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oble metal nanocrystals exhibit

rich plasmonic properties. When

metal nanocrystals are placed ad-
jacent to each other, their localized surface
plasmons are coupled together. The local
electric field enhancement in the gap re-
gion of plasmon-coupled metal nanocryst-
als is usually much larger than that associ-
ated with isolated nanocrystals. The
plasmon coupling between noble metal
nanocrystals has therefore been employed
for enhancing optical signals, including
Raman,'? second-harmonic,? fluorescence,*
and two-photon photoluminescence,® and
applied in photolithography,® two-photon
polymerization,” and nanometric optical
tweezers.® Because of the plasmon
coupling-induced large electric field en-
hancement, closely spaced metallic
nanorods®'® can function as optical
nanoantennas to link propagating radia-
tion with confined optical fields. In addi-
tion, plasmon-coupled metal nanocrystal
chains can act as subwavelength
waveguides in integrated photonic
circuits.”"1? Moreover, the plasmon cou-
pling among metal nanocrystals is usually
accompanied with large shifts in their ex-
tinction or scattering spectral peaks, which
are often accompanied with distinct color
changes. Such plasmon coupling-induced
color changes have been taken as the basis
for the development of many chemical and
biological sensing methods.”>™

A number of experiments and electrody-

namic calculations have been performed
on the plasmon coupling.” These studies
have mainly focused on the dependence of
the coupling strength on the spacing be-
tween metal nanocrystals that have differ-
ent shapes, such as nanospheres,'¢~2
nanodisks,?*?> nanoshells,2%?” and
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ABSTRACT The plasmon coupling in the dimers of Au nanorods linked together at their ends with dithiol

molecules has been studied. The plasmon coupling in the dimers composed of similarly sized nanorods gives

antibonding and bonding plasmon modes. The plasmon wavelengths of the two modes have been found to remain

approximately unchanged, with the scattering intensity ratio between the antibonding and bonding modes

decaying rapidly as the angle between the nanorods is increased. This plasmon coupling behavior agrees with

that obtained from both electrodynamic calculations and modeling on the basis of the dipole —dipole interaction.

The electric field in the gap region is largely enhanced for the bonding mode, while that for the antibonding

mode is even smaller than the far field, highlighting the importance of selecting appropriate plasmon modes for

plasmon-enhanced spectroscopies. An anti-crossing-like behavior in the plasmon coupling energy diagram has

further been revealed for linearly end-to-end assembled dimers composed of differently sized nanorods. This result

will be useful for plasmonic applications where the plasmon wavelength is required to be controllable but without

sacrificing the electric field enhancement.
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nanorods.?® 34 Both experiments and calcu-
lations show that the coupling-induced
plasmon shift of metal nanocrystal dimers
decays nearly exponentially with the inter-
particle spacing.?"? If both the plasmon
shift and the interparticle spacing are nor-
malized against the plasmon wavelength
and characteristic size of the isolated nano-
crystal, respectively, the decay length is
found to be constant, irrespective of the
nanocrystal size, shape, metal type, and me-
dium dielectric constant. Because noble
metal nanocrystals do not blink or bleach,
the universal scaling behavior of the plas-
mon coupling in metal nanocrystal dimers
has been utilized to measure and monitor
dynamic distance changes between bio-
logical macromolecules over a length range
of 1—100 nm,**~37 which is larger than the
upper limit of 10 nm set by Forster reso-
nance energy transfer.

Noble metal nanorods exhibit trans-
verse and longitudinal plasmon resonance
modes that correspond to the electron
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oscillations perpendicular and parallel to the length
axis, respectively. The resonant excitation and scatter-
ing of the longitudinal plasmon mode of metal nano-
rods are inherently polarized along the length axis. The
plasmon coupling between metal nanorods is there-
fore expected to be highly dependent not only on their
interparticle spacing but also on their relative orienta-
tion. Up to date, the spacing-dependent plasmon cou-
pling between side-by-side and linearly end-to-end
aligned metal nanorods have been
well-investigated.?® 33 The importance of the nanorod
orientation on the plasmon coupling has been pointed
out in a few recent experiments,® ~3* but the depen-
dence of the plasmon coupling on the inter-rod angle
has rarely been explored. Here we report a systematic
study of the plasmon coupling in Au nanorod dimers as
a function of the relative orientation between the two
nanorods. The nanorods are connected covalently at
their ends through dithiol molecules and form varying
angles between them. Two plasmon modes, which arise
from the plasmon hybridization and correspond to an-
tibonding and bonding modes, are observed in the
dimers composed of similarly sized nanorods. Their
scattering peak wavelengths are found to fluctuate
around their respective average values, and the scatter-
ing intensity ratio between the two modes is seen to
decay rapidly with the nanorod angle. This experimen-
tal decay is in agreement with that found from electro-
dynamic calculations and a dipolar model. Moreover, an
anti-crossing-like behavior in the plasmon coupling en-
ergy diagram is revealed for linearly end-to-end con-
nected nanorod dimers from an unprecedented experi-
mental study of the dependence of the coupled
plasmon energy on the plasmon energies of the nano-
rod monomers. These results will be highly useful for
plasmon-enhanced spectroscopies. The energy-
resolved plasmon coupling suggests that the coupled
plasmon energy can be controlled by varying the plas-
mon energies of isolated metal nanocrystals instead of
changing the spacing between nanocrystals. The latter
is undesirable because an increase in the spacing will
dramatically reduce the local electric field enhance-
ment. The angle-dependent coupling indicates that
large electric field enhancements occur only under the
excitation of the bonding plasmon mode. In contrast,
the local electric field in the gap region is reduced when
metal nanorod dimers are excited at their antibonding
mode. In addition, our results will also help in develop-
ing plasmon-based optical and optomechanical
devices.

RESULTS AND DISCUSSION

The Au nanorods were prepared using a seeded
growth method together with anisotropic oxidation.34°
All of the nanorod samples in our experiments have the
same average diameter but different average lengths. Fig-
ure 1a shows the transmission electron microscopy (TEM)
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Figure 1. (a) TEM image of the Au nanorods. (b—d) TEM im-
ages of three nanorod dimers. The angles between the two
nanorods are 128, 97, and 58°, respectively. (e) High-
resolution TEM image of the area indicated with a dashed
box in (d), showing the presence of a gap between the two
nanorods.

image of the nanorod sample used for the angle-resolved
study. This nanorod sample has an average diameter,
length, and aspect ratio of 32 = 3 nm, 63 = 5 nm, and
2.0 = 0.2, respectively, with a longitudinal plasmon reso-
nance wavelength (LPRW) of 618 nm in aqueous solu-
tions. The nanorod assembly was realized by first dispers-
ing the nanorods in a mixture of H,O and CH;CN and
then adding 1,8-octanedithiol as a linking molecule.*'
The assembly process in the mixture solvent was moni-
tored spectrally (Figure S1, Supporting Information). The
assembled nanorods were deposited on conductive in-
dium tin oxide (ITO)-coated glass substrates. Figure 1b—d
shows the TEM images of three representative dimers
composed of the similarly sized nanorods. The two nano-
rods in each dimer are connected at the ends through
the dithiol molecules and form different angles. The spac-
ing between the two nanorods was estimated from high-
resolution TEM imaging to be ~1 nm (Figure 1e). This
value is smaller than the molecular length of the dithiol,
which is estimated to be ~1.2 nm, because the carbon
chain of the dithiol is flexible. The chain flexibility is also
consistent with the formation of the nanorod dimers with
varying nanorod angles.*!

The scattering properties of the nanorod dimers
were measured using the dark-field technique. A
pattern-matching method* was utilized to locate the
same dimers on their scattering and scanning electron
microscopy (SEM) images so that the scattering spec-
trum of each dimer could be correlated with its geo-
metrical structure (Figure S2, Supporting Information).
Figure 2a—d shows the scattering spectra and corre-
sponding SEM images of four representative nanorod
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Figure 2. (a—d) Scattering spectra and SEM images (insets)
of four nanorod dimers at angles of 0, 30, 87, and 180°, re-
spectively. The black curves are the experimental scattering
spectra. The colored curves are the scattering spectra ob-
tained from the FDTD calculations at the nanorod angles of
0, 30, 90, and 180°, respectively. The green and blue curves
represent the antibonding and bonding modes. The pink
curves are the sums of the green and blue curves. (e) Peak
wavelengths of both the antibonding (lower) and bonding
(upper) modes versus the nanorod angle. The pink symbols
denote the data from the experiments, with the horizontal
lines representing the average values. The blue symbols rep-
resent the data obtained from the FDTD calculations at ev-
ery 5°.

dimers at angles of 0, 30, 87, and 180°, respectively.
When the angle between the two nanorods in the
dimer is 0 and 180°, only one scattering peak is seen.
When the angle is between ~30 and ~150°, two scat-
tering peaks are observed.

We measured the scattering spectra of 45 nanorod
dimers that have the nanorod angle varying between
30 and 150°. The two scattering peak wavelengths are
plotted as a function of the nanorod angle measured
from the SEM imaging (Figure 2e). The two scattering
peaks are seen to fluctuate around their respective av-
erage values at 600 and 755 nm. A gap is clearly visible
between the lower- and higher-energy branches. The
fractional standard deviations of the lower- and higher-
energy branches are 6 and 2% in terms of energy, re-
spectively. Moreover, as the nanorod angle is increased,
the higher-energy peak becomes weaker, while the
lower-energy one becomes stronger. When the ratio
between the two scattering peak intensities is plotted
as a function of the nanorod angle, it is found to decay
rapidly with the nanorod angle (Figure 3a). This rela-
tionship between the scattering property of metal
nanorod dimers and the nanorod angle has not been
observed before. It could form the basis of nanoscale
protractors to measure angles in nanoscale devices and
biological entities. We point out here that only the
data points for the dimers composed of the nanorods
that have similar sizes under the SEM imaging are in-
cluded in the plots shown in Figures 2e and 3a. Those
dimers that contain clearly shorter or longer nanorods
have been excluded. However, small variations in the
nanorod diameter and length are unavoidable. Their
presence, together with the small change in the spac-
ing between the nanorods due to the flexible chain of
the dithiol, causes the fluctuation in the scattering peak
wavelengths. In addition, a control experiment was per-
formed, where the nanorod dimers deposited on the
ITO substrates were thermally treated at 200 °C for 90
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Figure 3. (a) Plot of the intensity ratio between the scattering peaks of the antibonding and bonding modes versus the

nanorod angle in the dimer. The green, blue, and pink symbols represent the data obtained from the experiments, FDTD cal-
culations, and modified dipolar model, respectively. The inset shows the enlarged plot. (b) Electric field intensity enhance-
ment contours obtained from the FDTD calculations for the nanorod dimers at 0, 30, 90, and 180°, respectively. The left and
right contours are for the antibonding and bonding modes. The contours were calculated at their respective plasmon peak
wavelengths. The enhancement is drawn at the logarithmic scale. (c) Schematic description of the charge distributions asso-
ciated with the antibonding and bonding modes in the nanorod dimer at 90°. The charge distributions are derived from
the field intensity enhancement contours.
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min with a ramp rate of 3 °C/min. The thermal treat-
ment induces clear and large changes in the scattering
spectra of the dimers, but the scattering spectra of the
monomers remain unchanged (Figure S3, Supporting
Information). The scattering spectral changes suggest
that a gap is existent between the nanorods and that
the nanorods are welded together to form conductive
contacts after the thermal treatment.?*42

Finite-difference time-domain (FDTD) calculations
were carried out to understand the unprecedented de-
pendence of the plasmonic properties of the nanorod
dimers on the nanorod angle. The calculations were first
performed for the longitudinal plasmon mode of the
nanorod monomer to extract the necessary dimen-
sional and dielectric parameters because this plasmon
mode was readily observed experimentally. The dielec-
tric function of gold is expressed according to the
Drude model in conjunction with the surface damping
by

2

e ()

gw) =g, — —5——
o + iyo

where &, = 9.5 is the high-frequency contribution to
the dielectric function, fiw, = 8.96 eV is the bulk plasma
frequency of gold, and vy is the damping constant. The
scattering peak width of the nanorod monomer is
mainly determined by the damping constant; 7y is
found to be 0.144 eV by comparing the calculated peak
width with the experimental one. The measured scat-
tering peak wavelengths of the nanorod monomers are
averaged at 619 nm, which is equal to the calculated
peak wavelength (Figure S4, Supporting Information).
The calculated scattering peak is in very good agree-
ment with the experimental ones in terms of both the
width and peak position. The above dielectric param-
eters were therefore employed for all of the calculations
and modeling throughout this work.

The in-plane plasmon modes of the nanorod dimers
were considered during the FDTD calculations by as-
suming that the excitation light is polarized within the
substrate plane either along or perpendicular to the bi-
sector of the nanorod angle. Under this assumption, ac-
cording to the plasmon hybridization model,'?° there
will be four hybridized plasmon modes because each
nanorod monomer has a transverse and longitudinal
plasmon modes. When the nanorod angle in the dimer
is equal to 0 and 180°, corresponding to the side-by-
side and end-to-end orientations, the transverse and
longitudinal modes are hybridized separately to give
the bonding and antibonding modes (Figure S5, Sup-
porting Information). Two of them are optically active,
and the other two are dark modes. The FDTD calcula-
tions indicate that, at 0°, the scattering peaks arising
from the optically active longitudinal antibonding and
transverse bonding modes are close to each other (Fig-
ures 2a and 3b). Their sum appears as one single peak

\\&) VOL. 4 = NO.6 = SHAO ET AL

at 598 nm, which is in agreement with the experimen-
tal one. At 180°, the transverse antibonding and longi-
tudinal bonding modes are optically active, but the
former is very weak. Therefore, only one peak is ob-
served experimentally (Figures 2d and 3b).

The FDTD calculations show two scattering peaks
when the nanorod angle is in the range from 15 to
160°. The higher-energy mode is excited when the exci-
tation polarization is parallel to the bisector, while the
lower-energy one is excited when the excitation polar-
ization is perpendicular to the bisector (Figure 2b,c and
Figure S6, Supporting Information). Due to the reduc-
tion in the symmetry of the nanorod dimer, these two
modes cannot be simply ascribed to the separate hy-
bridization of the transverse and longitudinal modes of
the monomer. The transverse and longitudinal modes
are instead mixed together to give new plasmon
modes. They are generally known as antibonding and
bonding modes.?° Although the transverse and longitu-
dinal modes are mixed together due to the symmetry
reduction, the calculated charge distributions (Figure
3¢) show that the hybridized modes are essentially con-
tributed by the longitudinal dipolar modes of the indi-
vidual nanorods. The calculated peak wavelengths of
the antibonding and bonding modes are seen to re-
main nearly constant (Figure 2e). The deviation of the
calculated wavelengths from the measured ones can be
ascribed to the use of a spacing of 1.0 nm between
the two nanorods, which is twice the mesh size. The ac-
tual spacing might be slightly smaller than 1.0 nm. The
calculated intensity ratio between the two modes is
also found to decay rapidly with the nanorod angle,
which is in good agreement with the experimental re-
sult (Figure 3a). The observation of only two hybridized
plasmon modes is probably due to the other two
modes being either too weak or out of the wavelength
range of our optical system. The calculated scattering
intensities in the wavelength range shorter than ~550
nm are also inaccurate because of the use of the Drude
model, which neglects the interband transitions. In ad-
dition, there must be transitions from the bonding
mode to the purely transverse bonding mode when
the nanorod angle becomes close to 0° and from the
antibonding mode to the purely transverse antibond-
ing mode when the nanorod angle becomes 180°.
These transitions are currently elusive both experimen-
tally and computationally.

One interesting aspect about the antibonding and
bonding modes of the nanorod dimers is their distinct
electric fields in the gap region. When the nanorod
dimers are excited resonantly at their bonding mode,
the electric field in the gap region is largely enhanced,
forming so-called “hot spots”. This field enhancement
has been well-known for plasmon-coupled metal nano-
structures. In contrast, when the nanorod dimers are ex-
cited resonantly at their antibonding mode, the elec-
tric field in the gap region is reduced in comparison to
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the far field (Figure 3b and Figure S7, Supporting Infor-
mation). The gap region between the nanorods can
therefore be thought of as “cold spots” because of the
electric field reduction. This result is very important for
plasmon-enhanced spectroscopies on elongated metal
nanocrystal assemblies because the gap regions be-
tween elongated metal nanocrystals do not always
form hot spots even under resonant excitation. Optical
signal enhancements can only be achieved by exciting
the bonding plasmon mode.

We further developed a dipolar model in order to
have an underlying picture of the angle-dependent
plasmonic behavior of the nanorod dimers. Because
the nanorods are much smaller than the wavelength
of the scattered light, only the dipolar contribution is
considered. The model is therefore based on the elec-
trostatic interaction between the two point electric di-
poles situated at the centers of the two nanorods. The
validity of the dipole approximation is corroborated
from the FDTD calculations by summing the electric di-
pole moment at each grid point according to

P = (e — 1)802 Eloc,j )
)

where ¢ is the dielectric function of gold, g is the
vacuum permittivity, E; represents the local electric
field at the grid point j, and i is B and A, for the bond-
ing and antibonding plasmon modes, respectively. The
scattering peak intensity ratio between the antibonding
and bonding modes can be calculated according to

_ (s
"= ()

where ps and pg are calculated at the scattering
peak wavelengths Ny and \g of the two modes, re-
spectively. The resultant plot of the scattering inten-
sity ratio versus the nanorod angle agrees reason-
ably well with that directly obtained from the FDTD-
calculated scattering spectra (Figure S8, Supporting
Information), suggesting that the scattering from the
nanorod dimers is dominantly contributed by the di-
pole radiation.

In the dipolar model, the nanorod monomer is
treated as a prolate spheroid with a semimajor axis of
a = 32 nm and a semiminor axis of b = 16 nm.** In the
quasi-static regime, the electric polarizabilities corre-
sponding to the longitudinal and transverse plasmon
modes can be written according to the
Clausius—Mossotti equation as*

Pa
Ps

g 3)

_ 4nab? €~ &y

%= "3p, 1T-P,
e+ €,
P

where g, is the dielectric constant of the surrounding
medium, and j is L or T, for the longitudinal and trans-
verse modes, respectively; e, is set at 1.452 to take into
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account the ITO substrate. P_ and Py are the depolariza-
tion factors and can be expressed by

P G

2

P|_ _ 1 ;26
Pr=0—P)/2 (6)
b 2

1- (-) (7)

a

e =

After the polarizability is obtained, the scattering cross
section as a function of wavelength can be determined
according to

C = L 2_3'[)4|a|2 (8)

s@ = gl
The calculated scattering spectrum for the longitudinal
plasmon mode of the nanorod monomer shows a peak
at 612 nm (Figure S4, Supporting Information), which
is close to the experimental one.

The overall electric polarizability «; (i = 1,2) of each
nanorod in the dimer can be determined from eq 4. Un-
der an externally applied electric field E,, the electric di-
pole moment of each nanorod is given by

P = €0en o E; 9)

In eq 9, E; is the total electric field acting on the nano-
rod i. It is a sum of Ey and the field caused by the elec-
tric dipole of the other nanorod. It can be expressed by

3(pyejle; — Py

E=E,+vy
° 4mege, d’

: j=i (10)

’

where d is the center-to-center distance between the
two nanorods, e; is the unit vector pointing from the
center of the nanorod j to the center of the nanorod i,
and v is a coefficient introduced to modify the
dipole—dipole interaction. The introduction of the
modifying coefficient is to account for the substrate ef-
fect, multipolar contribution, finite-size effect, and
charge redistribution. The latter three factors usually
become considerable as the spacing between metal
nanocrystals is very small.’®3! Because these effects are
expected to be different for the two plasmon modes of
the dimer system, two coefficients are employed. The
center-to-center distance is dependent on the nanorod
angle 6 according to

d = 2[a* + b° + (@* — b%)cos O1}'% +

s+ (4a — 2b)sing (11)
where s = 1.0 nm is the surface-to-surface spacing be-
tween the two nanorods at the closest point. From egs
9 and 10, the scattering cross sections Cg and C, for the
bonding and antibonding modes can be derived as
(see Figure S9 and the detailed derivation in the Sup-
porting Information)

VOL. 4 = NO.6 = 3053-3062 = 2010

3057



3058

= a7

I8

4nd’2nd’ (o + o) — a0y — 21 — a)cos O] |,

8°d® — 3nd(0y + ay)yg + oyaryg + myed’loy — ay)cos 6|
(12)
- Ly
AT 6m\ L

8rnd’lnd’ (o, + o) + ooy, + wd (o, — og)cos 0] |2

8md® + 3md (o + o)y, + o ogy: — myadi(a, — ag)cos 0|
(13)

where yg and vy, are the modifying coefficients for the
bonding and antibonding modes, respectively.

The scattering spectra for the two plasmon modes
of the dimer system can then be calculated according
to egs 12 and 13 to obtain the scattering peak intensi-
ties. The values of yg and +ya that give the best fit to the
experimental plot between the scattering intensity ra-
tio and the nanorod angle are found to be 3.3 and 0.3,
respectively (Figure 3a). The smaller modifying coeffi-
cient for the antibonding mode can be ascribed to that
the distance between the two electric dipoles for the
antibonding mode is larger than that for the bonding
mode (Figure 3c). Although the intensity ratio obtained
from the dipolar model increases faster than the experi-
mental one as the nanorod angle is reduced, the over-
all trend resulting from the modeling is close to the ex-
periment one. The model gives two scattering peaks in
the angle range of 40 to 140°. When 6 is smaller than
40°, the bonding mode is absent. When 6 is larger than
140°, the antibonding mode vanishes. In addition, the
scattering spectra obtained from the dipolar model are
shifted considerably in comparison to the measured
ones (Figure S6, Supporting Information). This result is
consistent with the previous finding that the dipolar in-
teraction is ineffective in accurately describing the plas-
mon shift when the gap between metal nanocrystals is
very small.’® We also calculated the scattering spectra of
the nanorod dimers using the unmodified dipolar
model, where both g and ya were set to be 1 (Figure
S6, Supporting Information). The intensity ratio is seen
to increase even faster than the modified dipolar model
as the nanorod angle is decreased (Figure S8, Support-
ing Information). This result further suggests the neces-
sity for introducing the modifying coefficients to ac-
count for the effects of the multipolar contribution,
finite-size, and charge redistribution in the nanorod
dimers.

We next studied the energy-dependent plasmon
coupling in the dimers in which the two nanorods are
linearly end-to-end assembled. Because the LPRW of Au
nanorods is approximately a linear function of their as-
pect ratio,>**%*? the longitudinal plasmon energy is con-
trolled by the nanorod aspect ratio. The nanorod
samples produced from anisotropic shortening have
the same average diameter and varying average
lengths.3>* In this experiment, the length of one nano-
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Figure 4. (a) Normalized scattering spectra of three lin-
early end-to-end assembled dimers composed of the Au
nanorods with different lengths. The insets are the SEM
images of the corresponding dimers. (b) Normalized scat-
tering spectra of three representative Au nanorods with
different LPRWs. The insets show the SEM images of the
corresponding nanorods. (c) LPRW versus the nanorod as-
pect ratio. The line is a linear fit. (d) Plasmon coupling en-
ergy diagram. The red and blue symbols represent the
plasmon energies of the isolated nanorods, and the
green symbols represent the coupled plasmon energies
of the nanorod dimers. The red line is an average. The
blue line is a linear fit. The green line is a fit with a qua-
dratic function to guide the eye.

rod in the dimer was fixed, while that of the other one
was changed. The nanorods of different lengths were
mixed and assembled together with the same dithiol.
Figure 4a shows the scattering spectra and correspond-
ing SEM images of three representative nanorod
dimers. A strong scattering peak above 700 nm is clearly
observable for all of these dimers. This strong peak is as-
cribed to the longitudinal bonding plasmon mode. A
close look at the spectra reveals the presence of very
weak bumps between 600 and 700 nm. These weak
bumps are believed to arise from the longitudinal anti-
bonding mode. When a linearly assembled dimer is
composed of two nanorods with different lengths, the
mirror symmetry is broken. This symmetry breaking
leads to a nonzero net dipole moment for the antibond-
ing mode and thus the appearance of a weak peak at
a higher energy on the far-field scattering spectrum.?®
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TABLE 1. Average Sizes and LPRWs of the Elongated Au Nanocrystals and the Coupling-Induced Plasmon Shifts of the

Nanocrystal Dimers

nanocrystals diameter’ (nm) length (nm)
nanorods 323 63*+5
nanobipyramids 32+2 65 *3
nanobars 44+ 88 5

Amonomer” (NM) Ngimer" (nm) AN/ (nm) AF/E

622 +7 805 £ 13 183 23+ 2)%
617 £ 13 813 £ 30 196 (24 = 3)%
688 + 14 854 = 22 166 (19 = 3)%

Measured at the middle of the nanocrystals. *Represents the LPRW. ‘Coupled plasmon wavelength. “AN = Nginer — Amonomer is the plasmon shift arising from the plas-

mon coupling. ¢AE/E is the fractional plasmon shift in terms of energy.

We focus in our experiment on the longitudinal bond-
ing mode of the dimers. The scattering peak wave-
lengths of the three dimers are measured to be 740,
785, and 850 nm, respectively, for the longitudinal
bonding mode.

The scattering spectra of more than 50 nanorod
monomers were also recorded in order to find out the
dependence of the LPRW on the aspect ratio (Figure
4b). The sizes of the monomers were measured from
their SEM images. Figure 4c shows the plot of the LPRW
as a function of the aspect ratio, where the aspect ra-
tio ranges from 1.7 to 3.1 and the LPRW varies from 590
to 730 nm. A linear relationship is obtained by fitting
the LPRW with respect to the aspect ratio. This linear de-
pendence is then utilized to determine the longitudi-
nal plasmon energies of the nanorod monomers in each
dimer on the basis of their measured sizes. The result-
ing data points are plotted in Figure 4d in terms of the
plasmon energy. The red symbols represent the nano-
rods with a nearly fixed size. Their average longitudinal
plasmon energy is 1.96 = 0.02 eV. The blue symbols are
for the nanorods of varying lengths. The plasmon en-
ergy varies from 1.85 to 2.32 eV. The coupled plasmon
energies (green symbols) are red-shifted relative to the
plasmon energies of both nanorod monomers and ex-
hibit an anti-crossing-like behavior. This result indicates
that the coupled plasmon energy can be desirably con-
trolled by changing the plasmon energies of metal
nanocrystal monomers even if the spacing between
the nanocrystals is kept fixed. Because the plasmon shift
resulting from the plasmon coupling as well as the elec-
tric field enhancement in the gap region is known to
decay rapidly as the spacing is enlarged, our result will
be useful for the optical applications where both large
electric field enhancements and tunable plasmon ener-
gies are simultaneously required.

We last studied the effect of the end shape of elon-
gated nanocrystals on the plasmon coupling because
the electric field enhancement is known to be highly
dependent on the nanocrystal curvature. Three types
of elongated Au nanocrystals were prepared. They are
nanorods, nanobipyramids, and nanobars. The nano-
rods are cylindrical in the middle segment and have
rounded ends. Each nanobipyramid is composed of two
pentagonal pyramids that are symmetrically and base-
to-base stacked together. The ends are also rounded.
The nanobars are rectangular and have clear facets at
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the ends. The measured average sizes of these nano-
crystals are listed in Table 1. The dimers for all of the
three types of Au nanocrystals were formed through
the same dithiol (Figure S10, Supporting Information).
Therefore, the gap spacing is approximately the same in
all of the dimers.

The scattering properties of the dimers composed
of the linearly end-to-end assembled nanocrystals were
measured. Figure 5 shows the representative SEM im-
ages of the monomers, corresponding dimers, and
their scattering spectra. The scattering peaks of the
dimers are observed to be red-shifted considerably in
comparison to those of the monomers. For each type of
the elongated nanocrystals, the scattering spectral
measurements were performed on about 5 monomers
and 5 dimers. The resultant average scattering peak
wavelengths are given in Table 1. The average LPRWs

¢ monomer dimer

600 700 800
Wavelength (nm)

f monomer dimer

600 700 800
Wavelength (nm)

i monomer dimer

L 1 1
600 700 800
Wavelength (nm)
Figure 5. (a—c) SEM images and scattering spectra of a
nanorod monomer and dimer. (d—f) SEM images and scat-
tering spectra of a nanobipyramid monomer and dimer.
(g—i) SEM images and scattering spectra of a nanobar mono-
mer and dimer. The scattering spectra have been
normalized.
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of the nanorod and nanobipyramid monomers are
both around 620 nm. Their coupled plasmon wave-
lengths are close to each other. Both are around 810
nm. The nanobars have an average LPRW of 690 nm.
Their coupled plasmon is shifted to 850 nm. The
coupling-induced plasmon shift for the nanobars is
smaller than that for the nanorods and nanobipyra-
mids in terms of wavelength. However, if the plasmon
shift is converted from wavelength to energy, the frac-
tional plasmon shifts in terms of energy for all of the
three types of nanocrystals are nearly the same, around
20%, within the experimental error. We will carry out
more experiments to further understand the shape ef-
fect on the plasmon coupling.

CONCLUSION

In summary, we have shown that the plasmon cou-
pling in Au nanorod dimers that have similarly sized
nanorods linked together at their ends with dithiol mol-
ecules gives the antibonding and bonding plasmon
modes. The plasmon wavelengths of the two modes
are observed to remain approximately unchanged, with

METHODS

Growth of the Au Nanorods. The Au nanorods were prepared us-
ing a seed-mediated method>® together with anisotropic
oxidation.3% Specifically, the seed solution was made by inject-
ing a freshly prepared, ice-cold aqueous NaBH, solution (0.01
M, 0.6 mL) into an aqueous mixture composed of HAuCl, (0.01
M, 0.25 mL) and cetyltrimethylammonium bromide (CTAB, 0.1 M,
9.75 mL), followed by rapid inversion mixing for 2 min. The re-
sultant seed solution was kept at room temperature for more
than 2 h before use. The growth solution was made by the se-
quential addition of aqueous HAuCl, (0.01 M, 2 mL), AgNO; (0.01
M, 0.4 mL), HCI (1.0 M, 0.8 mL), and ascorbic acid (0.1 M, 0.32
mL) solutions into an aqueous CTAB (0.1 M, 40 mL) solution. The
resultant solution was mixed by swirling for 30 s. The seed solu-
tion was diluted by 10 times with deionized water, and 0.15 mL
of the diluted seed solution was injected into the growth solu-
tion. The resultant reaction solution was gently mixed by inver-
sion for 2 min and then left undisturbed overnight. The obtained
nanorods, which had a LPRW of 740 nm, were then subjected
to anisotropic oxidation by adding HCl (1.0 M, 0.2 mL) and H,0,
(30 wt %, 0.05 mL). The nanorod solution was kept in an isother-
mal oven at 65 °C to expedite the oxidation reaction. The oxida-
tion process was monitored by measuring the extinction spec-
tra of the nanorod solution from time to time. When the LPRW
reached the desired value, the nanorods were washed by two
cycles of centrifugation (4100g, 10 min) and redispersion in 0.1
M CTAB solutions to remove HCI.

Growth of the Au Nanobipyramids. The preparation of the Au
nanobipyramids followed the procedure reported previously.*
Briefly, the citrate-stabilized seed solution was obtained by add-
ing a freshly prepared, ice-cold NaBH, solution (0.01 M, 0.15 mL)
into an aqueous solution composed of HAuCl, (0.01 M, 0.125
mL), sodium citrate (0.01 M, 0.25 mL), and water (9.625 mL), fol-
lowed by vigorous stirring. The resultant seed solution was kept
at room temperature for 2 h before use. The growth solution was
made by the sequential addition of HAuCl, (0.01 M, 1.2 mL),
ascorbic acid (0.1 M, 0.402 mL), and AgNO; (0.01 M, 0.06 mL) so-
lutions into an aqueous cetyltributylammonium bromide solu-
tion (0.01 M, 28.5 mL). Then, 0.15 mL of the seed solution was
added to the growth solution, followed by gentle inversion mix-
ing for 10 s. The resultant solution was kept undisturbed over-
night in the isothermal oven at 65 °C. The as-grown Au nanobi-

the scattering intensity ratio between the two modes
decaying rapidly as the angle between the nanorods is
increased. The trend between the intensity ratio and
nanorod angle has been corroborated by electrody-
namic calculations, and a simple model based on the
dipole—dipole interaction has been developed to un-
derstand the plasmon coupling properties in the nano-
rod dimers. The two plasmon modes are found to ex-
hibit distinct electric field enhancement behaviors in
the gap region. The electric field under the resonant ex-
citation of the bonding mode is largely enhanced, while
that for the antibonding mode is reduced in compari-
son to the far field. An anti-crossing-like behavior in the
plasmon coupling energy diagram is revealed for lin-
early end-to-end assembled Au nanorod dimers com-
posed of differently sized nanorods. The plasmon cou-
pling properties between elongated Au nanocrystals of
different shapes have further been studied. Our results
will be of importance for a variety of plasmon-enhanced
spectroscopies and for designing plasmonic circuits
and optomechanic devices.

pyramids, which had a LPRW of 1000 nm, were then subjected
to anisotropic oxidation to obtain nanobipyramids with desired
LPRWs.

Growth of the Au Nanobars. A two-step seed-mediated method
was utilized to prepare the Au nanobars.* Specifically, in the
first step, the seed solution was prepared by adding a freshly pre-
pared, ice-cold aqueous NaBHj, solution (0.01 M, 0.6 mL) into an
aqueous mixture composed of HAuCl, (0.01 M, 0.25 mL) and
CTAB (0.1 M, 9.75 mL), followed by rapid inversion mixing for 2
min. The resultant seed solution was kept at room temperature
for 2 h before use. The growth solution was made by the sequen-
tial addition of aqueous HAuCl, (0.01 M, 2.5 mL), AgNOs (0.01
M, 0.5 mL), and ascorbic acid (0.1 M, 0.275 mL) solutions into an
aqueous CTAB solution (0.1 M, 47.5 mL). The resultant solution
was mixed by swirling for 30 s. 0.06 mL of the seed solution was
then added into the growth solution. The resultant solution
was gently mixed by inversion for 2 min and then left undis-
turbed overnight. The nanorods obtained in this step had a
LPRW of 827 nm. An isotropic overgrowth was conducted in
the second step to produce the nanobars. Before the over-
growth, the nanorod solution obtained in the first step was con-
centrated by centrifugation (6300g) and redispersion in 10 mL
of deionized water. The overgrowth solution was prepared by
mixing aqueous HAuCl, (0.01 M, 0.28 mL), AgNOs (0.01 M, 0.025
mL), and CTAB (0.1 M, 11 mL) solutions together. HCI (1 M) was
employed to adjust the pH value to ~4; then an ascorbic acid so-
lution (0.01 M, 0.065 mL) was added. 0.2 mL of the concen-
trated nanorod solution was supplied, and the final mixture so-
lution was kept at 30 °C overnight.

Formation of the Au Nanocrystal Dimers. The formation of the Au
nanocrystal dimers was realized by first dispersing the nanocryst-
als in 1:4 (v/v) H,O/CH;CN mixture and then adding 1,8-
octanedithiol as a linking molecule, according to the procedure
described previously.*' The particle concentrations of the Au
nanocrystals are adjusted to be ~0.02 nM for the nanorods and
nanobipyramids and ~0.01 nM for the nanobars according to
their extinction coefficients.?®*° The concentration of the dithiol
was T wM. The assembly process in the mixture solvent was
monitored by recording the time-dependent extinction spectra.

Instrumentation. Extinction spectral measurements were per-
formed on a Hitachi U-3501 UV—visible/NIR spectrophotometer
with 1 cm quartz cuvettes. SEM images were taken on an FEI
Quanta 400 FEG microscope. Low-magnification TEM imaging
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was performed on an FEI CM120 microscope at 120 kV. High-
resolution TEM characterization was carried out on an FEI Tec-
nai F20 microscope. The Au nanocrystal dimers were deposited
on ITO substrates by immersing the substrates in the solution for
a controlled period of time and then blowing them dry with
nitrogen. The nanocrystal monomers, dimers, and assemblies
containing more than two nanocrystals were usually all observed
on the substrates. The fraction of the dimers was maximized by
controlling the elapsed time between the dithiol addition and
substrate immersion, and the number density of the dimers was
adjusted by varying the immersion time.

The scattering properties of the individual Au nanocrystal
monomers and dimers were measured on a dark-field optical mi-
croscope (Olympus BX60) that was integrated with a
quartz—tungsten—halogen lamp (100 W), a monochromator
(Acton SpectraPro 2300i), and a charge-coupled device camera
(Princeton Instruments Pixis 512B). The camera was thermoelec-
trically cooled to —70 °C during the measurements. A dark-field
objective (100X, numerical aperture = 0.80) was employed for
both illuminating the ITO substrate with the white excitation
light and collecting the scattered light. The scattered light from
the individual nanocrystal dimers were corrected by first sub-
tracting the background spectra taken from the adjacent regions
without Au nanocrystals and then dividing them with the cali-
brated response curve of the entire optical system.

FDTD Calculations. The FDTD calculations were performed us-
ing FDTD Solutions 6.0, which was developed by Lumerical Solu-
tions, Inc. During the calculations, an electromagnetic pulse in
the wavelength range from 500 to 900 nm was launched into a
box containing the target Au nanostructure to simulate a propa-
gating plane wave interacting with the nanostructure. The Au
nanostructure and its surrounding space were divided into 0.5
nm meshes. The refractive index of the medium in the top and
side regions was taken to be 1.0 and that in the bottom was set
at 1.9 to simulate the ITO substrate. The Au nanorod was mod-
eled as a cylinder capped with an oblate spheroid at each end.
The diameter of the cylinder was 32 nm, and the length was 45
nm. The semimajor and semiminor axes of the spheroid were 16
and 10 nm, respectively. These sizes were very close to the mea-
sured average ones of the nanorod sample. For the dimer, the
spacing between the nanorods at the closest point was set at 1.0
nm.
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