number of nanocube unit but also have a strong relationship
with unit arrangement in nanostructures. Thus, we need to de-
sign the arrangement of nanoparticles in nanostructures with
predetermined optical properties and functionalities.**

Figure 5 compares the different transverse plasmon res-
onance induced by polarizing along the short axis when the
incidence angle keeps 90° for four nanostructures. The inci-
dent wavelength is nearly equal for all nanostructures, and
the strongest electric intensity locates at the two edges of ev-
ery cube unit, in accordance with the polarization direction.
This indicates that the transverse plasmon resonance is rarely
affected by nanostructure because it only happens along the
single nanocube unit. So the interparticle dipole coupling in-
teraction can be very weak even though the interparticle dis-
tance is small enough.

Here, we define electric intensity enhancement factor as
the electric intensity of four nanostructures vs that of sin-
gle Ag nanocube unit, that is, [Eqyet*/IEynicl*. Figure 6(a)
shows the dependence of electric intensity enhancement fac-
tor on the interparticle distances under the longitudinal plas-
mon mode. It can be seen that the electric intensity enhance-
ment factor decreases rapidly as the interparticle distances in-
crease for four nanostructures. When interparticle distances
are larger than the half of nanocube edge, the electric in-
tensity enhancement factor remains nearly unchanged, which
demonstrates that adjusting interparticle gap is an efficient



164713-7 Yang et al.

(@)

" 80
e —&— Dimer
5 60} ~&— Linear chain
= ~d— T-shaped
g a0} —&—2D array
3
g
< 20f
-

1]8

0 6

Enhancement Factor

J. Chem. Phys. 139, 164713 (2013)

T v 1.0

80 ” o 5

——90° 1 8

60 =

406 =

D

40 §

o4 2

<

=

20 Y Jo2 =
0 : 0.0

FIG. 6. (a) The dependence of electric intensity enhancement factor for four nanostructures on the interparticle distances at incidence angle of 0°. (b) The
comparison of electric intensity enhancement factor for four nanostructures with 1 nm interparticle distance at incidence angle of 0° and 90°, respectively.

way to engineer optical properties of plasmon nanostruc-
tures. Besides, a T-shaped nanostructure has the largest elec-
tric intensity enhancement factor of 80 compared with other
three nanostructures, which indicates that the unit arrange-
ment in nanostructure can also affect the optical properties
of plasmon nanostructures. In order to compare the longitudi-
nal and transverse plasmon modes clearly, the corresponding
electric intensity enhancement factor of four nanostructures
is shown in Figure 6(b). From it, the longitudinal plasmon
mode has a larger electric intensity enhancement factor com-
pared with transverse plasmon mode due to stronger interpar-
ticle coupling interaction. Therefore, in order to obtain the
highest field enhancement for four nanostructures, it is im-
portant to control the excitation polarization. Only when the
excitation is polarized along the long axis is there a strong
plasmon coupling, which produces the associated red shift in
LPRP position and large electric field enhancement near the
nanostructures.

Even though we have a detailed research on nanostruc-
tures from 1D to 2D, when the interparticle separated distance
is small enough, the electron transfer between two adjacent
cube units may happen. Under this situation, the quantum
mechanism effect should be considered.>! Nordlander et al.
conducted the full quantum calculation using time-dependent
density functional theory (TDDFT) method.*>*¢ Recently,
Dionne et al. analyzed plasmonic properties of particles in the
quantum size regime using DFT, and made a direct correlation
between a particle’s geometry and its plasmon resonance us-
ing aberration-corrected transmission electron microscope.*’
Compared with this, our classical calculations overestimate
the electric field enhancement near the nanoparticle surface
when the interparticle separated distance is small enough. So
full quantum calculations are further needed performing to get
more accurate electric field enhancement results.

IV. CONCLUSION

In this paper, we study that the interparticle distances
and incident light polarization have great impact on the cou-
pling interaction of plasmon modes in metal nanostructures

by DDA simulations, respectively. The calculation results in-
dicate that the electric intensity enhancement factor decreases
rapidly as the interparticle distances increase for four nanos-
tructures due to decreased interparticle coupling interaction,
and the different incident light polarization produces different
plasmon modes. Different far-field optical characteristics and
near-field mappings are decided by different unit arrangement
in four nanostructures, which results in different applications.
The dimer can be widely used in SERS application due to its
simple preparation process. The linear chain can be used to
transport electromagnetic energy along the linear chain like
waveguide. The 2D array has an important application in sur-
face plasmon resonance sensing since its narrow line width
produces improved sensitivity. Compared with these nanos-
tructures, a T-shaped nanostructure has the largest electric in-
tensity enhancement factor due to coupling interaction at the
intersection, and it provides a new way to transfer electro-
magnetic energy effectively in plasmonic nanodevices. This
indicates that the electric intensity enhancement has a strong
relationship with unit arrangement in plasmonic nanostruc-
tures. Finally, compared with transverse plasmon mode, the
longitudinal plasmon mode has a stronger electric intensity
enhancement due to stronger interparticle coupling interac-
tion. The Fano resonance is caused by the radiative interfer-
ence between subradiant and superradiant in the asymmetric
nanostructure like T-shaped nanostructure, not produced in
the symmetric 2D nanostructure, because the radiative damp-
ing effects can be negligible in symmetric 2D nanostructure.
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