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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 Agn (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.1 Plasmonic 

nanoparticles are of great interest as they enhance the local electromagnetic fields and are very 

important for surface spectroscopy.2 Experiments have shown enhancements as large as 10−14 
orders of magnitude, enabling spectroscopic detection of a single molecule.3-5 Different shapes of 

nanoparticles have been studied such as nano shells,6-7 rods,8-9 disks,10 cubes,11 cylinders,12 

triangles13 and rings.14 Among them, cylindrical nanowires and nanorods have received a lot of 

interest because their optical properties are very sensitive to their aspect ratio.15-17 Arrays of 

nanoparticles are ideal for different applications like biosensing,18-19 nanolasing,20 spectroscopy21-

22 and as optical waveguides.23-25  In consequence, a number of interesting studies have been 

performed on ordered arrays of nanoparticles26-34 such as dolmen trimers35-38 and end-to-end and 

side-by-side arrangements of nanorods.39-44  

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.45 Plasmonic modes of individual particles hybridize to form new collective 

modes in multiparticle systems.46 Plasmon coupling has advantages in surface-enhanced Raman 

scattering (SERS)47 and tip-enhanced Raman scattering.48 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.49-55 Dimers have 

found applications ranging from sensing and spectroscopy46, 56 to nonlinear optics.57  
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Nordlander and Prodan have developed a plasmon hybridization model58 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,59 nanoparticle dimers,60 and various 

other geometries like nanoshell, nanoeggs, nanomatryushkas, nanorice, nanoparticle trimers, 

nanoparticle quadrumers, and a semi-infinite surface or a metallic film.61 

Numerous studies examine nanoparticles in close proximity.39, 62-72 The most widely used 

approach for analyzing excitation energy transfer in nanoparticle assemblies involves classical 

methods such as finite difference time domain (FDTD)73-74 calculations or similar methods based 

on solving Maxwell’s equations.25, 73, 75-76 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.77-78 Several studies have shown 

that classical electrodynamics simulations fail for small nanoparticles and nanoparticle assemblies 

with small separations.46, 78-81 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.79, 82 A 

quantum mechanical study can give a realistic description of the overlap and tunneling of plasmons 

for closely separated nanoparticles.83-84 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.65, 78, 85-86 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.87-88 Savage et al. used a quantum corrected model 

to predict the onset of quantum tunneling effects at around 0.3 nm particle separation.81 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 nm89 

which is also discussed in the review article by Varas et al.90 

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)91 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.92-93 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 
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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, Ag6 and Ag10). 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 Ag6 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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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 

Ag4, Ag6 and Ag10 nanowires (Figures S2 and S3). The charge transfer peak has only B2u 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 B1u peak 

is shifting to higher energy at smaller inter-particle distance. On looking at the spectra of Ag10 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 Ag10 

(Figure S3) show that B2u 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 B1u at any separation. This extra B2u may have 

increased the intensity of Ag10 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 Ag4, 

Ag6 and Ag10 nanowire dimers. It is clear from the table that the longitudinal peak of all nanowire 

dimers have Σ → Σ transitions with B1u symmetry. For dimers at all separations, the longitudinal 

peak arises due to Σn* → Σn+1* and Σn → Σn+1 transitions with B1u symmetry. The symmetry 

contribution (B1u) and the type of orbital transitions (Σ → Σ) 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 B2u contribution does arise at 0.4 nm for the Ag10 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 Ag4 dimer at large (2 nm) and small (0.4 nm) inter-particle distance. B2u and 

B3u symmetries contribute to the transverse peak at large separation whereas at small separation, 

only the B3u symmetry contributes to the transverse peak. Table 4 shows that the transverse peak 

in dimers is due to Σn* → Πn*and Σn → Πn with B3u symmetry as well as Σn → Πn* and Σn* → Πn 

transitions with B2u symmetry at large inter-particle separation (2 nm). At interacting inter-particle 

distance (0.4 nm), only transitions with B3u symmetry contribute to the transverse peak and B2u 

symmetry transitions no longer contribute to the transverse peak. Ag6 and Ag10 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 Σ → Σ transitions contribute to the 

longitudinal peak whereas the transverse and charge transfer peak have Σ → Π 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 Symmetry 
Transitions 

(Symmetry representation) 

Transitions 

(Delocalized orbital notation) 

Ag4 B1u 
7b3g → 8b2u Σ2* → Σ3* 

7b1u → 8ag Σ2 → Σ3 

Ag6 B1u 
11b2u → 11b3g Σ3* → Σ4* 

11ag → 11b1u Σ3→ Σ4 

Ag10 B1u 
18b2u → 18b3g Σ5* → Σ6* 

18ag → 18b1u Σ5 → Σ6 

 

 

Table 4. Symmetry, main transitions and orbital contributions for the transverse peak of 

Ag4 dimer at large and small separation. 

Separation Symmetry 
Transitions 

(Symmetry representation) 

Transitions 

(Delocalized orbital notation) 

2 nm 

B3u 

7b1u →5b2g 

7b3g →5au 

7ag → 5b3u 

7b2u → 5b1g 

Σ2→ Π2 

Σ2*→ Π2* 

Σ1→ Π1 

Σ1*→ Π2* 

B2u 

7b1u →9b3g 

7b3g →9b1u 

7ag →9b2u 

7b2u →9ag 

Σ2→ Π2* 

Σ2*→ Π2 

Σ1→ Π1* 

Σ1*→ Π1 

0.4 nm B3u 

7b1u →5b2g 

7ag →5b3u 

7b3g →5au 

7b2u →5b1g 

Σ2→ Π2 

Σ1→ Π1 

Σ2*→ Π2* 

Σ1*→ Π1* 

 

 

Table 5. Symmetry, main transitions and orbital contributions for the charge transfer peak 

of dimers at 0.5 nm.  

Nanowire Symmetry 
Transitions 

(Symmetry representation) 

Transitions 

(Delocalized orbital notation) 

Ag4 B2u 
7b3g → 9b1u Σ2* → Π2 

7b2u → 9ag Σ2* → Π2 
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Ag6 B2u 

11b2u → 14ag Σ3* → Π3 

10b3g → 13b1u 

10b2u → 13ag 

Σ2*→ Π2 

Σ1*→ Π1 

Ag10 B2u 

18b2u → 24ag Σ5* → Π5 

17b3g → 22b1u 

17b2u → 22ag 

16b3g → 20b1u 

16b2u →21ag 

Σ4 → Π4 

Σ3*→ Π3 

Σ2*→ Π2 

Σ1*→ Π1 
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Figure 8. Examples of occupied-to-virtual orbital transitions contributing to the (a) longitudinal 

peak of Ag4 dimer as shown in Table 3, (b) transverse peak of Ag4 dimer at 2 nm separation and 

with B3u symmetry as shown in Table 4, (c) transverse peak of Ag4 dimer at 2 nm separation and 

with B2u symmetry as shown in Table 4, (d) transverse peak of Ag4 dimer at 0.4 nm separation as 

shown in Table 4, (e) charge transfer peak of the Ag4 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 Ag4 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). 

  
Figure 9. Transition electron densities for the strongest peaks of Ag4 dimer at the iso-value of 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 Ag6 and Ag10 are given in 

the supporting information (Figure S5) which show similar charge transfer character.  
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contributions of the Ag4 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 A1 (from z-polarized 

transverse plasmon of capping monomer as shown in Figure 12), B1 (from x-polarized plasmon 

contribution of both dimer and capping monomer) and B2 (from y-polarized transverse plasmon in 

dimers and capping monomer) symmetry contributions. 
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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 Ag4 trimer at large and small inter-particle separation.  

Separation Symmetry 
Transitions 

(Symmetry representation) 

Transitions 

(Delocalized orbital notation) 

2 nm 

B2 20b2 → 22a1 
capΣ2 → capΣ3 

A1 
21b2 → 22b2 

21a1 → 23a1 

dimerΣ2* → dimerΣ3* 
dimerΣ2 → dimerΣ3 

0.4 nm 

B2 19b2 → 22a1 
capΣ2 → capΣ3 

A1 
21a1→ 23a1 

21b2 → 22b2 

dimerΣ2 → dimerΣ3 and capΣ1 
dimerΣ2* → dimerΣ3* 

 

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 Ag6 and Ag10: 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 Ag4 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 (Ag6 and Ag10) have similar transition electron densities 

as the Ag4 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 A1 

and B2 symmetry contribute to this peak whereas TDHF only predicts a B2 symmetry contribution. 

The transition densities with A1 symmetry from TDDFT show charge transfer between the parallel 

dimer and capping monomer. However, the transition density plots with B2 symmetry obtained 

from both TDDFT and TDHF do not show charge transfer character. Because charge transfer 

character of the longitudinal peak with A1 symmetry is not obtained with TDHF, TDDFT appears 

to overestimate the charge transfer for this peak. 



 

 21 

  
Figure 13. Transition electron densities for major peaks of Ag4 trimer at 2 nm and 0.5 nm inter-

particle distance obtained at iso-value of 0.02 unless stated. 

  
Figure 14. Transition electron density plots for the shoulder on the lower energy side of the 

longitudinal peak of the Ag4 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 (Σ symmetry) is due to Σ → Σ transitions 

and the transverse peak (Π symmetry) arises due to Σ → Π transitions. The longitudinal peak red-

shifts upon increasing the chain length.  For dimers at all separations, the longitudinal peak arises 

due to Σn* → Σn+1* and Σn → Σn+1 transitions with B1u symmetry. The transverse peak in dimers 

is due to Σn* → Πn* and Σn → Πn transitions having B3u symmetry and Σn → Πn* and Σn* → Πn 

transitions having B2u symmetry at large separation; at closer interparticle distances, only B3u 

contributes. For trimers, the longitudinal peak has contributions from B2 and A1 symmetry at all 

separation distances. At large inter-particle distances, the transitions are capΣn → capΣn+1 with B2 

symmetry. The longitudinal peak also has dimerΣn* → dimerΣn+1* and dimerΣn → dimerΣn+1 transitions 

with A1 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 B2, B1 

and A1 transitions at large separation distances, but only arises from B1 and A1 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 Σn*→ Πn transitions with B2u and B2 symmetry for the 

dimer and trimer respectively. Time-dependent Hartree-Fock calculations confirmed the presence 

of the charge transfer peak in Ag4. 

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 

• Ag6 monomer spectrum at small FWHM; absorption spectra for Ag4, Ag6 and Ag10 

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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