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Abstract

Silver (Ag) and gold (Au) nanoparticles are known to have very strong plasmonic fields
among the other plasmonic metallic nanoparticles. When two Ag or Au nanoparticles are
brought close together, hot spots (strong electromagnetic field) are formed between the
particles, which can be exploited in imaging and sensing applications. In this chapter,
we used the discrete dipole approximation (DDA) to investigate the interdimer separa-
tion dependence of the localized surface plasmon resonance (LSPR) of homo- and het-
erodimers of Ag and Au nanocubes (NCs) when the exciting incident light is polarized
parallel to the dimer axis. It was found that as the interdimer separation changes, the
plasmonic field distribution around the nanocubes’ surface varied. The results from the
homodimers showed that the primary plasmon band red-shifted in accordance with
the universal scaling law and the hot spots geometry changed abruptly at small separa-
tions. The results simulated at very short distances showed that the hot spots formed in
between the adjacent facets and away from the corners of these facets. However, at larger
separations, it moved toward the adjacent corners. For heterodimers, unusual behavior
was observed. It showed that the E-field resulting from excitation of the Ag-dominated
plasmon resonance was significantly weaker than expected, and the red shift of the gold-
dominated plasmon resonance did not follow the universal scaling law. It is likely that
the silver plasmon mixes with the gold interband transition to form a hybrid resonance
that produces weaker overall field intensity.
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1. Introduction

Plasmonic nanoparticles made of Ag or Au received significant attention from researchers as
it showed unique properties when they interact with the electromagnetic radiation, primarily
in the visible region. The localized surface plasmon resonance (LSPR) is an example for one
such property. This results from the resonant excitations of the collective oscillations of their
conduction band electrons [1-4]. The LSPR is tunable and strongly dependent on the shape,
size, composition, and relative dielectric function of the nanostructure [4-11]. The oscillation of
the electrons results in a strong enhancement in the optical absorption, scattering and near-field
intensities of noble metal nanoparticles allowing for their use in numerous applications such as
biological imaging, selective photothermal therapy, surface enhanced Raman scattering (SERS),
optical wave guiding, and biochemical sensing [12]. It is well known that as interparticle gaps
are reduced, localized regions of intense electromagnetic fields known as “hot spots” [13, 14]
will be formed, which are of interest in surface-enhanced Raman spectroscopy (SERS). This is
primarily due to the spatial overlap of the individual plasmonic modes, which induces the for-
mation of hybridized collective plasmonic modes. At nanoscale separations, the hot spots pro-
duced in these composite frameworks exhibit noteworthy enhancements in Raman scattering,
fluorescence, infrared absorption; which has been useful for a variety of applications [15-17].
Substantial Raman enhancement can be generated, using larger aggregates experimentally [18].

The effect of coupling between the surface plasmons of adjacent particles, such as in nanopar-
ticle aggregates, is very important and has received a great deal of attention in recent years.
Coupling typically results in a shift in the LSPR wavelength and a great enhancement of the
plasmonic electromagnetic field (E-field) [19, 20]. This is important in optical technologies
such as chemical and biological imaging [21, 22], sensing [23-25], and therapeutics [26-29].
This interparticle plasmon coupling forms the basis of the intense enhancement of spectro-
scopic signals (e.g., SERS) from molecules adsorbed at nanoparticle junctions, providing the
capability for single-molecule sensing and detection [30, 31]. The overall strength of cou-
pling depends on the polarization direction of the exciting field and the distance between
the nanoparticles. It has been observed that the LSPR shift due to coupling decreases expo-
nentially with increasing interparticle distance [20, 32]. When normalized to particle size, the
relationship holds for many nanoparticles with different sizes, shapes, metals, and media; this
has been termed the universal scaling law [19, 33].

Ag and Au NCs with sharp corners are known to have very strong plasmonic fields concen-
trated at their corners. The study of the coupling between a pair of Ag NCs and the effect of
rounding the cube corners on their coupling strength has recently been carried out [34]. This
chapter will focus on the theoretical understanding of unique features of assembled nanocubes
made of Au and/or Ag plasmonic nanoparticles in face-to-face (FF) orientation. Discrete dipole
approximation (DDA) method has been used to study the distance dependence of the plasmonic
field coupling between homodimers (Ag-Ag or Au-Au) and heterodimers (Ag-Au) of nanocubes
with sharp corners. We examined the dependence of the interaction of particles with light at
the interparticle separation gap. Finally, we looked at the LSPR extinction wavelength and the
relative field intensity distribution and the hot spot formation (strong E-Field) between adjacent
nanoparticles at small interparticle separations.
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2. Research methods

Modeling and simulation play a key role in the advancement of nanoscience and nanotech-
nology. Among various numerical methods, DDA received significant attention as it can pro-
vide useful information on plasmonic phenomena. The DDA [35] is one of the most powerful
theoretical techniques to model the optical properties of plasmonic nanoparticles of arbitrary
geometry. This method was used to calculate near field interaction between of closely placed
cubic Ag and Au nanoparticles (edge length = 42 nm) assembled in face-to-face orientation. The
refractive index of Ag and Au NCs is assumed to be the same as that of the bulk metal [34]. The
surrounding medium was set to be the water (1 =1.33). Simply, in DDA, the target (here Ag and/
or Au NCs) represents as cubic arrays of several thousands of points acquire dipole moment in
response to the local electric field located on a cubic lattice (with volume d). Details of the DDA
method have been described elsewhere [35-37]. One of the important prospects of the LSPR to
understand is the effect of the electromagnetic field distribution in determining sensing perfor-
mance of the metal nanoparticles. This needs to go through the fundamental study of the plas-
monic properties of nanoparticles. Using DDA [35, 37], we were able to calculate the plasmonic
properties such as plasmonic field distribution of a pair of homo- and heterodimeric nanocubes
made of Au and Ag at different separations upon exposure to resonant incident electromagnetic
field. The Plasmonic field enhancement factor (in log-scale of |EI%/|E |?) was located on the
surface of a dimer of cubes with the DDA technique at different excitation wavelengths.

3. Gold nanocube dimer

Plasmonic nanoparticles dimers are very important in this context due to large electromagnetic
field formation between them when they are in close proximity and exposed to the incident light
[32, 38—41]. The strong electromagnetic field (hot spot) only forms, if the incident light polarized
along the dimer axis [42]. Figure 1a and ¢ shows, as the separation distance between the cubes
decreases, the intensity of the SPR bands enhances and red-shifts. The total extinction increases
from 5 a.u. for a single particle (or a large separation) to 18 a.u. for 2 nm separation. The extinc-
tion band maximum red shifts from 588 to 642 nm, upon decreasing the separation gap between
the cubes. These results follow the typical scaling law seen for other particles (Figure 1b).

To better understand the dipole coupling behavior between the two nanocubes, the E-field
plasmonic enhancement was calculated for a single and the dimer of Au NCs at very short
distance (2 nm) and larger distance (10 nm). For calculating the field distribution of single and
dimer of Au NCs, the maximum plasmon band wavelength of interest was used to excite the
single or dimeric nanoparticles. We excited the single Au NC at 585 nm, a dimer with 2 nm of
separation at 641 nm, and a dimer with 10 nm separation at 613 nm (Figure 2a—c).

The E-field around the single nanocube showed the characteristic pattern of field concen-
trated at the corners. As the particles moved away (at 10 nm), it shows that the electromag-
netic field became stronger near the adjacent corners compared to the adjacent facets. When
the separation is reduced to 2 nm, the E-field strength moved away from the adjacent corners
and in between the facing facets of the dimer.
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Figure 1. (a) Dependence of the extinction spectra on the separation distance of an Au NCs dimer in water. (b) Exponential
behavior of fractional plasmon shift (A4/A ) as a function of the interparticle separation normalized by the length of the
nanoparticle. (c) The exponential dependence of extinction maximum on the interparticle separation. This exponential
dependence suggests that the extinction spectra of Au NC dimers follow the universal scaling law. Reprinted with
permission from Ref. [41]. Copyright 2014 American Chemical Society.
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Figure 2. Plasmonic field enhancement for (a) single Au cube, (b and c) the dimer of Au-Au NCs with 2 nm of separation
(excited at 641 nm) and 10 nm of separation (excited at 613 nm). As the separation distance increases to 10 nm, each cube
in the dimer likely has the E-field distribution in character like which shown for the single cube. However, at 2 nm, the

strongest field is located at the center of the adjacent faces. Reprinted with permission from Ref. [41]. Copyright 2014
American Chemical Society.

4. Silver nanocube dimer

In order to compare our results with a pair of Au NCs, we calculated extinction and field distri-
bution for pairs of Ag NCs in the same condition. The extinction spectra for different separations
of homodimer of Ag NCs are shown in Figure 3a and c.
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Figure 3. (a) DDA calculated extinction spectra at different distances, (b) exponential behavior of fractional plasmon shift
(AA/A)) as a function of the interparticle separation normalized by the length of the nanoparticle and (c) the exponential
decrease of the intensity of the strongest extinction peak as the interparticle separation increases. Reprinted with
permission from Ref. [41]. Copyright 2014 American Chemical Society.

It shows that the extinction spectrum of a widely separated pair of cubes is nearly identical to
that of the monomer. Contrary to the Au, it was found in the single and dimer Ag nanaopar-
ticles that there are two strong bands at long wavelengths (probably dipolar) and two weak
higher order polar bands at short wavelengths. As the gap between the cubes decreases,
although the bands shift to longer wavelengths, the shorter wavelength bands show further
red shift than the longer wavelength bands. While a strong doublet is observed for 60 nm of
separation, for 20 nm separation, one band of the doublet becomes weaker and broader in the
spectrum. It is possible that the higher order bands become stronger and the higher energy
dipolar band is likely to be submerged under the strong higher order band.

As shown in Figure 3b with increasing the interparticle gap separation of the Ag NCs dimer,
the magnitude of the red shift of the plasmon band decreases based on the universal scaling
law [41]. Figure 4a—c shows the electromagnetic field distribution of the Ag NCs dimer and
single Ag NC. Here, only the main plasmonic band for both single Ag NC (A__ =481 nm) and
AgNCsdimerat2nm (A__ =553nm)and 10 nm (A__ =517 nm) was exited. As the separation
distance increases, the E-field distribution becomes similar to the single Au NC.

In order to examine the hybridized dimer modes of the dimer of Ag nanocubes, the electromag-
netic field was calculated at 2 and 10 nm separation distances. The results showed that at 10 nm
of separation, the field strength is strongest at the corners (Figure 4c), whereas, at 2 nm separa-
tion, the strongest field moved toward the center of the adjacent faces (Figure 4b). Compared to
the dimer of the Au NCs, in all cases, the electromagnetic fields for the Ag NCs were stronger,
as expected.
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Figure 4. (a) Plasmonic electromagnetic field enhancement for a single Ag NC and the dimers of Ag-Ag NCs with (b)
a separation distance of 2 nm (excited at 522 nm) and (c) separation distance of 10 nm (excited at 517 nm). As the
separation distance decreases, the hot spots formation takes place in between the faces facing of the dimer and away
from their corners. However, when the cubes move away from one another, the field distributions are mostly present
around the corners of the faces facing facets of the dimer. Reprinted with permission from Ref. [41]. Copyright 2014
American Chemical Society.

5. Plasmon coupling of gold-silver heterodimeric nanocubes

The results for the Ag-Au hetrodimeric NCs showed unusual results and more exciting conclu-
sions. We expect that the plasmonic modes of gold and silver will mix to form hybrid modes.
Simply, if we consider W, and W, as dipolar modes for gold and silver, respectively, we might
think that the two hybrid modes would be (W, +W W) and (W, -V Ap) [41]. However, the hybrid
modes will not have equal contribution of Ag and Au uncoupled modes because the energies
of the uncoupled modes are so different (gold at 588 nm and silver at 482 nm). As discussed by
Sheikholeslami et al. in their work on Au-Ag nanosphere heterodimers [43], because the inter-
band transition of gold strongly overlaps energetically with the Ag NC’s natural LSPR reso-
nance, the LSPR resonance of the Ag NC may strongly couple to it. We showed at large dimer
separations, the spectrum somewhat identical to the summation of the spectra for a single Au
NC and an Ag NC, and there is no coupling between the Au and Ag cubes [41]. At short sepa-
rating distance, mixing occurs between the heterodimer of Au and Ag cubes. The main band
around 600 nm showed that significant enhancement in characteristic intensity corresponds to
the Au-like plasmonic band. This band red shifts with decreasing separation and showed that
the band does not follow the universal scaling law as we showed in the homodimer cubes.

In order to understand the interplay between the Au and Ag NCs, the E-fields were calcu-
lated at 2 and 10 nm with different excitation wavelengths. The field resulting from excita-
tion of plasmon band at 2 nm (615 nm) and 10 nm (597 nm) is shown in Figure 5a and b. It
shows that, at 10 nm of separation, the field is largely concentrated around the corners of the
gold cube (on the right). In Ag NC dimer, at 2 nm of separation, the E-field enhances due to
increased mixing-in of Ag dipolar mode. However, it is still weaker than the field around the
Au NC. This hybrid mode can be represented as W, =aW, +bW, where a>b. Just as with the
homodimers, the E-field is strongest at the corners and between the facing facets (Figure 6).

It shows the field distributing of the heterodimer of Ag-Au nanocubes when exciting the
dimer at 487 nm associates with 2 and 10 nm of separations, whereas the hybrid modes have
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Figure 5. (a and d) Separating the cubes by 10 nm and exciting at 597 nm produces a field almost entirely located on
the Au NC. However, exciting at 487 nm exhibited the same pattern as seen for separation distance of 2 nm. Reprinted
with permission from Ref. [41]. Copyright 2014 American Chemical Society. (b and c) Plasmonic electromagnetic field
enhancement for the dimers of Ag-Au when the particles are separated by 2 nm (exciting at 487 and 615 nm). It shows
that the field is strongest around the corners of the silver cube at 487 nm and exciting at 615 nm, the most field strongest

in the middle of facing facets as well as around the exterior corners of the gold cube.
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Figure 6. The spectrum of plasmonic coupling model for the heterodimer of Au-Ag NCs separated by 2 nm (left). It
shows that there is significant mixing of the plasmonic modes of the two particles to form hybrid resonances at 2 nm.
The two strongest bands at 615 and 487 nm associated with the corresponding field distribution in Figure 5b and c. A
schematic represents that which modes mix to form the two strongest hybrid modes (right). Au interband transition can
mix with Ag dipolar plasmonic resonance (around 487 nm), due to the similarity in energy. Adapted with permission

from Ref. [41]. Copyright 2014 American Chemical Society.
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more silver character. Herein, for both separations, we can see that the field concentrates
around the Ag cubes’ corners, and there is no field around the Au cube (Figure 5¢ and d).
This suggests that this hybrid mode contains little gold dipole character. Compare to what
was seen with all other dimeric pairs, as the intercube distance is reduced from 10 to 2 nm,
the maximum field enhancement is reduced. This is expected due to the fact that silver’s
dipole mode hybridizes with gold’s interband transition. Exciting the nanoparticle at the
interband transition produces an incoherent excitation and little net E-field. Subsequently,
a hybrid mode containing significant interband transition-character will produce a weaker
overall E-field. We would also expect that there would be little to no E-field located on the
Au NC, which was obvious. It is expected that this mode has the form W, = aW, +bW ag T
cW , where W is the interband transition mode and b > c and a = 0. A schematic overview
of the proposed mixing scheme for Au and Ag NCs is shown in Figure 6 (on the right). The
spectrum shows other modes that these high-energy resonances are likely included mostly of
silver’s higher order modes.

It concludes when exciting the heterodimer at gold plasmon wavelength, reducing the separa-
tion distance weakens the field due to the silver plasmon mode mixes with gold’s interband
transition, and since the interband transition does not show plasmonic behavior, it causes
reduction in the overall field enhancement. As shown in Figure 6 (on the left), the main band
(the hybrid band) contains both Au and Ag components, and it is mostly gold-based reso-
nance around 600 nm in character [41].

6. Conclusions

In this chapter, we summarize numerically the dependence of interparticle on the LSPR band
shift and electromagnetic field distribution around face-to-face oriented Ag and/or Au NC
homo- and heterodimers. To begin to study the plasmonic coupling behavior between cubes,
the extinction spectrum was calculated for different separation distances. It was found that
the separation distance between the cubes plays a significant role in the plasmonic shift in the
extinction spectrum and corresponding E-field around the particles. Exciting homodimers of
Au and Ag NCs parallel to the interparticle axis showed results consistent with expectations
and follow the typical scaling law seen for other particles. This study is pointing toward the
fact that in homodimers NC at very short separation of distance (i.e., 2 nm), the maximum
field moved away from the corners of the cubes and became strong between the adjacent faces.
Compared to homodimers, different behaviors are observed for the heterodimers. As the Au
and Ag cubes in close proximity to each other, their plasmon modes mixed to form hybrid
modes. As a result, Au dipolar mode weakly mixed with Ag higher energy dipolar mode. As a
result, this hybrid mode enhanced the E-field primarily around the Au NC. Silver’s plasmonic
mode mixed with gold’s interband transition, due to their similar energies. It was found that
since the interband transition is an incoherent excitation, it results no E-field, and this hybrid
mode had a weaker field enhancement compare to that of un-hybridized Ag mode.
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