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ABSTRACT

Plasmonic nanoparticles are well known for their properties of electromagnetic field enhancement
and surface spectroscopy enhancement. We used the plasmon hybridization method and group
theory to study parallel dimers and dolmen trimers of Ag, (n =4, 6, 10) nanoparticles. Interactions
between the plasmon modes were studied with decreasing inter-particle separation distances. Time
dependent density functional calculations are performed on the structures using the BP86/DZ level
of theory. In dimers, the decrease of the inter-particle separation blue-shifts the longitudinal peak
but the transverse peak position is not affected significantly. In trimers, a new peak is also observed
as a shoulder of the longitudinal peak. When the inter-particle separation reduces to 0.6 nm in
dimers and trimers, a new peak emerges between the longitudinal and transverse peaks. This new
peak red-shifts and increases in intensity upon further decreasing the inter-particle separation.
Analysis of the transition densities and symmetries for the respective peaks shows that the new
peak arises from a charge-transfer excitation.

1. INTRODUCTION

A localized surface plasmon resonance is a collective oscillation of free electrons in
metallic nanoparticles upon interaction with electromagnetic radiation. The oscillation frequency
depends on the shape, size and dielectric environment of the nanoparticles.! Plasmonic
nanoparticles are of great interest as they enhance the local electromagnetic fields and are very
important for surface spectroscopy.? Experiments have shown enhancements as large as 10—14
orders of magnitude, enabling spectroscopic detection of a single molecule.’ Different shapes of
nanoparticles have been studied such as nano shells,®” rods,®® disks,!° cubes,!! cylinders,'?
triangles'® and rings.'* Among them, cylindrical nanowires and nanorods have received a lot of
interest because their optical properties are very sensitive to their aspect ratio.'>!” Arrays of
nanoparticles are ideal for different applications like biosensing,'3"!” nanolasing,? spectroscopy?!"”
22 and as optical waveguides.”**> In consequence, a number of interesting studies have been
performed on ordered arrays of nanoparticles?*** such as dolmen trimers**-** and end-to-end and
side-by-side arrangements of nanorods.>***

The optical properties of nanoparticle assemblies are dramatically influenced by the
coupling of the plasmon resonances of nearby nanoparticles. Symmetry breaking often
accompanies formation of nanoparticle assemblies, and the nanoparticle coupling leads to different
bright and dark modes.** Plasmonic modes of individual particles hybridize to form new collective
modes in multiparticle systems.*® Plasmon coupling has advantages in surface-enhanced Raman
scattering (SERS)*’ and tip-enhanced Raman scattering.*® Nanoparticle dimers are the most
versatile and simple multiparticle structures studied so far. Many experimental and theoretical
studies have already been performed on nanoparticle homo and hetero-dimers.*->> Dimers have
found applications ranging from sensing and spectroscopy*® ¢ to nonlinear optics.”’



Nordlander and Prodan have developed a plasmon hybridization model®® that helps to
elucidate the plasmon resonances present in an array of nanostructures. This approach is similar to
the interaction of atomic orbitals to form molecular orbitals; the plasmon modes of the constituent
nanoparticles hybridize to form composite plasmon modes. Plasmons of composite nanoparticles
can thus be described as bonding and antibonding combinations arising from hybridization of the
individual nanoparticle plasmons. The method has been used successfully to describe the plasmon
resonances in concentric spherical metallic nanoparticles,’® nanoparticle dimers,* and various
other geometries like nanoshell, nanoeggs, nanomatryushkas, nanorice, nanoparticle trimers,
nanoparticle quadrumers, and a semi-infinite surface or a metallic film.%!

Numerous studies examine nanoparticles in close proximity.>% 272 The most widely used
approach for analyzing excitation energy transfer in nanoparticle assemblies involves classical
methods such as finite difference time domain (FDTD)"*7* calculations or similar methods based
on solving Maxwell’s equations.?> 7> 7376 But, because quantum effects play a major role when
small inter-particle dimensions are present, researchers have proposed quantum-corrected models
to the classical electro-magnetic simulations for these systems.”’"”® Several studies have shown
that classical electrodynamics simulations fail for small nanoparticles and nanoparticle assemblies
with small separations.*® 783! As these models do not give an atomistic treatment of the systems,
quantum mechanical methods such as density functional theory (DFT) are essential to predict the
quantum effects at small separation distances. In consequence, studies have been performed on
nanoparticle assemblies using quantum mechanical methods. Quantum effects such as surface
scattering, electron spill-out at the surface, coupling of plasmons to single particle excitations and
the nonlocality of electronic response play a dominant role for nano sized structures.” %2 A
quantum mechanical study can give a realistic description of the overlap and tunneling of plasmons
for closely separated nanoparticles.®*** Tunneling breaks down the local field enhancement
predicted by classical theory at the subnanometer regime and leads to the formation of a charge
transfer plasmon.®> 7% 8586 A charge transfer plasmon is observed where there is direct charge
transfer from one nanoparticle to another, when the nanoparticles touch each other, or when a
conductive junction is established between them.®”*8 Savage et al. used a quantum corrected model
to predict the onset of quantum tunneling effects at around 0.3 nm particle separation.®! They have
shown that the quantum regime starts with a blue shift of hybridized modes in coupled
nanoparticles. Zhang et al. showed that the atomic structure of the metal clusters plays a key role
in determining accurately both the absorption cross section and electric field enhancement and the
effect is more critical when the distance between the nanoparticles is smaller than around 0.3 nm®’
which is also discussed in the review article by Varas et al.”

In this paper, we investigate small silver nanowires, their dimers (parallel side-by-side
arrangement) and trimers (dolmen structure). We use a quantum mechanical time-dependent
density functional theory (TDDFT)?! method that offers the possibility to address the optical
response of plasmonic systems at the fully quantum ab initio level. Although these nanowires are
small, the excitations in similar nanowire systems have previously been shown to be plasmonic
using approaches that scale e.g. the electron-electron interactions.””* We look into the evolution
of the optical absorption spectra of silver nanowire dimers and trimers with different monomer
lengths and changing inter-particle distances. We use group theory considerations and the plasmon
hybridization method to explain the origin of a new peak in the optical absorption spectra of the
nanowire assemblies with decreasing inter-particle distance. We also examine the transition
electron densities in dimers and trimers and show that these transition densities are very helpful to
describe the evolution of new peaks in the absorption spectra with the decrease in inter-particle



separation. The study of these nanowire assemblies is important to understand the mechanism of
interaction of plasmons in composite systems.

2. COMPUTATIONAL DETAILS

All calculations are performed with the Amsterdam Density Functional (ADF)** 2017
package. Geometry optimizations on the monomer nanowires are performed with linear symmetry
using the generalized gradient approximation (GGA) Becke—Perdew (BP86)*7 exchange-
correlation functional with a large frozen core double-zeta (DZ) basis set; the optimized
coordinates are provided in Table S1. It should be noted that these geometries do not represent
global minima, but are useful model systems for understanding the properties of larger nanorods.
Scalar relativistic effects are included with the zeroth-order regular approximation (ZORA).%
Excitation spectra are calculated using linear response time-dependent density functional theory
(TDDFT).”*1%2 Unless otherwise noted, the exchange correlation functional used for the TDDFT
calculations is the Perdew-Burke-Ernzerhof (PBE) GGA.!”® Time dependent Hartree Fock
(TDHF)!%+1% calculations are also carried out on dimers and trimers in order to analyze the charge
transfer plasmon. The absorption spectra are convoluted with a Gaussian with a full width at half
maximum (FWHM) of 0.2 eV. Multiple excited states may contribute to each plasmon peak; each
excited state may be expressed as a linear combination of excited determinants, where each excited
determinant can be expressed as an occupied-to-virtual orbital transition. Transition electron
densities are computed, which determine how electron density changes between the ground state
and an excited state. Orbitals are represented in the ADF-GUI with a contour value of 0.02 and
the transition density plots are obtained with an iso-value of 0.02 unless otherwise stated.

The monomers, dimers and trimers of Ags, Ags and Agio nanowires are studied at different
inter-particle distances. For dimers, the tWwo monomers are arranged in a side-to-side fashion to
form a dimer with D>, symmetry. For trimers, the third monomer is placed on the top of dimer to
form a dolmen structure with C2, symmetry. The structures of the studied assemblies of nanowires
are shown in Figure 1. Only homo-dimers and homo-trimers are considered in this work. To
construct these structures, we set the monomers at separation distances (d) of 2 nm, 1.5 nm, 1 nm,
0.9 nm, 0.8 nm, 0.7 nm, 0.6 nm, 0.55 nm, 0.5 nm, 0.45 nm, and 0.4 nm from each other.
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Figure 1. Nanowires assemblies examined in this work: monomer, parallel dimer, and dolmen
trimer.

3. RESULTS AND DISCUSSION

We first consider the absorption spectra of Ag, (n =4, 6, 10) monomers, then discuss the
absorption spectra of dimers and trimers. We look in detail into the changes in absorption spectra
with the change of aspect ratio for the monomers and also with respect to the change in monomer
separation distance for the dimers and trimers. Then, we study the main transitions, symmetry
representations and types of orbitals corresponding to the main absorption peaks of the monomers,
dimers, and trimers. We also examine the transition electron densities to describe the observed
spectral behavior.

3.1 Absorption spectra for monomers of Ag, (n =4, 6, 10)
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Figure 2. Absorption spectra for Ags, Ags and Agio monomer nanowires.

As shown in Figure 2, nanowire monomers exhibit two major peaks in their absorption
spectra. The sharp peak at lower energies is the longitudinal peak which arises mainly from
plasmon oscillation along the long axis of nanowires. This peak originates from the HOMO —
LUMO transition and has X, symmetry. These orbitals can also be represented as X,, in which »
represents the axial quantum number of the orbital (i.e. the number of axial nodes + 1) as if it were
a delocalized particle-in-a-cylinder orbital.!? The main transitions and the orbitals involved in the
longitudinal peak of nanowire monomers are shown in Table 1. £, — X,+1 transitions are primarily
responsible for the longitudinal peak in all nanowire monomers. The shapes of the orbitals that
contribute to the longitudinal peak of the Ags, Ags and Agio nanowires are shown in Figure 3. The
intensity of the longitudinal peak increases from Agsto Agio (Figure 2) as determined by the
increasing oscillator strength of the state responsible for this peak (Table 1). This is due to the
increase in the number of electrons with the increase in system size, which causes a stronger
plasmon oscillation.!® This linear increase of oscillator strength with the chain length has also
been observed in previous studies.'”” Note that the signs associated with the transition dipole
moments in Tables 1 and 2 are the signs printed in the TDDFT calculations, so the absolute signs



do not matter for a given system; however, within a given excitation, the relative signs are
meaningful for different contributions to the excitation.

Table 1. Main transitions, excited state energies, oscillator strengths, and transition dipole
moments for the longitudinal peak of monomer nanowires.

Transitions Transitions Ener Oscillator Transition
Nanowire (Symmetry (Delocalized (eV%y Strength Dipole Moment
representation)  orbital notation) (a.u.) (a.u.)
Ags 30u— 40y Yo — X3 2.19 0.99 -4.82
Ags 50,— Sou Y3 2y 1.72 1.55 6.46
Agio 8oy, — 8ou Y5 — X 1.23 2.61 -9.48
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Figure 3. Orbitals primarily responsible for the longitudinal peak of a) Ags, b) Ags and c) Agio
nanowires.

On comparing the monomer spectra of different chain lengths (Figure 2), the longitudinal
peak is seen to be sensitive to aspect ratio of the nanowire which was also observed in previous
studies.!®® This peak shows a significant redshift as the length of the wire chain increases from
Agato Agio. This behavior can be explained in accordance with the particle-in-a-cylinder model,
which demonstrates why a linear relationship between the aspect ratio of the nanowire (which is
proportional to nanowire length for a given nanowire diameter) and the longitudinal plasmon
wavelength is typically observed.!%

The peak at higher energy in the absorption spectra is the transverse peak. It arises due to
the plasmon oscillation along the short axis of nanowire and exhibits 1, symmetry. The transverse
peak arises mainly from transitions between X and IT levels of the nanowires as shown in Figure 4
for the Ags nanowire. Our results on the study of longitudinal and transverse peaks of monomers
match with the previous studies on nanowires'%”- 1110 and are included in this paper for the
purpose of completeness. The transverse peak is broader compared to the longitudinal peak as it
involves multiple X — TI transitions, each with lower dipole moment contributions compared to
the longitudinal peak, as shown in Tables 1 and 2. Transition dipole moments increase as the length
of nanowire increases. An absorption spectrum for the Ags monomer is shown in Figure S1 which



clearly shows the multiple transitions involved in the transverse peak and a single strong transition
for longitudinal peak. The main transitions and the types of orbitals involved for transverse peak
of the monomers are shown in Table 2. The change of aspect ratio has a negligible effect on the
transverse peak position (Figure 2).
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Figure 4. Orbitals primarily responsible for the transverse peak of the Ags nanowire.

Table 2. Energies, oscillator strengths, main transitions, and transition dipole moments for
the transverse peak of monomer nanowires.

Ener Oscillator Transitions Transitions Transition
Nanowire (eV%y Strength (Symmetry (Delocalized Dipole Moment
(a.u.) representation)  orbital notation) (a.u.)
5.67 0.76 30y — 3mg 2 — I -1.65
Agy 30, — 37 > — I -1.45
50y — Sy 23— 113 1.11
4o'u N 4.77;g o —1Ils 1.00
5.62 0.57 40, — 4, -1 0.86
21— 60y d-band — X5 -0.28
S0y — Smy 23— I3 0.47
5.74 0.14 40y — 4ng 2 — I 0.62
Agg 40y — 4, Y — I 0.19
40y — Smy 21— 113 -0.13
S50y — Smy 23— 113 0.78
40' — 477; 22 — H2 057
.84 . u g
58 038 40y — 4, 5 - T, 0.64
21— 60y d-band — X5 0.32
80y — 8wy 25— IIs 1.03
70y — Trg 24— 14 0.87
Aglo 5.74 1.22 6(; s bm, ¥ — I 0.75
6Ug — 67Tu 21 —> H] 067
277:g_) 9014 d'band — 28 ‘0.19




8oy — 8my 25— Ils -0.30

Tou — Ty 2y — 14 -0.27
7T 0g — Ty 23— 103 -0.30
5.92 0.13 66, — 61 % — I 0.14
60, — 6, 21— I -0.16
20— 90, d-band — X3 -0.26
6o — 8 % — IIs 0.03
g u
80z — 8wy 25— IIs -0.27
Tou — Trg 2y — 14 -0.25
70g — Ty 23— 113 -0.12
5.95 0.12 66 —> 67 % — I -0.27
60y — 67 21— I -0.15
27, — 96, d-band — Xg -0.28
60, — 87 %1 — Il -0.03

3.2 Absorption spectra of dimers

In this section, we analyze the changes in the optical absorption spectra of the dimers
compared to the spectrum of the monomer as a function of inter-particle distance. For this, we
examine the evolution of the absorption spectra as the separation distance decreases from 2 nm to
0.4 nm using increments of 0.1 nm (Figure 5). When the monomers are separated by large distances
from each other (i.e. above approximately 0.7 nm), the dimer spectrum are similar to the spectrum
of the monomer except that the intensities of both longitudinal and transverse peaks are doubled
due to the presence of two monomers. However, when the separation between the monomers is
less than 0.7 nm, a new peak (called a charge transfer peak in this text, which will be verified later
in this work) begins to emerge between the longitudinal and the transverse peak for all investigated
systems (Ag4, Age and Agio). This peak emerges between 4 eV and 5 eV for every system. It
increases in intensity and red-shifts from its initial position as the separation between monomers
further decreases. Correspondingly, the intensity of the transverse peak also decreases.

In order to study the origin of the charge transfer peak, such as whether or not it is part of
transverse peak that has red shifted from the transverse peak position, we computed the spectra at
additional separation distances between 0.7 nm and 0.6 nm. Spectra at some of these distances are
included in Figure 5b for the Age dimer. These spectra show that the peak does not shift
continuously from the transverse peak position. It appears between 4 eV and 5 eV for every system
as the distance decreases; upon further decreasing the inter-particle distance, the charge-transfer
peak starts to red-shift from its position and increases in intensity.
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Figure 5. Absorption spectra for the dimers of a) Ags, b) Ags and c) Agio nanowires. Spectra for
only selected inter-particle distances are shown for clarity.

The longitudinal peak of the dimer blue-shifts slightly with decreasing gap distance (Figure
5). The intensity of this peak decreases as the inter-particle separation decreases. The blue-shift of
longitudinal peak can be well explained using the concept of plasmon hybridization.>® Plasmons
can couple based on the dipole-dipole interaction model as shown in Figure 6. Hybridization
results from coupling of plasmon modes analogous to bonding and antibonding interactions of
molecular orbitals. The blue-shift of the longitudinal peak with the decrease in the gap is due to
the bright mode being higher in energy which is a result of the repulsive dipole-dipole interaction
between nanowires as shown in Figure 6. As the separation between monomers decreases, the
interaction between the nanowires leads to a greater separation between bright and dark modes.
Since the higher energy mode is the bright mode, the longitudinal peak blue-shifts on decreasing
the separation between the monomers.
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Figure 6. Longitudinal plasmon interaction that cause blue-shift in peak position in decreasing the
gap between monomers

Symmetry analysis of individual peaks shows that the longitudinal peak has B, (z-
polarized) symmetry while the transverse peak has both B2, (y-polarized) and B3, (x-polarized)



symmetry. [f one examines the orbital transitions and the symmetry of the charge transfer peak, it
can be seen that the charge transfer peak has only a B>, symmetry contribution. The appearance of
the charge transfer peak becomes more clear by studying the transverse plasmons in each nanowire
monomer and the interaction between them. The inter-particle interactions between the B>, and
B3, plasmon modes that contribute to the transverse plasmon peak are shown schematically in
Figure 7. The x-polarized plasmon and y-polarized plasmon interactions yield a bright mode for
the higher and lower energy levels, respectively. The charge transfer peak has B., symmetry,
similar to the y-polarized transverse mode. Because of the geometrical considerations, the
interaction between the y-polarized transverse modes is stronger compared to the interaction
between x-polarized transverse modes as the gap distance decreases between monomers. As a
result, the y-polarized plasmon peak exhibits more splitting of its energy levels which causes its
bright mode to red-shift. The interaction between the x-polarized plasmon increases upon
decreasing the separation, but it is less compared to that of the y-polarized plasmon. In
consequence, the plasmon peak with B3, symmetry shifts slightly towards the higher energy side
but this shift is less compared to that of the B>, plasmon peak.

Figure 7. Transverse plasmon interaction in nanowires a) x-polarized, b) y-polarized. The long
axis of the nanowires lies along the z-axis and the inter-particle axis is the y-axis.

When we look at the optical absorption spectrum for each dimer (Figure 5), the new feature
in the spectrum (the charge-transfer peak) grows as the inter-particle separation is decreased. The
charge transfer peak increases in intensity whereas the transverse peak decreases in intensity upon
decreasing the separation between monomers. This supports the idea that this peak is related to the
transverse plasmon mode, although it is not simply a red-shifted transverse peak.
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To investigate further, we plotted separate absorption spectra for each of the symmetries
(plasmon polarization directions) that contribute to the overall absorption spectra for the dimers of
Aga, Age and Agio nanowires (Figures S2 and S3). The charge transfer peak has only B>, symmetry
which is the symmetry group of the y-polarized transverse mode of the plasmon (i.e. the transverse
mode that is polarized along the inter-particle axis). The transverse peak around 5.7 eV does not
continuously red-shift with decreasing inter-particle distance to create the charge transfer peak
near 4.3 eV. Instead, the charge transfer appears when the inter-particle distance is approximately
0.7 nm, and increases in intensity dramatically and red-shifts slightly as the inter-particle distance
decreases; in contrast, at separation distances below 0.7 nm, the y-polarized transverse mode near
5.7 eV shifts to higher energy (reversing its previous trend toward lower energy) and decreases in
intensity.

We also see from Figure 5 that the intensity of the longitudinal peak becomes smaller with
decreasing gap distance in all dimers. Similarly, Figure S2 and Figure S3 show that the B1, peak
is shifting to higher energy at smaller inter-particle distance. On looking at the spectra of Agio at
the 0.4 nm inter-particle distance in Figure 5, we see that the intensity increases instead of
decreasing unlike in other dimer systems and at other inter-particle separations. The cause of this
can be understood by considering the peak contributions. Symmetry contribution plots for Agio
(Figure S3) show that B>, symmetry also contributes to the longitudinal peak at the 0.4 nm inter-
particle distance for this nanowire. However in other systems, there is no other symmetry
contribution to the longitudinal peak except Bi, at any separation. This extra B>, may have
increased the intensity of Agjo at 0.4 nm.

Overall, in the case of larger gap distances, the quantum mechanical effects can be
neglected. However, as the gap distance become less than 0.7 nm, quantum mechanical effects
become important. We see that the new charge transfer peaks appear at small monomer separations
which is likely caused due to the overlapping of the electron densities of the two closely placed
nanoparticles (Figure 5).

3.2(a) Symmetries, transitions and orbitals for the main absorption peaks in dimers

Table 3 lists the main transitions, symmetry and orbitals for the longitudinal peak of Ags,
Age and Agio nanowire dimers. It is clear from the table that the longitudinal peak of all nanowire
dimers have ¥ — X transitions with B1, symmetry. For dimers at all separations, the longitudinal
peak arises due to X,* — X,+1* and X, — X,+ transitions with B, symmetry. The symmetry
contribution (B1,) and the type of orbital transitions (X — X) that corresponds to the longitudinal
peak of dimers do not change with the change in inter-particle distance. So, the symmetry and
transitions given in Table 3 are applicable to the dimers at all inter-particle separation. However,
it should be noted that a small B2, contribution does arise at 0.4 nm for the Agio dimer as seen in
Figure S3.

Symmetry contributions to the transverse peak are different at large and small inter-particle
distances, unlike for the longitudinal peak. Table 4 shows the transitions that contribute to the
transverse peak of Ags dimer at large (2 nm) and small (0.4 nm) inter-particle distance. B>, and
B3, symmetries contribute to the transverse peak at large separation whereas at small separation,
only the B3, symmetry contributes to the transverse peak. Table 4 shows that the transverse peak
in dimers is due to X, * — Il,*and X, — I1, with B3, symmetry as well as £, — II,* and X, * — 11,
transitions with B2, symmetry at large inter-particle separation (2 nm). At interacting inter-particle
distance (0.4 nm), only transitions with B3, symmetry contribute to the transverse peak and B2,
symmetry transitions no longer contribute to the transverse peak. Ags and Agio dimers have the
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same symmetry contributions and similar transitions including some additional transitions in
between the orbitals having more number of nodes. For the naming of orbitals, the Greek letter
and the subscript denote the delocalized monomer orbitals involved in the dimer orbital and a “*”
denotes an inter-particle antibonding nature of the monomer orbitals as shown in Figure 8. Overall,
the transitions in Table 3, Table 4 and Table 5 show that the ¥ — X transitions contribute to the
longitudinal peak whereas the transverse and charge transfer peak have £ — II transitions. Figure
8 shows some of the orbitals that contribute to these peaks.

Table 3. Symmetry, main transitions and orbital contributions for the longitudinal peak
of dimers.

Nanowire Symmet Transitions Transitions
Y Y (Symmetry representation) (Delocalized orbital notation)
% %
Ags B Thsg — 8ba ¥ — 3
Tbiy — 8ag Y — 33
11b2u—> 11b3g 23*_,24*
Ag6 B 1161g—> 11by, S
18b2u — 18b3g 25* — 26*
Agio Biu 180 — 181, s

Table 4. Symmetry, main transitions and orbital contributions for the transverse peak of
Ags4 dimer at large and small separation.

Separation Symmetry Transitions Transitions
(Symmetry representation)  (Delocalized orbital notation)
Th1u —5bag 20— I
Bs Th3g —5ay Yo* s [Io*
' Tag — 5bsu 21— I
2 nm Tbo — 5big Zi¥— IL*
Tbiu —9b3g Yr— IL*
B> 7Th3g —9b1u 2*— I
! Tag —9b2y ¥ — I *
Th2u —9ag Zi*— 1L
Th1u —5bag 20— I
Tag —5bsy ¥ — I
0.4 nm B3y 7b§g 5a, S Lot
7b2u —>5b1g El*—) Hl*

Table 5. Symmetry, main transitions and orbital contributions for the charge transfer peak
of dimers at 0.5 nm.

Nanowire Symmet Transitions Transitions
Y Y (Symmetry representation) (Delocalized orbital notation)
%
Aga B Th3g — 9b1u * — 1D
7Tbou — 9ag Yok I

12



11b2, — 14a, Y3* —> 115
Age By, 10b3g— 13b14 ¥ — I
10b2, — 13a, ¥ 11
18b2y — 24a, ¥s5* — s
17b3g — 22b14 24— 14
Agio B2, 17b2y — 22ag Y3*— I3
16b3g — 20b14 ¥ — 1
16by, —21a, T¢I

13
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Figure 8. Examples of occupied-to-virtual orbital transitions contributing to the (a) longitudinal
peak of Ags dimer as shown in Table 3, (b) transverse peak of Ags dimer at 2 nm separation and
with B3, symmetry as shown in Table 4, (c) transverse peak of Ags dimer at 2 nm separation and
with By, symmetry as shown in Table 4, (d) transverse peak of Ags dimer at 0.4 nm separation as
shown in Table 4, (e) charge transfer peak of the Ags dimer at 0.5 nm as shown in Table 5 drawn
with a contour value of 0.03.

3.2(b) Transition electron densities

In order to understand more about the types of transitions that make up the different peaks in
the absorption spectra, we studied the transition densities for the strongest excited state (i.e. the
excited state with the highest oscillator strength) corresponding to each plasmon peak (Figure 9).
These transition densities are shown for inter-particle distances of 2 nm (large separation between
the monomers) and 0.5 nm (small separation between the monomers) for the Ags nanowire dimer.
Transition densities were similarly studied for other separations as well (not shown). The transition
densities of other close-lying excitations with smaller oscillator strengths are similar to those of
the strong excitations as shown in the Supporting Information (Figure S4).
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Figure 9. Transition electron densities for the strongest peaks of Ags dimer at the iso-value 0f 0.02
unless stated in inset.

In Figure 9, transition electron densities for the longitudinal peak at both large and small
separation show longitudinal character (i.e. the movement of electron density along the long axis).
Similarly, the transition electron densities for the transverse peaks at all separations show
transverse character where the movement of electron density is perpendicular to the long axis. The
charge transfer peak does not appear when the inter-particle distance is large (e.g. 2 nm), whereas
it appears for small inter-particle distances (e.g. 0.5 nm). The transition densities demonstrate that
this peak has charge transfer character because the movement of electron density occurs from one
wire to the other. Transition electron densities for the middle peak of Ags and Agio are given in
the supporting information (Figure S5) which show similar charge transfer character.
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Overall, from 2 nm until 0.7 nm, there is very little coupling between the nanowires. After
0.7 nm, the coupling between the nanowires favors the tunneling of electrons between the two
monomers. In consequence, quantum mechanical effects are especially necessary to include at
small separation distances.

Because calculations with pure GGA functional are known to overestimate charge
transfer,!!! we also performed calculations using the time-dependent Hartree-Fock (TDHF)
approximation to examine whether any charge transfer artifacts arise due to the use of the GGA
functional (Figure 10). Although the longitudinal and transverse peak positions obtained with
TDHF are somewhat shifted compared to the peak positions obtained with the GGA functional,
both levels of theory agree on the formation of a charge transfer peak with B>, symmetry that
occurs between 4 eV and 5 eV and has charge transfer character in the transition electron density
(Figure 10). A picture of the spectra obtained with TDHF calculation at different monomer
separations along with their transition density plots are shown in Figure S6. One noticeable
difference between the TDDFT calculations (with a pure GGA functional) and the TDHF
calculations is that the charge transfer peak shifts gradually during the TDHF calculations, unlike
in the TDDFT calculations; this is likely due to differences in the interaction term between the
excited determinants as previously observed in TDHF and TDDFT calculations on nanowires
arranged in an end-to-end fashion.®® This suggests that the sudden appearance of the charge-
transfer peak in calculations using a pure GGA functional may be an artifact, although the
existence of the charge-transfer peak is not.
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Figure 10. Optical absorption spectra showing the main peaks computed with TDDFT (red plot)
and TDHEF (black plot). The inset shows the TDHF transition electron density (iso-value = 0.03)
for the charge transfer peak between 4 eV and 5 eV with B2, symmetry.
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3.3 Absorption spectra of trimers

Absorption spectra are also obtained for trimers of Ag, (n =4, 6, 10) in the dolmen structure
with C>y symmetry. Spectra for the Ags trimer at inter-particle distances of 2 nm to 0.4 nm are
shown in Figure 11. Spectra for Ags and Agio trimers at different inter-particle separations have
similar trends (Figure S7). Throughout this section, the Ags and Agio trimers yield the same results
as Ags and are not discussed in detail.

21 A = =Trimer 2nm
——Trimer 1.5nm
18 A =—Trimer 1nm ‘

Trimer 0.9nm

Trimer 0.8nm
=—Trimer 0.7nm
—Trimer 0.6nm
——Trimer 0.55nm

Trimer 0.5nm
=—Trimer 0.45nm

—
W
1

Intensity (au)
ro

67 ——Trimer 0.4nm
34 Monomer
0 T
0 1 2 3 4 5 6

Energy (eV)

Figure 11. Absorption spectra for Ags trimer

A blue-shift of the longitudinal peak is apparent in the trimer similar to the dimer, but
additional shoulder peaks are also seen on the lower energy side when the monomer separation is
0.6 nm or less. The intensity of the shoulder peak increases upon decreasing the separation between
the monomers. At 0.45 nm, the peak no longer blue-shifts and instead its energy remains constant.
At 0.4 nm, the shoulder peak is not noticeable due to the employed smoothing, but it is still present.
The intensity of the longitudinal peak decreases more for the trimers when compared to the case
in the dimers for decreasing gap distance.

For the dimer structure, both nanowires lie on the z-axis, so there is interaction only
between the two z-polarized plasmons for the longitudinal peak of the dimer. In the trimer, one
difference compared to the longitudinal peak of the dimer is that there are many possible
interactions between the different plasmon modes in the three nanowires (Figure S8). Because the
parallel dimer is aligned on the z-axis, the longitudinal peak is the z-polarized plasmon. However,
because the long axis of the capping monomer lies on the y-axis in the trimer, the y-polarized
plasmon also contributes to the longitudinal peak as also observed in the absorption spectrum. At
small separation distances, there are significant interactions between the monomer plasmons that
give different symmetries for the longitudinal peak. These interactions give rise to other unique
features in the trimer spectra compared to the dimer spectra. For the C>, trimer, two symmetries
contribute to the longitudinal peak in the trimer: A4 (z-polarized) from the parallel dimer and B> (y-
polarized) from the capping nanowire. The transition electron densities of the most important
excitations that that contribute to the longitudinal peak of the Ag4 trimer obtained at different inter-
particle separations are given in Figure S9. Absorption spectra for the individual symmetry
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contributions of the Ags trimer are also plotted which clearly show the symmetry contributions to
the different peaks (Figure S10).

Similarly, the transverse plasmons have different polarization directions. Unlike in the
dimer transverse peak, a z-polarized excitation also contributes to the transverse peak of the trimer
because it is the transverse plasmon peak of the capping nanowire (Figure 12a). The transverse
plasmon oscillations in capping nanowires interact with the bright and dark modes obtained from
the transverse oscillations in dimer nanowires. An interaction picture of the bright modes from
Figure 7 with different possible plasmon oscillations of the capping nanowire is illustrated in
Figure 12. The y-polarized transverse dimer plasmon interacts with the y-polarized plasmon in the
capping nanowire; similarly, the x-polarized plasmon from the dimer interacts with the x-polarized
plasmon in the capping nanowire. Overall, the transverse peak in trimer has A (from z-polarized
transverse plasmon of capping monomer as shown in Figure 12), Bi (from x-polarized plasmon
contribution of both dimer and capping monomer) and B> (from y-polarized transverse plasmon in
dimers and capping monomer) symmetry contributions.
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Figure 12. a) The z-polarized transverse plasmon in the capping nanowire which also contributes
to the transverse absorption peak in the trimer system. Interaction of bright b) y-polarized and c)
x-polarized transverse dimer plasmons shown in Figure 7 with y- and x- plasmon excitations from
the capping nanowire, respectively.

Similar to the charge transfer peak in the dimer, the charge transfer peak in the trimer
appears for monomer gaps of 0.6 nm or less and is y-polarized (B> symmetry). Upon further
decreasing the inter-particle separation, the charge transfer peak red-shifts and increases in
intensity while the transverse peak slightly blue-shifts and decreases in intensity, similar to the
dimer spectra. It should be noted that the capping monomer plasmon has an insignificant
contribution to the charge transfer peak compared to the dimer subsystem.
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3.3(a) Symmetry, transitions and orbitals for the main peaks in trimers

Table 6. Symmetry, main transitions and orbital contributions for the longitudinal peak
of Ags trimer at large and small inter-particle separation.

Separation Symmetry Transitions Transitions
(Symmetry representation)  (Delocalized orbital notation)

B> 205y — 22ay capy, — APy,

2 nm 4 21b2 N 22b2 dimerxz* N dimer23*

1 2101 N 23(11 dimerz:2 N dimerz3
B> 19h, — 22a; Py, — APy,
0.4 nm 21a1— 23a dmers, — dMITs and P

Al 21b2 N 22b2 dimerxz* N dimer23*

From Table 6, at large separations the transitions do not mix; they occur from cap to cap
or from dimer to dimer. However, at small inter-particle separation (e.g. 0.4 nm), there is
interaction between the capped monomer and the dimer subsystem. This kind of interaction is
observed for other investigated systems Ags and Agio: the interaction between the cap and the
dimer part is seen only at small separation distances and is not observed at all at large separations.
Thus, the capped monomer does not interact with the dimer as strongly as the two monomers in
dimers interact although they are at the same separation distance.

3.3(b) Transition electron densities

Transition electron densities for the main peaks of the Ags trimer are shown in Figure 13.
The longitudinal peak arises from plasmon oscillation along the long axis of the parallel nanowire
dimer (z-polarized plasmon) and in the long axis of the capping nanowire (y-polarized plasmon).
Interaction between the dimer and the capping monomer appears at the smaller inter-particle
distance of 0.5 nm but not at the larger separation. Similarly, the transition electron densities for
the transverse peak of the trimer show x-, y-, and z- polarized plasmon contributions. The peak
obtained in between 4 eV and 5 eV in the trimer has charge transfer character similar to the charge
transfer peak in the dimer. Other systems (Age and Agio) have similar transition electron densities
as the Agy trimer system. We also performed TDHF calculations with the trimer which similarly
yielded a new feature between 4 eV and 5 eV having charge transfer character. Thus, both the
dimer and the dolmen trimer exhibit a new charge transfer peak for small inter-particle separations.
The unique feature of the dolmen trimer compared to the dimer is the appearance of a new shoulder
peak on the lower energy side of longitudinal peak. The TDDFT and TDHF transition electron
densities for that peak are shown in Figure 14. We can see that TDDFT predicts that both the A4
and B> symmetry contribute to this peak whereas TDHF only predicts a B> symmetry contribution.
The transition densities with 41 symmetry from TDDFT show charge transfer between the parallel
dimer and capping monomer. However, the transition density plots with B> symmetry obtained
from both TDDFT and TDHF do not show charge transfer character. Because charge transfer
character of the longitudinal peak with 4; symmetry is not obtained with TDHF, TDDFT appears
to overestimate the charge transfer for this peak.
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Figure 13. Transition electron densities for major peaks of Ags trimer at 2 nm and 0.5 nm inter-
particle distance obtained at iso-value of 0.02 unless stated.
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Figure 14. Transition electron density plots for the shoulder on the lower energy side of the

longitudinal peak of the Ags trimer at 0.5 nm interparticle distance obtained with an iso-value of
0.005 (a) from TDDFT (b) from TDHF.

4. CONCLUSION

In nanowire monomers, the longitudinal peak (X symmetry) is due to ¥ — X transitions
and the transverse peak (IT symmetry) arises due to ¥ — II transitions. The longitudinal peak red-
shifts upon increasing the chain length. For dimers at all separations, the longitudinal peak arises
due to X,* — Z,+1* and X, — X,+ transitions with B, symmetry. The transverse peak in dimers
is due to X, * — II,* and X, — I, transitions having B3, symmetry and X, — II,* and Z,* — II,
transitions having B, symmetry at large separation; at closer interparticle distances, only B3,
contributes. For trimers, the longitudinal peak has contributions from B> and 41 symmetry at all
separation distances. At large inter-particle distances, the transitions are “’X, — %+ with B
symmetry. The longitudinal peak also has 4mery,* — dimery,  # gpd dimery, _, dimery, ., transitions
with 41 symmetry when the separation is large between the monomers. Thus, the transitions occur
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within the same subsystem at large separation distances. When the separation between the
monomers is small, transitions between the capping monomer and dimer subsystem also occur as
shown in Table 6 for an interparticle distance of 0.4 nm. The transverse peak arises from B>, Bi
and A transitions at large separation distances, but only arises from B; and 4 at small separations.

Overall, we used the plasmon hybridization model and electron transition densities to
analyze different features in the absorption spectra of parallel dimers and dolmen trimers of linear
nanowires. Plasmon resonances of composite systems are found to arise from hybridized modes
of individual nanoparticle plasmons which can be helpful to tune the optical properties. The
plasmon hybridization model explains the shift of plasmon peaks for different inter-particle
separations. We studied the possible bright and dark modes that can arise upon interaction of
nanowire monomers at different separation distances. We found that the strong coupling between
the nanowires and the tunneling of electrons at short inter-particle distances in nanowire dimers
and trimers favors the creation of a new charge transfer peak. At interacting inter-particle distances,
the charge transfer peak originates from X,*— II, transitions with B>, and B> symmetry for the
dimer and trimer respectively. Time-dependent Hartree-Fock calculations confirmed the presence
of the charge transfer peak in Aga.

We hope this study will generate new avenues in the study of plasmonics and will initiate
additional research on the nature of plasmonic peaks that arise at small inter-particle distances.
This study may offer a way to advance rational engineering of the desired optical response to
improve light harvesting and sensing properties, thus leading to selective control of charge
localization and transport.

5. SUPPORTING INFORMATION
The Supporting Information is available free of charge at
o Age monomer spectrum at small FWHM; absorption spectra for Ags, Ags and Agio
dimers and trimers at different inter-particle separations and for different state
symmetries; transition densities pictures; plasmon interaction diagram; monomer
coordinates.
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