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ABSTRACT: We perform a time-dependent density functional
theory (TDDFT) investigation for the optical properties of nanorod
assemblies for different sizes (Ag;, Agso, and Ags,), interparticle
distances, and orientations with a focus on the effect of symmetry
breaking via an angle on plasmon coupling. For the model systems,
the angle (6) between the particles is varied between 0 and 180°,
where 0 = 0° and € = 180° correspond to symmetric side-by-side
and end-to-end orientations of the nanorods, respectively. Our
analysis reveals that for a sufficiently large interparticle distance (r >
0.7 nm), where the wave-function overlap between monomers is
negligible, TDDFT results agree quite well with the predictions of
the dipole—dipole interaction model for the intensity of the different
modes of coupled plasmons. For smaller gap distances (0.4—0.5
nm), a charge-transfer plasmon (CTP) mode occurs for the
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symmetry broken case of the Ag,, dimer. For the assemblies of larger nanorods, however, the CTP mode is predicted to be less
pronounced, especially for the cases where the deviation from the end-to-end geometry is larger than 30°. The orbital overlap and
configuration—interaction analyses show that these results are related to the fact that the relative overlap strength between
monomeric energy levels is significantly reduced for symmetry-broken orientations of larger nanorods.

B INTRODUCTION

As a result of their surface plasmon resonance (SPR)," metal
nanoparticles show unique optical properties,l_4 which can be
controlled with the nanoparticle size, shape, and assembly
geometry, or the dielectric properties of the environment.”™’
Due to this tunability, such nanoparticles offer many potential
applications in areas such as optoelectronic devices,”” catalysis,
or biological sensing.'°~"” For a nanoparticle dimer, the optical
response and the electric-field enhancement of the system
resulting from SPR can be altered compared to the case of a
single nanoparticle as a result of plasmon coupling."*™*® For
large separation distances, plasmon coupling can be described by
the plasmon hybridization model;'’ =" however, as the
separation distances reduce to the subnanometer region,
quantum-mechanical interactions between two particles need
to be considered for a full description of plasmon coupling.
Theoretical treatments of plasmon coupling involve a wide
array of methods™ such as classical approaches based on solving
Maxwell equations,'**"** quantum-corrected methods,””** or
quantum-mechanical methods based on the Jellium model.”>~**
In most cases, classical approaches are sufficient to describe the
plasmon coupling for a dimer system.'**°~** However, electron
spill-out and quantum-tunneling effects become important for
the optical response of the assemblies when the particle
separation distance is less than 1 nm.””****** More recently,
fully atomistic time-dependent density functional theory
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(TDDFT)**~** and approximate TDDFT methods*”~** have
been employed for the optical properties of dimer systems. In
general, TDDFT-based methods suffer from high computational
cost compared to classical methods and cannot be employed
efficiently to nanoparticle sizes with thousands of atoms.
Nevertheless, calculations on model dimer systems such as
pentagonal nanorods®”*’ or icosahedral nanoparticles* have
shown to provide important aspects of plasmon coupling from a
fully quantum-mechanical standpoint.

In general, theoretical efforts on plasmon coupling have
focused on the homodimers with the maximum available
symmetry for the system of interest.'®**** In comparison, fewer
studies exist in the literature on the symmetry breaking effects on
plasmon coupling.*"**~* It should be noted that experimentally
obtained assemblies generally show a distribution of the particle
size and orientation, which affects the resulting optical response
of the system.*>*® Moreover, symmetry breaking can result in
new plasmon modes, which are normally dark in the perfectly
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symmetric case. In an example with gold nanorod dimers, Shao
et al.>® have shown that the intensity of different modes arising
from plasmon coupling strongly depend on the angle between
nanorod dimers, which agrees with the theoretical predictions
obtained from classical electrodynamic calculations based on the
dipole—dipole interaction. These findings have also been
supported in other experimental and theoretical studies,
showing that the classical electrodynamics can sufficiently
describe the symmetrzr breaking effects on plasmon coupling in
such systems.”>*’™>' However, the symmetry breaking
phenomena have not been explored in the quantum regime,
and it is not clear whether the predictions based on the classical
models will be valid for dimer assemblies with subnanometer
gap distances.

In this contribution, we have systematically investigated the
optical response of nanorod assemblies of different sizes using
atomistic TDDFT calculations, where the angle (6) between
two particles was varied between 0 and 180° to investigate the
symmetry-breaking effect on plasmon coupling via an angle. The
results from the symmetry broken assemblies were compared to
those obtained for the perfectly symmetric cases to understand
the effect of orientation in the quantum regime. These results
were also compared to the predictions of the dipole—dipole
interaction model.

B METHODS

All calculations were performed using the ADF2020 pack-
age.”” ™" As model systems, we have used the Ag;, nanowire and
Agso and Ag, 3y pentagonal nanorod structures. The geometries
of the monomers were optimized using the Perdew—Burke—
Ernzerhof (PBE)”® functional and a double-zeta (DZ) basis set.
The assemblies were formed using the optimized geometries of
monomers without further optimization. The analyzed systems
included side-by-side (dimer A), end-to-end (dimer B), and
symmetry broken assemblies with an angle (6) between
nanorods (dimer ). The symmetry point group of the Ag,
nanowire is D, whereas it is Dg, for Agsy and Ag;3,. For all
systems, dimer B possesses the same symmetry as the
monomers, whereas dimer A and dimer @ exhibit D,, and C,,
symmetries, respectively. The geometries of the model systems
are illustrated in Figure 1. Coordinates of the selected systems
are given in the Supporting Information.

Excited states of all systems were calculated using the standard
linear-response TDDFT formalism as implemented in ADF with
the PBE/DZ level of theory. The optical spectra were produced
from calculated excited states using a 0.15 eV full-width-half-
maximum Gaussian broadening. For molecular orbital and
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Figure 1. Geometries and orientations of the monomer and dimer
model systems investigated in this study.

configuration-interaction analyses, the orbitals of the monomers
were labeled nmg/,, where n (=1,2,3..) and m (=6, x, ,...),
respectively, designate the principal quantum number and
azimuthal quantum number in a cylindrical symmetry and g and
u show the inversion symmetry.”” For dimer systems, orbitals
are labeled nM,,,, where n is the same as the monomer orbitals
and M is designated using capital Greek letters to differentiate
the monomer and dimer levels. In this case, b and a indicate
whether the dimer orbital has a bonding or an antibonding
interaction between monomeric levels, respectively. A gap
distance of 0.7 nm is chosen for all dimers to investigate the
plasmon coupling in the lack of a significant wave-function
overlap as suggested in our previous work.”” For the quantum
regime, 0.4 nm is chosen for Ag,, nanowires, whereas 0.45 nm is
chosen for Agsy and Ag,;o. For the latter, it is seen that 0.4 nm
gap distance can alter the electronic structure of dimer A
significantly as a result of the strong covalent interaction, which
results in problematic self-consistent field convergence. In order
to view the molecular orbitals and transition-fit densities
(TFDs), contour values of 0.3 and 0.00003 are used,
respectively.

B RESULTS AND DISCUSSION

Ag;, Nanowire Assemblies. In the case of the nanowire
assemblies, it has been shown previously that the plasmonic peak
arises from the transitions between bonding and antibonding
combinations of occupied no,, and unoccupied (n + 1)(7,1’g
levels.”” In Figure 2a,b, we summarize the governing selection
rules for the transitions in different orientations of dimer
assemblies. For dimer A, only 4X, — SX_ and 4%, — 5%,
configurations are symmetry allowed, which results in polar-
ization along the x-axis (transverse mode), whereas 4%, — SZ,
and 4%, > S, transitions are symmetry forbidden (Figure 2a).
In comparison, the opposite case is true for dimer B where the
resulting polarization is along the z-axis (longitudinal mode), for
the nanowire assemblies with an angle (Figure 2b), all these
transitions become allowed as a result of the reduced symmetry,
which results in polarization across both x- and z-axes. It should
be noted that a similar interaction picture can be obtained using
the plasmon hybridization model for nanorod assemblies, as
shown in Figure 2c¢,d, and in previous studies."”'®' A more
detailed interaction picture for the plasmon hybridization is
given in Figure S1. For dimer A, only the repulsive interaction of
plasmon dipoles is additive and allowed, as shown in Figure 2c,
while the attractive orientation is forbidden for this geometry.
For dimer B, the opposite is true as the attractive orientation of
dipoles is additive and the repulsive orientation cancels each
contribution completely. On the other hand, both repulsive and
attractive orientations of dipoles are symmetry allowed for dimer
0 (Figure 2d), where the repulsive interaction results in the
transverse mode (polarized in the x direction) and attractive
interaction results in the longitudinal mode (polarized in the z
direction) for coupled plasmons.

In Figure 3a, we show the calculated spectra for nanowire
dimers with varying angles @ at a 0.7 nm separation distance. At
this distance, our previous work has shown that the wave-
function overlap between monomeric levels is negligible.”” In
the case of dimer A, the spectra exhibit a single peak that blue-
shifts compared to the peak in the monomeric system, as
expected from the plasmon hybridization model. This peak
corresponds to the transverse mode along the x-axis for coupled
plasmons. As the angle changes from 0 to 30°, the peak for the
transverse mode shows a considerable red shift as the repulsive
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Figure 2. (a) The interaction picture and the allowed transitions for symmetric dimer A and dimer B assemblies. (b) The same interaction picture for
the symmetry-broken (dimer 6) assemblies. For dimer A, only bonding — bonding and antibonding — antibonding transitions (vertical arrows) are
allowed, whereas only bonding — antibonding and antibonding — bonding transitions are allowed for dimer B due to the symmetry of these
assemblies. (c) Dipole-allowed modes for the coupled plasmons in the case of symmetric assemblies and (d) dipole-allowed modes in the case of

symmetry-broken (dimer ) assemblies.
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Figure 3. (a) Calculated spectra for Ag,, assemblies for varying angles between nanowires with a 0.7 nm gap distance. Black dotted curve shows the
monomer spectrum. (b) Comparison of the total oscillator strengths (osc. str.) for transverse (X) and longitudinal (Z) modes. The dotted lines
represent the A cos?(6/2) and B sin*(9/2) curves for X and Z directions, respectively. (c) TFD of the longitudinal mode for dimer 90° and (d) TFD for

the transverse mode for the same orientation.

interaction between two dipoles is expected to be the largest in
the case of dimer A. In addition, the longitudinal mode, which is
red-shifted compared to the monomeric case, is predicted for
this assembly as a small feature in the spectra. As the angle
between nanowires increases, the red-shifted peak gradually
gains intensity, whereas the intensity of the blue-shifted peak
becomes smaller. When @ = 90°, the intensities of the peaks are
quite similar as expected from the classical vector-addition
model of the dipole moments, as summarized in Figure S2. For
this angle, calculated TFDs also show a good agreement with the
classical dipole model, as illustrated in Figure 3c,d, for the
longitudinal and transverse modes, respectively. For these
modes, plasmon coupling exhibits the bonding dipole plasmon

12200

(BDP) interaction as described by the plasmon hybridization
model. When 6 is between 90 and 180°, the longitudinal mode
gradually becomes more intense compared to the transverse
mode and finally becomes the single feature for the given energy
range for the dimer B geometry.

As seen from the TFDs and the calculated spectra, the broken
symmetry in nanorod assemblies at 0.7 nm separation distance
behaves quite similarly to what would be expected from a
plasmon hybridization model. This agreement between the two
approaches can also be seen in Figure 3b, where we compare the
total oscillator strengths of longitudinal and transverse modes
with respect to varying 6. The calculated energies and oscillator
strengths of these excited states are given in Table S1. It is seen
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Figure 4. (a) Calculated spectra for Ag,, assemblies with varying angles between nanowires at 0.4 nm gap distance, (b) polarization-dependent spectra
of dimer 90°, (c) TFDs of different longitudinal modes (A, B, and C), and transverse mode (D) for dimer 90° with 0.4 nm gap distance.
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Figure S. Calculated spectra for (a) Ags, and (b) Ag,3, assemblies for varying angles at 0.7 nm gap distance (black dotted curves show the monomer
spectra), and comparison of the intensities for transverse (X) and longitudinal (Z) modes for (c) Agso and (d) Ag;s assemblies. The dotted lines

represent the A sin*(0/2) and B cos*(6/2) curves.

that the variation in the oscillator strength can be fitted to the A
sin’(6/2) and B cos*(6/2) curves for the longitudinal peaks in
the z and x directions, respectively. This dependence can also be
realized by applying the law of cosines to the addition of
transition-dipole moments (Figure S2) of the different modes,
as shown in Figure 2b. These results demonstrate that classical
and quantum models can both describe the plasmon coupling
for symmetry-broken orientations in nanowires when the gap
distance is sufficiently large such that wave-function overlaps

between monomeric levels are negligible.

12201

At this point, we turn our attention to smaller gap distances
where charge-transfer plasmons (CTPs) are predicted pre-
viously for nanowires in the dimer B assembly.*” In Figure 4a, we
show the calculated spectra for nanowire assemblies at a 0.4 nm
gap distance with varying 6. At this distance, the covalent
interaction between monomeric wave functions is considerably
large, which is shown to be essential for the emergence of the
CTP mode. In the case of the dimer A assembly, a single feature
is predicted again, similar to the 0.7 nm gap distance for the
longitudinal peak in the x direction. As expected, the intensity of
this peak becomes smaller with increasing 6. For the z direction,

https://doi.org/10.1021/acs.jpcc.1c02707
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however, new features arise in the spectra as 6 deviates from 0°.
All these features systematically gain intensity as € increase.

In Figure 4b, we show the polarization-dependent spectra for
the 0 = 90° case along with the overall spectrum, whereas Figure
4c illustrates the TFDs for these features. It is clear that the
splitting of the plasmon only occurs for the longitudinal mode,
whereas the transverse mode remains as a single feature.
Additionally, the TED of the transverse mode (D) shows a BDP
mode similar to the case in the 0.7 nm gap distance. On the other
hand, TFDs of the longitudinal modes clearly show a CTP
character for peaks A and B and a distorted BDP character for
peak C. Interestingly, the energy spacings, relative intensities,
and TFDs of these new features are very similar in assemblies
with the broken symmetry when compared to the case in dimer
B. This is also evident from the comparison of excited-state
configurations and oscillator strengths for different assemblies,
as shown in Table S2. It should also be noted that the splitting of
CTP and BDP modes in dimer B assemblies are shown to be
most pronounced when GGA functionals are employed, and the
intensities and energy separation of these modes depend on the
percentage of Hartree—Fock exchange in the functional.”” We
expect a similar dependence with the choice of the functional for
the symmetry-broken assemblies as well. In comparison,
experimental evidence for different assemblies of nanoparticles
suggest the formation of CTP for gap distances less than 1
nm,>***” which shows a qualitative agreement with the results
obtained with GGA functionals.

Ags, and Ag,3, Nanorod Assemblies. In this section, we
turn our attention to model nanorod systems with a larger width
to investigate the size evolution of the plasmon coupling in
broken-symmetry assemblies. We note that the interaction
picture for larger nanorods is quite similar to the case in
nanowires, as shown in Figure 2, except for the fact that
configurations with higher azimuthal quantum numbers such as
IT - IT or A — A also participate for the plasmon modes. In
Figure Sa,b, we show the calculated spectra for Agsy and Ag; 3o
nanorod assemblies, respectively, with a 0.7 nm gap distance.
For both systems, the effects in the calculated spectra from
changing 0 show a strong resemblance to the case of nanowires.
As seen from Figure Sc,d, the calculated intensities of the peaks
follow a similar sin®(6/2) or cos*(6/2) dependence, especially
for the cases when the 6 is between 30 and 150°. However, when
the nanorods are close to being perfectly aligned on the x-
(dimer A) or z axis (dimer B), there is some broadening effects
for the plasmon peak, and the calculated intensities deviate from
the expected dipole-model dependence. This deviation becomes
larger with the increasing nanorod size as seen from the
comparison between Agy and Ag, 3 nanorod assemblies.

In addition to the calculated intensities, there are differences
in the calculated energy shift of the longitudinal peak with
respect to the aspect ratio of the model systems as the symmetry
of the assembly deviates slightly from the dimer A or dimer B
geometry. As mentioned earlier, the energy of the plasmon mode
in the z direction shows little dependence on @ for the Ag),
nanowire assemblies, whereas the plasmon mode in the x
direction shows a ~0.1 eV red shift as 6 changes from 0° (dimer
A geometry) to 30°. For the same angle change, both Ags, and
Ag3o assemblies exhibit a similar red shift for the transverse (x
direction) mode. In comparison, the blue shift for the
longitudinal mode depends on the width of the nanorod.
While there is no noticeable energy change for Ag;, nanowire
assemblies, there is a small but noticeable blue shift for the
longitudinal mode in the case of Ags, (~0.05 €V) as @ changes

from 180 to 150°. For the same angle change, this blue shift
becomes ~0.25 eV for Ag, ;o nanorod assemblies. This is mainly
related to the fact that the attractive or repulsive Coulomb
interaction between transition dipoles of the plasmon modes is
maximized when the nanorods are aligned in the z or x direction.
As the width of the nanorods increases, the difference in the
magnitude of this interaction becomes significant for the
longitudinal mode even for a small deviation from the dimer B
case.

Except for the magnitude of the energy shift and the
broadening effects for plasmon modes, there is a good
agreement between different nanorod models for the overall
shape of the spectrum as well as with the predictions of the
classical dipole model when the distance between monomers is
~0.7 nm or larger. However, this is not the case for smaller gaps
where there is a potential orbital interaction between
monomeric levels. In Figure 6, we show the 6 dependence of
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Figure 6. Calculated spectra for (a) Agso and (b) Ag;, assemblies for
varying angles at 0.45 nm gap distance.

the calculated spectra for Agsg and Ag, 39 nanorod assemblies for
a gap distance of 0.45 nm. For both cases, the dimer A geometry
exhibits a blue-shifted single peak for the transverse mode as
expected. In comparison, dimer B spectra exhibit significant
splitting for the longitudinal plasmon due to the formation of
low-energy CTP modes similar to the case of the Ag, assemblies
(Figure 3) and in previous studies with similar nanorod
systems.””*®** As mentioned earlier, the formation of the
CTP mode along with the splitting of different plasmon modes is
also observed for broken-symmetry assemblies (6 # 0° or 0 #
180°) in the case of the Agj, nanowire. For Ags, and Agis
nanorods, however, this splitting is much less pronounced, as
shown in Figure 6. In the case of Agsy assemblies, the
longitudinal mode mainly shows an asymmetric, broad feature
around 2.0 eV, with additional small-intensity features in the
low-energy region (1.0—1.5 eV). Unlike Ag,, dimers, the
spectral shape and energetics of the peaks become significantly
different as @ changes from 180 to 150°. This is also the case for
Ag 3 assemblies. In fact, except for the dimer B orientation, the
evolution of the spectra is surprisingly similar to the case where
the gap distance is 0.7 nm, and the formation of CTP modes is
not predicted for symmetry-broken assemblies of the Ags,
nanorod.

To further understand the size evolution of the plasmon
coupling for small-gap distances, we investigate the role of the
orbital interaction for our model systems. In our previous work
with dimer B assemblies,”” it was shown that the formation of
the CTP mode mainly results when there is significant energy
and dipole moment contribution difference for the transitions
involving bonding and antibonding combinations of monomeric

https://doi.org/10.1021/acs.jpcc.1c02707
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orbitals, as shown in Figure 3b. For such transitions, it was found
from a configuration—interaction standpoint that the con-
structive coupling of these transitions results in the BDP mode,
whereas the destructive coupling results in the CTP mode. Of
course, such a difference only occurs when there is a significant
overlap between monomeric levels. In Table 1, we show the

Table 1. Occupied—Unoccupied Energy Differences (AE)
and Oscillator Strengths of Selected Single Configurations
for Different Orientations of Nanorods for a 0.45 nm Gap
Distance

0 =0° (dimer A) 6=180° (dimerB) 6 =90°

oscillator oscillator oscillator
AE strength AE strength AE strength
transitions (eV) (au.) (eV) (au.) (eV) (au)

Ag,o Nanowire

P2 5672 048 2.96 0.46 0.00° 047 1.44
39T 5 6°% 047 294 0.50 0.00” 049 1.50
SbZ - 672 0.87 0.00“ 0.57 1.54 0.57 0.71

59% - 6'% 0.09 0.00 0.39 4.48 0.40 2.36
Agso Nanorod

7 - 8°I1  0.66 9.08 0.66 0.00°  0.67 413
7T — 8°I1  0.68 9.10 0.69 0.00”  0.68 4.30
7bH — 8711 0.74 0.00“ 0.78 5.20 0.70 3.97

7T — 8°T1 0.63 0.00“ 0.57 13.44 0.65 5.08
Ag, 39 Nanorod

7°A - 8°A 031 9.15 0.80 0.00°  0.81 445

7°A — 8°A 0.81 8.19 0.84 0.00” 0.81 4.23

7YA = 87A 0.84 0.00“ 0.92 6.35 0.83 4.38

77A - 8°A 0.79 0.00” 0.71 13.14 0.80 541
“The bonding — antibonding or antibonding — bonding transitions
are dipole-forbidden due to the symmetry for the dimer A orientation.
YThe bonding — bonding or antibonding — antibonding transitions
are dipole-forbidden due to the symmetry for the dimer B orientation.

energies and oscillator strengths of the single transitions with the
largest dipole moment contributions to the plasmonic peak for
each model system where the gap distance is 0.45 nm. For all
systems, the transverse mode mainly emerges as a single peak for
different gap distances and symmetry. As shown in Table 1,
allowed transitions for this mode are bonding — bonding and
antibonding — antibonding in nature due to the symmetry. As a
result, these configurations exhibit similar transition energies
and oscillator strengths for all systems. In comparison, allowed
transitions for the longitudinal modes are bonding —
antibonding and antibonding — bonding types, and these
transition pairs show significant differences for their oscillator
strengths and energies when there is an orbital overlap between
monomeric levels. For the dimer B assemblies of Ag; o, Agso, and
Ag, 3, the ratios of the oscillator strengths for these transitions
are 0.34, 0.38, and 0.48, whereas the energy differences are 0.18,
0.21, and 0.21 eV, respectively. We note that for gap distance
such as 0.7 nm, the oscillator strength ratio and energy difference
between these configurations are essentially 1.00 and 0.00,
respectively, due to the lack of orbital interaction between
monomeric levels.

For the assemblies with a broken symmetry (6 = 90°), the
oscillator strength and energy difference between bonding —
antibonding and antibonding — bonding type transitions show a
clear size dependence. In the case of the £ — X transitions of
Ag, assemblies, the energy difference and oscillator strength
ratio are 0.17 eV and 0.30, respectively, indicating that the

orbital interaction does not change significantly with 6 for this
model. As a result, the splitting pattern of the plasmon mode in
the z direction is quite similar between different orientations
except for the intensity of the peaks, as shown in Figure 4. On the
other hand, the energy difference and oscillator strength ratio of
IT — II transitions for Agsg are 0.0S eV and 0.78, indicating a
significant reduction for the coupling of monomeric orbitals
from 6 = 180° to 8 = 90°. Similarly, the same energy difference
and oscillator strength ratio become 0.03 eV and 0.81 for the A
— A transition of the dimer 90 assembly of the Ag,;y nanorod.
These results are further illustrated from an orbital interaction
standpoint, as shown in Figure 7. For Ag,,, the total overlap

Agy (5 [ )

6600606668 ® @

Agso 2 Q§°
ssssoinmaesese %_gﬁ

0=180 0=90

Figure 7. Illustration of the orbital overlap (bonding interaction) for £
— X transitions of Ag;,, Il — II transitions for Ags, and A — A
transitions of Ag, sy in dimer B and dimer 90° assemblies.

between monomeric levels does not change from dimer B to
dimer 90 assemblies because the overlap mainly occurs over two
atoms. As the aspect ratio of the nanorod increases, the net
overlap between monomeric levels decreases. Moreover, with
the increasing aspect ratio, configurations with higher azimuthal
quantum numbers become important for the plasmonic peak,
and the effect of symmetry breaking can become even more
drastic. As a result, splitting of the plasmonic peak is less likely
for larger nanorods as the orientation of the dimer deviates from
dimer B.

Finally, we investigate the Ag, 3, assemblies where € is within
the range of 180—150° to understand whether plasmon splitting
occurs for these orientations. In Figure 8a, the calculated spectra
are shown for these geometries, while Figure 8b,c shows the
oscillator strength ratio and energy difference between 7A, —
8A, and 7A, — 8A, configurations, respectively. As seen from
the spectra, there are only minor changes for the splitting of the
plasmon mode when the deviation from the dimer B geometry is
only 5° (6 = 175°). This is also evident from the oscillator
strength ratio and the energy difference of the configurations,
which indicate that the orbital overlap between monomeric
levels is not altered significantly for this orientation compared to
the dimer B case. However, with increasing deviation from the
dimer B geometry, the coupling between monomeric levels is
decreased significantly, and the oscillator strength ratio and
energy difference between 7A, — 8A, and 7A, — 84,
configurations approach to the case where @ = 90°. As a result,
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Figure 8. (a) Calculated spectra for Ag,;, assemblies for orientation
angles between 150 and 180° at 0.45 nm gap distance, (b) oscillator
strength ratio, and (c) energy difference between 7A, — 8A, and 7A,
— 8A, configurations for these geometries.

the low-energy plasmon modes in the spectra become gradually
smaller in intensity, and a single feature is mainly predicted for
the plasmon mode in the z direction for deviations larger than
30°. Our results show that for nanorods with a small aspect ratio
and large width, the formation of the CTP mode is possible for
slight deviations from the perfectly aligned geometry; however,
the spectra mainly show a single mode when this deviation is
larger than 30° due to the reduced interaction between
monomeric orbitals.

B CONCLUSIONS

In summary, we have performed an atomistic TDDFT
investigation of the plasmon coupling in dimer assemblies of
Ag)o, Agso, and Ag) 39 nanorods with varying angles. For gap
distances such as 0.7 nm where no significant overlap between
monomeric levels occurs, the coupling of the plasmon modes
agrees well with the predictions of the dipole model. For these
assemblies, the intensities of the longitudinal and transverse
modes generally follow sin*(8/2) or cos*(#/2) dependences,
respectively, with respect to the varying angles between
nanorods. However, when two nanorods are close to being
perfectly aligned, some broadening effects occur for the
plasmonic peak and the calculated intensities become smaller
compared to the predictions of the dipole model.

For small gap distances (0.4—0.5 nm), where there is a
significant orbital overlap between monomeric levels, the
formation of CTP modes is observed in the case of symmetry-
broken assemblies of Ag), dimers. Additionally, the energy
spacing and the relative intensities of different modes are quite
similar for perfectly aligned (dimer B) and symmetry-broken
dimers. For nanorods with a larger width (Ags, and Agis),
however, the splitting of the plasmonic peak is found to be much
less pronounced for symmetry-broken assemblies. For these
systems, different plasmon modes are formed with only small
deviations from the dimer B geometry, whereas only a single
peak is predicted for Ag, sy assemblies when the deviation from
the dimer B geometry is more than 30°. Configuration
interaction and orbital analyses have revealed that these results
are related to the fact that the relative overlap strength between
monomer levels is reduced significantly for symmetry-broken
orientations of large nanorods.
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