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ABSTRACT Radiative coupling of induced plasmonic fields in metal nanoparticles has drawn increasing

attention in the recent literature due to a combination of improved experimental methods to study such

phenomena and numerous potential applications, such as plasmonic nanoparticle rulers and plasmonic circuitry.

Many groups, including ours, have used a near-exponential fit to express the size scaling of plasmonic coupling.

First, we show experimental agreement between previously simulated nanorod coupling and plasmonic coupling

in electron beam lithography (EBL) fabricated nanorods using the near-exponential expression. Next, we study the

effect of nanoparticle orientation on plasmonic coupling using EBL and DDA simulations. We develop a

mathematical relationship that is consistent with our findings and quantitatively describes plasmonic coupling

between nanorods as a function of orientation, separation, induced dipole strength, and the dielectric constant

of the medium. For applications utilizing plasmonic coupling to become viable with particle shapes that do not

have spherical symmetry, such as nanoprisms and nanorods, comparison of the experimental and theoretical

results of how particle orientation affects plasmonic coupling is essential.
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oble metal nanoparticles are ex-

citing materials because their con-

duction band electrons couple
with light in the visible to near-IR region of
the electromagnetic spectrum. The electric
field of the light induces a coherent oscilla-
tion of electrons on the surface of the par-
ticle that is resonant with the excitation fre-
quency. The resonance reaches a maximum
value at specific frequencies, identified as
dipole, quadrupole, etc. For particles that
are small with respect to the wavelength of
light (r < 1/4*\), the dipole resonance
dominates the spectral signature of the par-
ticle. The resonant energy of this dipole
transition in a single nanoparticle is a func-
tion of the dielectric medium in which the
nanoparticle is embedded, the shape and
size of the nanoparticle, and the specific
plasmonic metal. By changing these vari-
ables, one can tune the optical properties
of a single noble metal nanoparticle. This
tunability of the localized surface plasmonic
resonance (LSPR) frequency and the in-
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tense localized field induced at the nano-
particle surface in noble metal nanoparti-
cles gives them enormous potential in
medical,’ 3 optical,* 7 and sensor®~ 2
applications.

As two particles approach one another,
the intense near-fields at the surface of the
particles overlap and couple with one an-
other, strongly affecting the plasmonic
resonance energies. The coupling between
two degenerate plasmonic modes has been
discussed as an analogy to molecular exci-
ton coupling theory (MECT),"®>~'® which de-
scribes the splitting of an excited state en-
ergy level into two eigenmodes, one at
higher energy and one at lower energy,
whose separation is approximated by the
Simpson—Peterson equation. Similarly,
when two nanoparticles come into contact
with one another, the individual dipole
modes couple to produce two new dipole
resonances, one at a higher energy and one
at a lower energy, associated with the dimer
system. For tip-to-tip oriented rods, the
higher energy hybrid dipole is forbidden,
due to the net dipole being equal to zero.
The lower energy hybrid dipole is stronger
in intensity, and the fractional shift in the
resonance wavelength is a measure of the
degree of coupling between the two
particles.

While there are commonalities between
the Simpson—Peterson approximation with
near-field coupling of plasmonic nanoparti-
cles, this model assumes that the excitation
is a single dipole state, and the coupling oc-
curs only between these two dipoles. Plas-
monic excitations, while predominantly di-
polar at large separations, have
contributions from higher order multi-
poles, as well, especially at decreasing sepa-
rations. These higher order resonances can
be seen clearly in anisotropic particles
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such as nanoprisms.'”"'® This point has been evi-
denced in the literature by numerous researchers
that fit the decay of the plasmonic field coupling with
separation to an exponential function instead of the R—3
functional dependence predicted by the dipole—dipole
model.”>"92° |n these papers, the exponential fit is
only used to approximate the functional dependence
of the dipole coupling on separation and should be
used prudently because the exponential fit to the data
intherangeof 1.5 X S=R=25XSandR=1.1 X Sis
poor. However, the near-exponential description of
the plasmonic coupling does facilitate its application
by providing a straightforward model that expresses
the relationship, and this model has been used to pre-
dict the separation of plasmonic nanoparticles using
their optical signal.?’

The shift in the resonance energy with decreasing
interparticle separation was first studied by Su et al.°
and Rechberger et al.,*> who independently demon-
strated that near-field coupling red shifts the dipole
resonance frequency. The near-field coupling was
guantitatively measured by the fractional shift in the di-
pole resonance wavelength (AN/)N), which decayed
near-exponentially with separation. Later, the exponen-
tial decay length (1) in units of the particle size was
found to be consistent among several nanoparticle
shapes?'%32% (eq 1), such as nanospheres, nanodiscs,
and nanoshells.

(B2) = A x (=) (1)

Here, \ is the wavelength plasmonic resonance wave-
length of the single nanoparticle, A\ is the shift in the
plasmonic resonance wavelength of the nanoparticle
dimer with respect to the single nanoparticle, 7 is the
exponential coupling decay length of the dimer, Ais a
pre-exponential fitting factor, s is the separation be-
tween nanoparticles, and D is the physical size of the
nanoparticle.

This method of describing the plasmonic coupling
as a near-exponential function of separation was an at-
tempt to simplify the convoluted coupling that occurs
between not only plasmonic dipoles (which theoreti-
cally couple as a function of separation such as R3) but
also higher order multipoles as the separation de-
creases. This near-exponential trend also highlighted
the common size scaling of many symmetric nanoparti-
cle shapes by reporting the exponential decay length
of the coupling (1) in units of the particle size and the
commonality of this value for various nanoparticle sizes.
It was first postulated that this exponential decay
length was universal for all shapes of nanoparticles;
however, it has since been shown in the literature that
this value can vary with particle shape and is larger for
some shapes, such as the nanoprisms.'”

While these studies have investigated the coupling
between two plasmonic nanoparticle dimers, they have
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all been limited in scope to ideally oriented particles,
save for two recent publications."®?* In the first work,
Funston et al.’® found a nice correlation between the
single particle/dimer optical signal of distributed colloi-
dal nanorod dimers and DDA simulations of various ori-
entations. They found that for very small separations
(R/S < 0.09) the exponential fit is not accurate. In addi-
tion, some very nice hybridization schemes were pre-
sented for particular orientations of nanorods with re-
spect to one another. In the second article, Willingham
et al.*® theoretically compared a plasmonic hybridiza-
tion calculation to FDTD calculations in order to investi-
gate plasmonic coupling in two nanorods. For applica-
tions such as the plasmonic ruler®® and subwavelength
optics,”” ~?? it is helpful to investigate the plasmonic
near-field coupling of nanoparticles with anisotropic
shapes when the orientation is systematically varied
and at larger separations.

In this paper, we use electron beam lithography to
form two-dimensional arrays of pairs of nanorods with
different distances and orientation and measure the po-
sitions of their surface plasmon extinction. We discuss
the observed plasmonic coupling in nanorod dimers,
with systematically varied separations and rotational
geometries, in order to understand and model the cou-
pling between less than ideally oriented anisotropic
nanorods, specifically when one rod is rotated around
its center of mass. We discuss the advantages of model-
ing plasmonic coupling with the plasmonic hybridiza-
tion model (the analogue to MECT) and modify the
Simpson—Peterson approximation to incorporate the
plasmonic near-field coupling dependence on four vari-
ables; separation, orientation, induced dipole size, and
medium dielectric. We also discuss previous observa-
tions of nanoprisms that possess a stronger coupling at
larger distances compared with discs and spheres of
the same size as additional support for the model.

RESULTS AND DISCUSSION

Tip-to-Tip Coupling between Nanorods. We first investi-
gated nanorods oriented tip-to-tip and the relation-
ship between interparticle separation and the degree
of coupling between the longitudinal plasmon reso-
nances. This has previously been studied qualitatively
in colloidal solutions'>3°3! and quantitatively through
DDA simulations'2* but has not yet been systemati-
cally reported experimentally. A few representative SEM
images of the nanorod dimers oriented tip-to-tip are
shown in Figure TA—C. Statistical measurements were
performed on all of the nanorod arrays to ensure that
the size distribution was homogeneous. The average
magnitude for the length and width of the nanorods
was 66.4 = 1.7 and 37.6 = 1.8 nm, respectively, and the
thickness was 18 nm. By measuring the extinction spec-
tra of the nanorod dimers, we verified that the plas-
monic coupling obeys the predicted red shift in a near-
exponential fashion. The experimental data points are

VOL.3 = NO. 11 = 3670-3678 = 2009

3671



ARTICLE

3672

0.204
= Experimental
0.15 4 Theoretical
< — Equation 1
Soted Equation 2
0.054
0.004 T T T T T T 7‘|”” T 1
0 5

1 2 3 4
Separation / Nanorod Length

Interparticle Separation
—209nnm
——31.3nm
——421nm
——526 nm
——723nm
——91.7nm
—286.7nm

o
o
=
=}
i

0.005+4

Extinction (au)

o
g
A
Q
\,

600 700 800 900

Wavelength (nm)

Figure 1. (A—C) SEM images of gold nanorod dimer arrays fabricated by EBL with various interparticle separations: 20.9,
72.3, and 286.7 nm. The scale bar in the top left corner of A is 100 nm. The inset in A is a 400k X magnification of a nano-
rod dimer. The scale bar in the inset is 30 nm. (D) Plasmonic coupling (AN/\) shown as a function of interparticle separa-
tion in units of the nanorod length for experimental EBL fabricated (black squares) and DDA simulated particles (green
prisms). Two fits are presented, the exponential model with a decay length of T = 0.20 (red solid line) and a derived fit shown
in eq 2 of the paper (blue dashed line). (E) Experimental extinction spectra of seven different nanorod dimers showing the

spectral plasmonic shift from 757 to 804 nm.

shown in Figure 1D (black squares), and a DDA simula-
tion of the exact particle size and shape is shown for
completion (green triangles). Using the best-fit expo-
nential function shown in eq 1, the decay length was
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Figure 2. (A) Molecular exciton coupling theory (MECT) scheme de-
picting hybridized excited energy levels separated by 2U, where U is
given in eq 3. (B) Plasmonic hybridization theory (PHT) scheme depict-
ing the analogous hybridized excited energy levels separated by 2 V,
where V is given below in eq 10.
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confirmed to be T = 0.20 = 0.03, in agreement with pre-
vious simulations®* (dashed blue line). Figure 1E shows
the experimental extinction spectra of seven nanorod
samples with varying interparticle separation.

While the exponential fit has been used to nearly ap-
proximate the decay of plasmonic coupling with sepa-
ration, it has consistent deviations from the data, which
have been discussed previously. A more accurate rela-
tionship has been derived in the Supporting Informa-
tion of ref 21. This functional relationship between the
fractional shift in the resonance wavelength and the
separation between particles is presented in eq 2:

A\ 1
5] = (12A(1 + F1P — (1 + ) @
S

where A and vy are shape factors that are determined
by the shape and size of the plasmonic nanoparticle, R
is the separation between the centers of the plasmonic
fields (typically approximated as the centers of the
nanoparticles), and S is the size of the nanoparticle. Fig-
ure 1D shows a second best-fit line using eq 2 (blue
dashed line), which has a much better fit to the data,
both experimental and theoretical, compared with the
exponential fit. The comparison between these two fits
demonstrates two points: (1) the approximation of the
exponential model in predicting separations between
nanoparticles and (2) the necessity for a better math-
ematical description of the plasmonic field coupling as
a function of particle separation. While the exponential
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decay model has been used to successfully approxi-
mate plasmonic coupling,®’ we point out here that a
more accurate mathematical relationship, such as eq 2,
would provide a better fit and be an improvement in
the critical regions such as center-to-center separations
of 1.5—2.5 in units of the particle size. An interesting
note is that the parameter A is equal to 1/3 in the fit us-
ing eq 2, which is nearly the value predicted for a nano-
rod of this size (A = 1/aspect ratio). The small diver-
gence probably exists due to the shape not being an
ideal oblate spheroid, but a flattened rod.

According to MECT, the energy splitting (2U) be-
tween two hybridized modes was originally dis-
cussed for molecular dipole excitations by Kasha et
al.’® and is given by the Simpson—Peterson approxi-
mation'® (eq 3)

2

U:nsz3X|K| 3)
where  is the transition dipole moment of the sys-
tem, m is the refractive index of the medium, R is the
center-to-center separation between dipoles, and k
is an orientation factor. Previously, plasmonic cou-
pling has been qualitatively described using a hy-
bridization model analogous to MECT,'*'® shown in
Figure 2. An analogous equation to the
Simpson—Peterson approximation is developed
here that quantitatively describes the hybridized en-
ergy levels using independent variables, separation
(R), dipole module (), medium refractive index (n),
orientation (k). The Simpson—Peterson approxima-
tion will be used as a starting point for the develop-
ment of such an equation.

On the Role of Nanoparticle Orientation on Plasmonic Field
Coupling. Next, we report on the plasmonic coupling be-
tween nonideally oriented nanorods. The anisotropic
nature of the nanorod and other anisotropic nanoparti-
cle shapes could lead to superior plasmonic applica-
tions,"® like the plasmon ruler and plasmonic waveguides.
However, for anisotropic nanoparticles to be useful in
plasmonic applications, the coupling must be under-
stood as a function of particle orientation. We system-
atically studied the normalized optical extinction of the
nanorod dimer pairs with polarized light along the in-
terparticle axis with one nanorod positioned at varying
angular orientations with respect to the interparticle
axis. Representative SEM images of the nanorod dimers
at different orientations are presented in Figure 3. The
extinction wavelength for each rotation in Figure 3
was measured using a microspectrometer, and the
spectra are shown in Figure 4A. As one of the nano-
rods is rotated around its center of mass and the inci-
dent polarization is held constant along the interpar-
ticle axis, the hybridized plasmonic dipole along the
interparticle axis blue shifts as the coupling between
the nanorods is reduced.
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Figure 3. SEM images of nanorod samples fabricated by EBL
with one rod rotated with respect to the interparticle axis by
various angles (0) indicated in the top left corner of each
image.

The localized surface plasmon resonance is strictly
a surface event, whereby the conduction band elec-
trons oscillate in resonance on the surface of the nano-
particle. Therefore, we investigate the possibility that
the decoupling of the plasmonic modes as one rod is
rotated is due to a resulting increase in separation be-
tween the nanorod surfaces. The experimental data de-
picting the relationship between plasmonic coupling
and the minimum surface-to-surface separation are
plotted in Figure 4B. The data for the unrotated nano-
rod dimers with increasing separation are plotted with
black squares. The red line is the best-fit curve in this re-
gion. The blue diamonds are the smallest surface-to-
surface separation in the nanorod dimers where one
rod is rotated. A linear best-fit line is shown in blue for
the eye to follow. It is clear from these data that the
plasmonic coupling dependence on orientation is dis-
tinct from the dependence on strict surface-to-surface
separation.

The relationship between the angle of rotation and
the fractional shift in the wavelength is shown in Fig-
ure 4C. The experimental data points are shown as
black squares, and the DDA simulations are shown in
green triangles. The fractional wavelength shift is nor-
malized to the maximum shift (0, 180, and 360°), and
the red line is the best-fit cos? 6 function, with an R? fit-
ting value of 1.00 and 0.96 for the simulated and experi-
mental data, respectively. We note here that the data
was also fit to a cos 0 function, but the agreement with
the data was much poorer.

This relationship can be explained using the orienta-
tion factor () presented in the Simpson—Peterson ap-
proximation in MECT

k = cos 0;, — 3cos 0,zcos 0,4 (4)

)
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Figure 4. (A) Optical extinction of two gold nanorods separated by a center-to-center distance of 110 nm with vari-
ous relative orientations. The light is polarized parallel to the interparticle axis, as is depicted in the inset, while one
nanorod is rotated by some angle (0) from the interparticle axis. When 0 = 0°, the long axes of the nanorods are par-
allel, and when 0 = 90°, the long axes of the nanorods are perpendicular. (B) Fractional wavelength shift of the
coupled nanorods as a function of surface-to-surface separation. The blue data points are the nearest separation be-
tween the nanoparticle surfaces as one nanoparticle is rotated, indicating that the coupling is not functionally de-
pendent on the surface-to-surface separation. (C) Experimental (black squares) and simulated (green triangles) plas-
mon coupling between two nanorods as a function of relative rotation of one nanorod around its center of mass. The
plasmon coupling dependence follows a cos? 0 dependence due to the coupling of the vector components of the di-
pole plasmons along the interparticle axis. The best-fit functional dependence is (AN/\) = cos?(w*0/w), with an R? =
0.96 and 0.99 for the experimental and simulated data, respectively.

The value 0, is the angle between the two dipole vec-
tors, and the values 6:z and 04 are the angles between
respective dipole vectors 1 and 2 and the interparticle
axis that connects the dipole centers. In the case pre-
sented here, k is simplified to k = —2cos 0, where 6 is
the rotation of one nanorod around a fixed point with
respect to the interparticle axis.

Additionally, when the light is polarized along a
fixed direction, as is the case in both the DDA simu-
lation and the experimental work presented here,
the magnitude of the hybridized transition dipole
modulus of the dimer system is a function of the ori-
entation of the rods in the dimer. This value can be
calculated by summing the oscillator frequencies or
the two rods. The oscillator frequency (f) is directly
proportional to the square of the transition dipole
modulus (), where the modulus is a function of the
rotation angle of the one nanorod as it is rotated
around its center of mass.

p = g Fa 5)
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In eq 5, en, is the electric permittivity of the me-
dium, E is the incident electric field applied to the
nanoparticle system, and a is the dipole polarizabil-
ity of the nanoparticle, shown in eq 6

a= 380(ﬂ)v (6)

*
e + k¥e,

Here, ¢ is the dielectric permittivity of the nanopar-
ticle material,  is a shape dependent variable, and V
is the volume of the particle.

The total oscillator frequency (f;) of the nanorod
dimer can be calculated by summing the component
oscillator frequencies of each dimer pair:

fror = f,cos 6, + f,cos 6, (7)

For all dimers in this work, f; = f, since the nano-
rods in the dimer are identical. In the case where the
nanorods are oriented tip-to-tip, 6; = 6, = 0 and fror
= f, + f, = 2f. In the case where one nanorod is rotated
by some angle 6 away from the interparticle axis, the os-
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The diagram in Figure 2B depicts two plas-
monic resonance modes at different energy levels.
We have predominately discussed the antisymmet-
ric mode (lower energy) of the dimer system so far
in this article. The symmetric mode (higher energy)
is often referred to as the “dark plasmon” mode
since the net dipole moment of the system is zero®?
and is not spectroscopically observable. Upon rota-
tion of one nanoparticle, the net dipole of the dark
plasmon becomes non-zero. However, this reso-
nance mode remains unobservable here in the ex-
perimental and simulation, which is consistent with
the mathematical derivation in eq 9, as the con-
structively coupling mode (HM1 when 0 < 6 < 90°
and 270 < § < 360°% HM2 when 90 < 6 < 270°) is
the dominant mode. This is more clearly observed
in Figure 5 where the contribution to the energy
shift of the destructively coupling mode is very

T T T T T T T T T T T T T
0 60 120 180 240 300 360
Angle of Rotation 6 (degrees)

Figure 5. Close agreement between cos? (0), which fits the data
in Figure 4 (black line) and the mathematically derived full func-

tional dependence of the plasmonic hybridized energy level

small.

Effect of the Dipolar Modulus on Plasmonic Coupling. An
important issue of the plasmonic nanoparticle ruler
application has been the report of a slower decay
of the plasmonic coupling than predicted by either

(fractional shift in the plasmonic resonance wavelength) on rota- the exponential or R3 relationships. This can be

tion angle of one nanorod around a central pivot point. There
are two hybridized modes, antisymmetric at 6 = 0 (HM1) and

observed in the spectra reported here (Figure 1D)

symmetric at @ = 0 (HM2). The only resonance shift occurs when  and many other reported simulation and experi-

the dipoles are constructively interfering.

cillator strength along that axis is reduced by a factor
cos 0, and fror = f(1 + cos 0) = 2f. Therefore, the square
of the allowed component of the total dipole transi-
tion modulus is expressed in eq 8.

Wor o fror = f(1 + cos 0) (8)

The full dependence of the hybridized energy sepa-
ration on the rotation of one nanorod in a nanorod
dimer away from the interparticle axis by 6 is thus

VIB] = |1 + cos 8] x |cos 6] = |cos 8 + cos® 6|
9)

In summary, the two contributions (|1 + cos 6| and
|cos 8]) to the rotational dependence in eq 9 originate
from (1) the induced transition dipole () coupled with
the incident field polarization and (2) the orientation
factor k, which accounts for the coupling between the
two fields with respect to one another. As mentioned
previously, MECT predicts that the degenerate excited
states of excitons in a dimer are split into two energy
levels, one at higher energy and one at lower corre-
sponding to the symmetric and antisymmetric relative
dipole orientations, respectively (shown in Figure 2).
Equation 9 is plotted in Figure 5 for hybridized mode 1
(antisymmetric mode) and hybridized mode 2 (symmet-
ric mode) and is shown to very nearly overlap with the
cos? 6 dependence fit to the data in Figure 4C (black
line). Note that due to symmetry hybridized mode 2 is
180° out of phase with hybridized mode 1.

www.acsnano.org

mental data sets,'”?"** generally around R/D ~ 2.

Additionally, it was pointed out that at very small
interparticle separations (surface-to-surface separa-
tions <5 nm) the lower energy hybridized plasmonic
band shifts more rapidly to lower energy than is pre-
dicted by the single exponential function used by many
groups.'® Both of these phenomena need to be ac-
counted for to obtain a more practical model of the
plasmonic near-field coupling. The Simpson—Peterson
approximation (eq 3) indicates that the shift in energy
from the monomer excited dipole energy to the hybrid-
ized excited dipole energy is proportional to the square
modulus of the transition dipole for MECT. However,
for near-field plasmonic coupling, the x-component of
the transition dipole (along the interparticle axis and
parallel with the electric field of light) increases nearly
exponentially as the separation between nanoparticles
decreases (not shown), due to increased coupling be-
tween the dipole and quadrupole modes. Qualitatively,
this phenomenon explains the increased energy shift
in the hybridized excited plasmon resonance compared
with the R~3 dependence for two coupling dipoles.

Recently, we published an article investigating the
near-field dipole coupling between nanoprisms'” and
the induced energy shift of the hybridized excited plas-
monic mode. We reported that the range of plasmonic
coupling was larger for nanoprisms compared to nano-
spheres and nanodiscs of comparable size. This was
quantitatively measured by the decay length of the
plasmonic coupling () using the best-fit exponential
decay function and was quantitatively reported to be
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Figure 6. Comparison of the extinction intensity of a nano-
disc (red dashed) and a nanoprism (black solid). The inten-
sity of the dipole plasmonic mode is ~80% stronger for the
nanoprism than for the nanodisc, and thus the nanoprism
transition dipole modulus is roughly 80% greater. The sizes
of the particles are comparable (bisector = diameter = 75
nm, height = 20 nm), and the dipole spacing in both cases
is 1 nm.

400

50% larger in prisms (t = 0.35) compared to discs (T =
0.22). Pragmatically, this means that nanoprisms have a
larger measurement range than nanodiscs and nano-
spheres with comparable sizes, and smaller particles
can be used which lead to less perturbation in the sub-
strate. This result is qualitatively explained by compar-
ing the transition dipole modulus of the nanoprism to
the transition dipole modulus of the nanodisc of rela-
tively the same size. Using the DDA method, we have
compared the transition dipole moduli of these two
shapes in Figure 6, which is directly proportional to the
intensity of the extinction band. The simulated nano-
prism and nanodisc shapes both had a size of 75 nm,
which corresponds to the respective bisector and diam-
eter, and a thickness of 20 nm (inset of Figure 6). The in-
tensity of the dipole resonance extinction band for the
nanoprism is roughly 80% larger than that of the nano-
disc of equal size. Thus, the fractional shift in the hybrid-
ized plasmonic mode for two nanoprisms will be more
strongly shifted at a given interparticle separation than
for two nanodiscs, for equally sized particles.

There has been a recent publication from our group*?
describing the affect of varying the dielectric medium of
the nanoparticles on the sensitivity or degree of plas-
monic field coupling. This report indicates that the near-
field dipole coupling between particles increases with an
increasing dielectric medium. This conclusion is consis-
tent with the Simpson—Peterson approximation. The hy-
bridized energy shift is predicted to be inversely propor-
tional to the square of the refractive index of the medium
and directly proportional to the transition dipole modu-
lus. As defined in eq 5, the transition dipole modulus is di-
rectly proportional to the electric permittivity of the me-
dium (&), which is nearly equal to the square of the
refractive index of the medium in the limit of the mag-
netic permeability equal to 1. Thus the full dependence

\\&) VOL.3 = NO. 11 = TABOR ET AL

of the hybridized energy shift (V) on the refractive index
of the medium should be U « n?2.

With these considerations, in addition to the orien-
tation and separation results discussed in the previous
sections, the Simpson—Peterson approximation that
quantitatively describes the hybridized energy level
splitting in MECT can be modified to approximate the
hybridized energy level splitting between near-field
coupled plasmonic fields. Equation 10 gives the modi-
fied version of this equation for identical nanoparticles:

VzAT)‘ocn2><|p2|><|/<|><F (10)
where 1) is the refractive index of the medium, p is the
transition dipole module, « is the orientation factor and

is defined as

k = *(cos 0;, — 3cosO,zcos 0,5) and

@ = (cos 0, + cos 0,p) (11)

where 1 and 2 represent the axis of the induced plas-
monic dipole, R is the interparticle axis, and P is the po-
larization axis of the light. The last term in eq 10 repre-
sents the functional dependence on the separation of
the plasmonic fields. Several different functions can be
used, including an exponential eq 1 or a more complex
but fundamentally derived fit, for example, eq 3.

The two functions presented here (eq 1 and 2) are
limited in scope and have certain drawbacks that must
be considered when using them. The exponential fit is
only a near approximation and has a poor fit when 1.5
< R/D < 2.5, while eq 3 has two variables that must be
accurately computed for the shape of the particle. Both
equations must be taken as approximations only above
moderate separations (s > 1.1*D) since below this sepa-
ration the coupling increases more rapidly than either
model predicts, due to higher order multipole coupling.
Future work should focus on analytically deriving this
function that includes higher order multipole coupling
and the influence of separation on the transition dipole
module, p. This would prove to be a beneficial addi-
tion to the model and assist toward the integration of
plasmonic nanoparticles in applications.

CONCLUSION

In conclusion, we report that the near-field electro-
magnetic coupling of two plasmonic nanorods can be
modeled as a function of orientation by using the
function that is taken from the Simpson—Peterson ap-
proximation that is used in MECT. The plasmonic field
coupling was experimentally shown to have approxi-
mately a cos? 6 dependence on the orientation of one
nanorod with respect to a neighboring nanorod, where
6 is the angle between the interparticle axis and the
axis of the longitudinal plasmonic mode of the rotated
nanorod. This relationship was also theoretically con-
firmed using DDA simulations. A model equation was
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presented, based on the Simpson—Peterson approxi-
mation, whereby the coupling of the plasmonic fields
is a function of four variables, namely, the the separa-
tion between nanoparticles, the transition dipole mod-
ule induced, the refractive index of the medium, and
the relative orientations of the nanoparticles. In agree-
ment with previous DDA work,'” the best-fit exponen-
tial decay length was experimentally verified to be T =

EXPERIMENTAL SECTION

Nanorod arrays were fabricated using a JEOL JBX-9300FS
100 kV electron beam lithography (EBL) system. The substrates
used to support the nanoprisms were prefabricated free-
standing silicon nitride membranes whose fabrication has been
described in detail elsewhere.** Briefly, silicon wafers with a
(100) orientation were purchased from University Wafer and
cleaned and placed in a Tystar Furnace. SisN, was deposited onto
the wafer surface using a low-pressure chemical vapor deposi-
tion process at a deposition rate of 5 nm/min to a final thickness
of 50 = 3 nm. A combination of optical photolithography and
dry etching with CF, removed selected areas of the membrane
from one side of the wafer. These areas were exposed to KOH to
anisotropically etch the silicon wafer through to the other side,
exposing the other silicon nitride membrane. This process pro-
duced an array of silicon nitride membrane windows freely sup-
ported that were 150 X 150 wm? Each window was used for a
single design pattern, and each pattern array was 300 X 300 pm?
in order to ensure pattern overlap with the window. A poly(me-
thyl methacrylate) (PMMA) positive electron resist was spin
coated onto the top SisN, side of the wafer to a thickness of 80
nm. A dose of 2750 p.C/cm? was used to write the pattern at a
beam current of 1.98 nA. Development of the exposed areas was
carried out in a 1:3 methyl isobutyl ketone/isopropy! alcohol
(MIBK/IPA) solution for 10 s. The sample was then washed in
IPA for 30 s before gently drying in a stream of N,. A thin chrome
layer (0.5 nm @ 0.1 A/s) was evaporated onto the sample using
a CVC electron beam evaporator followed by a 20.0 nm layer of
gold at a rate of 0.5 A/s. The Cr served as an adhesion layer be-
tween the SisN, surface and the Au nanoparticles. Final lift-off
and removal of the PMMA mask was accomplished by placing
the sample in 1165 remover purchased from MicroChem for 24 h.
The array was designed so that the nanoparticle dimer pairs
were spaced more than 800 nm from one another to reduce far-
field coupling that has been observed by Rechberger et al.?? in
150 nm diameter gold nanodisc arrays. This far-field coupling has
been shown by the Moerner group to exist at large separations
(5—7 particle lengths). For this reason, individual particle dimers
were experimentally spaced no less than 8 particle diameters
apart, and no interparticle separations were used greater than 5
particle lengths. In these experimental samples with small inter-
particle gaps (20—300 nm), the near-field coupling can be ex-
pected to be much stronger than any far-field grating effects.

The supported nanorods were imaged using a Zeiss Ultra60
scanning electron microscope (SEM). Extinction measurements
were performed on a Craic 1100 microspectrophotometer in
transmission mode under polarized light (along the interpar-
ticle axis) using a 5X magnification. The collection spot was
~32.0 X 32.0 um?, and several different areas were collected
from the center of the array and averaged to produce the re-
ported spectra. A comparison between magnified SEM images
from various membrane windows shows excellent homogene-
ity in the particle shapes and sizes as the spacing and orienta-
tion is varied.

The optical response of the nanoparticle dimer systems has
been calculated using the DDA method with the DDSCAT 6.1
code publicly offered by Draine and Flatua®> and modified by
Goodman®°® and Schatz.3” The method has been described in
great detail elsewhere.>® Briefly, the method approximates the
desired particle shape as a three-dimensional cubic lattice of po-
larizable point dipoles of preprogrammed dipole—dipole spac-
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0.22 in units of the nanorod length. From this work,
we present some of the first systematic studies of orien-
tation dependence of the plasmonic coupling between
two nanoparticles, identifying a new method to not
only map nanometer distances in 1 dimension but also
to potentially expand the application to a powerful
two- or three-dimensional mapping technique solely
utilizing optical spectra of the nanoparticles.

ing. The program solves for the scattering and absorption of
each polarizable point self-consistently in response to an inci-
dent plane polarized field and polarization of neighboring di-
pole points. The bulk values of the dielectric constants reported
by Johnson and Christy* for gold were used. The DDA method
has been demonstrated by many groups*®~** to be suitable for
optical calculations of the extinction spectrum and the local elec-
tric field distribution in metal particles with different geom-
etries and environments. The incident light is always polarized
parallel with the interparticle axis in this report, and the dielec-
tric of the host medium was set at e,, = 1.00. As discussed by
Rechberger et al.?? it is reasonable to consider the calculations
of a single particle pair instead of the entire 2-D array. This con-
sideration is justifiable because the particle pairs in the experi-
ment are separated from each other by large distances on the or-
der of eight particle diameters, large enough so that no coupling
occurs between different particle pairs. This ensures that only
the interactions between the two particles within the dimer are
measured.
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