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Recently, we showed that the plasmon resonance coupling between two interacting metal nanoparticles decays
with the interparticle separation (in units of particle size) with the same universal trend independent of particle
size or shape, metal type, or medium. This universal scaling behavior has been shown to apply to
lithographically fabricated nanoparticle pairs, the metal nanoshell, plasmonic dielectric sensors, and the plasmon
ruler useful in determining intersite distances in biological systems. In this article, we use electrodynamic
simulations to examine the general applicability of this universal scaling behavior to more complex nanostructure
geometries, for example, head-to-tail dimers of elongated particles of different aspect ratios and curvatures
and a trimer of nanospheres. We find that the plasmon coupling between two elongated nanoparticles interacting
head-to-tail decays according to the same universal law if the interparticle separation is scaled by the particle
long-axis dimension. The absolute plasmon coupling strength, however, depends on the particle shape (i.e.,
aspect ratio and curvature), without affecting the universal scaling behavior. We also show that universal
scaling is valid in a system of three interacting nanospheres, a first step toward extending this model to
chains/arrays/assemblies of metal nanoparticles.

Introduction We found that the fractional shiftA@/lg) of the plasmon
resonance wavelength decays over an interparticle separation
(s), which is roughly 0.2 in units of the particle dimensidp)(

for nanodisk pairs of both gotfland silvet* studied experi-
mentally and in simulations of gold nanosphere p#rgve
found that the scaling behavior expressed &l ~ k exp 02

) P . 3 is universal independent of the particle size or shape, the type
there has been increasing interest in the coupling of these surfacéof metal. or the mediur® We also showed that the universal

plasmon fields in assembled metal nanostructtfe®. For caling model gave a “plasmon ruler equati®rihat was able
instance, when gold nanospheres assemble, the surface plasmo?w g ' 9 P °req -
to calculate, in good agreement with the known experimental

resonance frequency shifts to lower energies with respect to thevalues the interparticle separation in pairs of gold nanospheres
single-particle resonance because of the favorable coupling of , P P P Y P

the electronic oscillations of the interacting particl&®3 This assembl_ed by DNA linkers with varying numbers of pase %'.rs
assembly-induced plasmon resonance shift has become argrom their observed plasmon shifts. Thus the model is potentially

effective optical/spectroscopic tool for biological sensing by zeﬁ;%;o;;?ﬁ dfﬁ:rwgﬁﬂgg ?ijl'g:eéz'\}zIglsé?jngei:ﬁ]v?s'gltgg';?: d
utilizing gold nanoparticles (conjugated with specific recognition Y ) P P y

i 29,32,33 i i i
fgancs) hat sssembe oly n the presence of th targetSPLALCT LU The ierse scang moce, et enty e o
analyte?! The field coupling between the nanoparticles also strul?:tures but ispalso ver y eneral Thep Iagsmon resonance of
results in a large field enhancement at the interparticle junétion, ' Y9 : P

which has the ability to amplify the Raman scattering from i6r11rzgffinréaggtser;ir;(:vuhslz?faﬁzul}:\sfrrgérglélhs% ?;T&Ug%g%‘?{gren
adsorbed molecules by up to 245 orders of magni- P

tude26-28 universal size-scaling behavior with respect to the metal shell

There has been an increasing interest in the distance [RRER 1 (R 01 (IE S SRS IR O e
dependence of plasmon couplitig?®32 Studies on metal y

nanoparticle pairs fabricated with systematically varying inter- gef[s enhanceq with gcreasmg plasmon coupling, as per the
particle separations using electron-beam lithography have Shownunlversal_ Sca"”g mode. i . ) )

that the plasmon resonance of a pair of interacting particles (of . 1N€ Size-scaling behavior and its universality has been
a size much smaller than the wavelength of light such that there 4&duced from studies on nanodisk and nanosphere pairs, in
are no severe retardation effects) red shifts exponentially with Which cases the choice of the particle dimensibto be used
decreasing interparticle separatiiri43°Su et al. showed that, fqr the _scallng is trivial. However, _the ch0|_ce of the geometric
when the interparticle separation is scaled by the particle size,dimension to be used for the size scaling of the plasmon

this exponential trend becomes independent of the particlésize. COUPIINg in complex assemblies, for example, a pair of elongated
particles, is less clear. In this article, we use electrodynamic
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0292. Fax: (404) 894-0294. particles assembled head-to-tail. We find that the distance
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The surface plasmon resonance oscillation of electrons in
noble-metal nanostructufes imparts them with large field
enhancements, which result in strong light scattering and
absorptioA~8 that has been utilized in a variety of applications
ranging from nanophotoni€to biomedicin€’~1! In recent years,
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TABLE 1: Different Nanostructure Geometries Simulated Using the DDA
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Nanostructure Particle Number of Discrete
Geometry Dimensions Dipoles/Particle
Dimer of spheroids Short-axis = 10 nm
Py . 8320
EO Long-axis = 20 nm
Di f spheroids -axis =
1MET O ;Pﬂf_ml 5 Ehort ax;s_ 10 nm 12632
STl T ong-axis = 30 nm
Dimer of rods Width ~ 18 nm
O | Length ~ 72 nm 2952
Dimer of cylinders ; -
- i
I e g
Dimer of cylinders Diameter ~ 17 nm
[ d 3 Length ~ 70 nm 3200
Trimer of spheres
s 5. Diameter = 10 nm 4224
o090

dependence of the plasmon coupling follows the same universal The different nanostructure geometries that we simulated
scaling trend as observed earlier if the interparticle distance isincluded a dimer of spheroids for two different aspect ratios, a
scaled by the long-axis dimension. The universal scaling dimer of cylinders for two different aspect ratios, a dimer of
behavior is not affected by variations in the particle curvature hemisphere-end-capped rods, and a trimer of nanospheres. For
and aspect ratio; however, these factors determine the absolut@ach case, the extinction efficiended) spectrum was obtained
plasmon shift resulting from the interparticle coupling. We also as a function of the interparticle surface-to-surface separation
find that the plasmon shift in a system of three interacting gold (s). The details of each target geometry, including the nano-
nanospheres (arranged in a chain) decays as a function of thestructure dimensions and the number of dipoles used for the
ratio of the interparticle separation to the particle size with the target definition in the simulation, are presented in Table 1.
same universal scaling behavior as that observed for particleAlthough electron-beam lithography (EBL) is a powerful

pairs. technique for performing such a systematic study experimen-
tally,3°4%analysis of such a wide range of structures would be
Methods impractical. Moreover, extremely small separations and sharp

curvatures are difficult to obtain even with the high resolution

We used the discrete dipole approximation (DDA) me#fiod  of EBL, and it is also difficult to separate out the effects of
to simulate the extinction efficiency.) spectra of nanoparticle  complex substrates (e.g., a quartz slide coated with chronffum).
pairs. In principle, in the DDA procedure, the target geometry Nevertheless, EBL-fabricated nanostructures can be effectively
is discretized into several virtual dipoles. The interaction of the ysed to verify some of the results obtained in this simulation
light with each dipole is solved taking into account the study.
interactions between dipoles. This simple procedure makes the | g structures, the dielectric function of the target material
DDA a powerful method for simulating the electrodynamics of \yas assumed to be that of bulk gold. The medium was assumed
nanostructures of any arbitrary geometfy.In the DDA, each 4 have a refractive index of 1.38 0i for water. The DDSCAT

nanoparticle is represented by several thousand dipoles, along; 1 code was employed for the electrodynamic solution. The
with a radiative reaction correction. As a result, finite-size effects light polarization direction was assumed to be parallel to the

including higher-order oscillation modes, radiation damping, and 4yis of interparticle interaction.

electromagnetic retardation are taken into account, unlike in a

purely dipolar model where each particle is represented by a : .

single dipole'*3° To achieve reliable results, the number of Resuilts and Discussion

dipoles in the DDA is ensured to be large enough such that the The study of elongated or rod-shaped particles is interesting
discrete-dipole spacing is much smaller than the wavelength of because these particles have two modes of plasmon resonance:
light and the nanostructure dimensions. one due to electronic oscillation along the short axis and another
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due to oscillation along the long axis.*3 The long-axis mode (a)

can be tuned in both resonance frequency and oscillator strength/ Single
polarizability by simply adjusting the aspect ratio or the surface 6 Separation (nm)
curvature of the particlé>3%4244The high oscillator strength 50

of the plasmons of elongated/sharp-tipped particles can be —30
expected to give rise to very strong interparticle plasmon 4 —15
coupling?®4> The strength of the plasmon coupling can be o —8
expected to be systematically tuned by changing the elongation C')*5 —35
and/or curvature of the particlé3*6however, the roles of these 2] 2
factors needs to be understood. In addition, the distance

dependence of plasmon coupling between elongated particles

also requires elucidation. Systematic understanding of the roles o]

of particle elongation, curvature, and interparticle separation in IS
determining plasmon coupling is required for the development 400 500 600 700 800
of substrates with large enhancements in Raman cross settions, Wavelength (nm)

as well as control over the resonance frequency of the Raman

enhancement. The optimization of plasmon coupling also (b)
becomes useful in enhancing the dielectric sensitivity of 6304 ®
plasmonic nanostructures for biosensing applicatiéns. '

Another interesting aspect of elongated particle pairs is that,
depending on the relative orientation of the two particles, their 62090 |
long-axis plasmon modes can either bond favorably with each 5 1 e
other (when aligned head-to-tail) or antibond with each other <
(when aligned side-by-sidéj.We are mainly interested in the
strongly coupled bonding mode. Figure 1a shows the DDA- . ‘®
simulated plasmon resonances in a pair of gold spheroids 6004
interacting along their long axes (head-to-tail configuration).
The light polarization direction was maintained parallel to the
interparticle axis so that we could investigate the interparticle
bonding of the long-axis modes, as a function of the interparticle
separatioff between the two particles. Inter-particle separation (nm)

Distance Dependence and Universal ScalingVith decreas- Figure 1. (a) Longitudinal plasmon resonance spectrum of a pair of
ing interparticle separation, we see that the longitudinal plasmon gold spheroids of aspect ratio 2 interacting head-to-tail, as a function
resonance of the pair red shifts and also increases in strengthf the interparticle separation. The spectrum of a single isolated gold
The red shift of the plasmon resonance is almost exponential SPheroid (short axis= 10 nm, long axis= 20 nm) is shown in black
with decreasing interparticle separation (Figure 1b). This is very for' comparison. _The spectra were generated by fitting calculated data

. R \ " . points by cubic interpolation. (b) Plasmon resonance wavelength red
similar to the observation in dimers of circular particles, either gpits exponentially with decreasing interparticle separation in the
nanodisk® or nanosphere¥:32In nanodisk or nanosphere pairs, spheroid pair. The red line is a single-exponential decay With=
we have shown that, when the interparticle separation is 0.98063. In the exponential-decay fit, the offgetvas set to 595 nm,
expressed in units of particle diameter, the fractional plasmon which is the single-particle resonance wavelength.
shift decays near-exponentially according to a universal trend
with 7 ~ 0.230 In other words, the plasmon coupling strength
decays over a distance that is roughly 0.2 times the particle
dimension. The choice of the particle dimension to be used for

the_ size scaling is trivial in the case of nanodisk or nanospherethe scaling of the distance dependence of the plasmon coupling.
pairrs. It is also interesting to note that the fractional shiftsi{io)

In the case of elongated particles, the choice of the geometricfor a given separation/long-axis value are quite close for the
dimension to be used for similar scaling of the plasmon coupling two different aspect ratios, as indicated by the similar amplitude
is less clear. Figure 2a shows that, when the fractional plasmon(k) values obtained from their Sing|e_exp0nentia| decay fits
shift (A4/4g) in the spheroid pair is plotted versus the interpar- (Figure 2). This implies that the absolute shift4) is nearly
ticle Separation in units of the |0ng-aXiS dimension, we obtain proportiona| to the Sing|e_partic|e resonance Wave|eﬁ]@t]ﬁhe
a decay constant ¢ 0.2) that is similar to that seen universally  sjngle-particle resonance wavelength for a spheroid varies
in the nanosphere or nanodisk pairs independent of their size,directly with the aspect ratit:#2 As a result, the absolute
metal, or mediuni® At the farthestinterpartide Separation, ie., p|asmon shift increases with increasing aspect ratio of the
50 nm, which is 2.5 times the long-axis dimension, the plasmon particle. For instance, the single spheroid of aspect ratio 2 shows
resonance wavelength is the same (595 nm) as that for a singley plasmon resonance wavelength maximum of 595 nm, whereas
spheroid. We use the plasmon resonance at the fartheskor the spheroid of aspect ratio 3, the maximum is at 686 nm.
separation ado in each of the cases analyzed. The absolute plasmon shift is therefore larger (for a given

Effect of Particle Aspect Ratio.In a pair of spheroids with  separation-to-long-axis ratio) in the longer-aspect-ratio spheroid
a higher aspect ratio of 3, we see a similar decay constant ( pair.

0.2) when the interparticle separation is expressed in units of Cylindrical Particle Pairs. We similarly analyzed the
the long-axis dimension, which is 30 nm in this case (Figure plasmon coupling in a pair of gold cylinders interacting head-
2b). In this case too, the plasmon resonance wavelength (687to-tail for two different aspect ratios, 3 and 4 (Figure 3a and
nm) at an interparticle separation of 75 nm, which is 2.5 times 3b, respectively). Here, the aspect ratio is defined as the ratio

610

0 10 20 30 40 50

the long-axis dimension, is nearly equal to that of the single
spheroid (686 nm) (see Supporting Information). This verifies
that the long-axis dimension is the appropriate dimension for
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Figure 2. Fractional plasmon shift plotted as a function of the Separation/Cylinder Length

interparticle separation in units of long-axis dimension for a head-to-
tail pair of gold spheroids with aspect ratios of (a) 2 and (b) 3. The red
curve shows the fit to the single-exponential degay k exp(—x/t),
wheret = 0.20+ 0.03,k = 0.09 + 0.01 for aspect ratio 2 and=
0.20+ 0.02,k = 0.11+ 0.01 for aspect ratio 3.

Figure 3. Fractional plasmon shift in a head-to-tail pair of gold
cylinders with aspect ratios of (a) 3 and (b) 4, plotted as a function of
the interparticle separation in units of the cylinder length. The red curve
shows the fit to the single-exponential degay k exp(—x/t) with ¢

= 0.24+ 0.03,k = 0.20 & 0.02 for aspect ratio 3 and= 0.23 +

. . . 0.02,k = 0.21 £ 0.01 for aspect ratio 4.
of the length of the cylinder to its diameter. We see from the P

exponential decay fits in Figure 3a and 3b that the fractional
plasmon shift decays over a distance roughly 0.2 times the length
of the cylinder, which, in this case, is the particle dimension in
the direction of coupling. Thus, the change in the particle shape
from spheroidal to cylindrical does not affect the universal size-
scaling behavior.

aspect ratio of 3. This difference can be attributed to the abrupt
end curvature (and therefore higher polarizability) of the cylinder

as compared to the much smoother surface curvature of the
spheroid ends. In other words, we propose that the ends of the
cylinders support stronger near-fields, resulting in much stronger

As in the case of the spheroids, it can be seen for the cyIinderpI"’lsmo.n co'upllng in the cylinder pair as compared to the
pairs that the amplitudes of the fitk) (are very similar for the sphe.r0|d pair. o
two different aspect ratios of 3 and 4. Whereas the single- This explanatlon is furthersupported yvhen we make the ends
cylinder plasmon resonance is at 776 nm for aspect ratio 3, it Of the cylinders smoother by using hemispherical end caps (see
is at 904 nm for aspect ratio 4 (see Supporting Information). third row in Table 1), while keeping the aspect ratio constant
Thus, the plasmon shift at a given separation-to-length ratio in at 4 and the dimensions similar. The hemisphere-end-capped
the cylinder pair is larger for the higher aspect ratio. Judging rod has a single-particle plasmon resonance wavelength maxi-
from the observations of the spheroids and cylinders, the mum (852 nm) that is shorter than the single-cylinder resonance
absolute shift appears to be directly related to the elongation of wavelength (904 nm) (see Supporting Information). At the same
the particle. On the other hand, the fractional shift and its time, the fractional shift (and the absolute shift) in the pair of
dependence on “scaled distance” is not affected by the aspechemisphere-end-capped roéts< 0.15) is considerably smaller
ratio for a given shape. than that in the cylinder paik(& 0.21) for the same separation-

Effect of Curvature. However, the fractional plasmon shift  to-length ratio (see Figure 4). Thus, the smoother curvature of
at a given separation/particle size is higher for the cylinder pair the rods as compared to the cylinders gives less strong field
(k = 0.20) than for the spheroid paik & 0.11) for the same  coupling.
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. . . Interaction Volume
Pair of hemispherical-end capped rods

0.09 - =027
S
0.06
< . -
3 L+s
0.03 4 Figure 6. Depiction of an interaction volume around a metal
. nanospheroid (with long-axis dimensibjinteracting head-to-tail with
a proximal metal nanospheroid spaced by an interparticle sepasation
The interaction volume has the same aspect ratio (i.e., shape) as the
0.004 Y ° spheroid but with a dimension &f+ salong the direction of coupling.

The ratio of the interaction volume to the particle volume is therefore
. T given by [(L + s)/L]3.

0.0 0.5 1.0 1.5 2.0 25
. (arranged in a linear chain) as a function of the interparticle
Separatloanod Length separation between the spheres. The trimer shows a single
Figure 4. Fractional plasmon shift in a pair of gold hemisphere-end- resonance peak that red shifts with decreasing interparticle
papp_?d f??hs of %SFeCttLatEIE’h“: aij a function ?iftttr(‘)etLrgesfiﬁzlrteicéisgﬁgmg?”separation. Whereas the plasmon shift in the trimer is larger
In units ot the rodlength. 'hered curve s a j than that in the dimet&:3°the fractional plasmon shift shows
decayy = k exp(xz) with v = 0.27+ 0.02,k = 0.15:+ 0.01. the same universal decay trend= 0.21) when the interparticle
@ 20 separation is scaled by the nanosphere diameter (Figure 5b).
{._;f{af&j; Single Origin of the_ Univ_ersal Scaling of Pla_sm(_)n Coupling.As
1.64 Separation (nm) we hqve explained in the_ pa@nhe.coupllng-_lnduced plasmon
‘ E ’ 25 shift in a metal nanoparticle pair is determined by the strength
S— of the interparticle near-field interaction relative to the intra-
particle Coulombic restoring force on the displaced (because
of plasmon excitation) electron cloud. An increase in the aspect
ratio and/or surface curvature of the particle results in a reduction
in the intraparticle Coulombic restoring force, an increase in
the single-particle polarizability (and dipole moment), and
consequently a stronger near-field interaction. Therefore, the
absolute plasmon shift is larger in pairs of particles with higher
aspect ratios/curvatures. The distance dependence of the coupling-
- — T T T T T T induced plasmon shift, however, depends only on the interpar-
450 500 550 600 650 700 750 ticle separation relative to the particle dimension. This is because
Wavelength (nm) the near-field interaction, in the dipolar quasistatic limit, decays
as 1/(distancé) whereas the intraparticle restoring force (or
inverse of particle polarizability) depends on 1/(particle dimen-
sionf. Thus, because of the inherent scaling of these two
0.08 4 c=021 competing forces, the plasmon coupling strength varies univer-
’ sally as a function of the (distance/particle dimension) ratio. In
the dipolar-coupling limit, the plasmon coupling strength varies
as 1/(distance/particle dimensiénHowever, for finite-sized
particles at small interparticle separation, it is necessary to
consider, in addition to the dipotadipole interaction, coupling
between modes of different ordérandl’. Such a full interaction
can be represented as a sum of terms of the kind 1/(distance/
particle dimension}'*1, wherel, I’ = 1, 2, 3, etc., respectively,
for dipole, quadrupole, octupole, etc., interactiéh¥® Analyti-
- cally, this sum is reflected as an exponential dééapnsistent
0.0 0.5 Lo 1.5 2.0 2.5 with the observation in the current investigation and past
studiest3143%ncluding both experiments and simulations.
] ) ] The choice of the particle dimension to be used for scaling
Figure 5. (a) Plasmon resonance spectrum of a “linear” trimer of gold i, the case of a pair of elongated particles is justified by

nanospheres as a function of the interparticle separation. The spectrum . . - . .
of a single gold nanosphere (10-nm diameter) is shown in black f0r®|suaI|Z|ng an interaction volume around each particle, as shown

reference. (b) Fractional plasmon shift in the nanosphere trimer as a!n Figure 6. The ratio of the interaction volume to the actual
function of the interparticle separation in units of the particle diameter. Volume of the particle gives a measure of the interparticle near-
The red line is a fit to the single-exponential degay k exp(—x/t) field coupling strength relative to the intraparticle restoring force.

with 7 = 0.21+ 0.02,k = 0.154 0.01. Thus, the distance dependence of plasmon coupling in the
dipolar limit is given by 1/¢/L + 1)3, wheresis the interparticle
Extension to More than Two Particles. Figure 5a shows  separation and is the particle dimension along the coupling
the simulated plasmon resonance in a trimer of gold nanosphereglirection.
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