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Abstract

The coherent interaction between localized surface plasmon resonance modes and

excitons of a single or a collection of quantum emitters have fueled the development

of novel applications in quantum optics and material science. In this work, using first-

principles simulations, we analyse the modifications in absorption spectra and electric

near-field enhancements in a structure consisting of an aluminum nanotriangle inter-

acting with a varying number of pyridine molecules (placed at the nanotriangle tips)

in close proximity. What’s more, we find very interesting spatial variation in induced

electron density and electric near-field enhancements with a remarkable dependence on

the number of interacting pyridine molecules and the direction of light illumination.

Our results may help to improve our understanding of the light-matter interaction at

the sub-nanometer scale.
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Introduction

Coupling excitons (bound electron-hole pairs) and plasmons (collective oscillations of con-

duction electrons in metals) in hybrid nanostructures have been utilized for a variety of appli-

cations including lasers,1 control of chemical reactivity,2 quantum information processing,3

all optical logics,4 light-matter strong coupling5 and many other nanophotonic applications.

Generally, a molecule couples weakly to a photon due to the large size mismatch. This

mismatch can be substantially reduced by placing a molecule in an optical cavity.6 In this

context, a wide range of optical cavities as diverse as Fabry-Perot resonators to nanoscale

plasmonic cavities has been proposed. When placed in plasmonic cavities, excitons can

strongly mix with the cavity modes and form exciton-plasmon excitations.7,8 More recently,

it was shown that the plasmonic cavities greatly enhance the interaction between plasmons

and excitons.9 A widely used strategy to achieve intense plasmonic cavity (”hotspot regions”)

is to form anisotropic nanoparticles (NPs) with sharp tips.10–13 Among the large variety of

anisotropic NPs that have been created, nanotriangles render interesting features as far as

the plasmonic hotspots are concerned. By shrinking the effective plasmon mode volume, the

metal nanotriangle can localize an enormous amount of electromagnetic field at the tips.14–16

It is challenging to provide an in-depth understanding of plasmon-exciton excitations

through experimental methods alone due to the difficulty in finding the actual contributions

from different physico-chemical processes. In this context, complementary theoretical cal-

culations and computer simulations can provide highly informative insights as they enable

scrutinizing the relevant processes. It is the purpose of this paper to theoretically investi-

gate the spatial modulations of induced charge density and electric near-field enhancement

of a nanosystem consisting of a metal nanotriangle interacting with one to three pyridine

molecules positioned at the nanotriangle tips. We chose nanotriangles made up of aluminum

(Al).17 It is an earth-abundant metal with high plasma frequency and emerged as a competi-

tor to the coinage metals like Au and Ag for plasmonics applications. It has been reported

that, depending on the size and shape, Al NPs support localized surface plasmon resonances
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(LSPRs) that span the electromagnetic spectrum from the ultraviolet into the infrared.18–27

Al is also compatible with complementary metal-oxide semiconductor manufacturing tech-

niques.28

From a theoretical point of view, classical optics simulations are appropriate to design

plasmonic devices with desired optical features. Nevertheless, recent quantum mechanical

calculations reported that when one or more dimension(s) of a nano-object shrink to nanome-

ter or sub-nanometer size range, quantum effects such as the electron confinement and the

spill out of the electrons outside the nano-object surface start to become important.29–33 In

the case of nanotriangles, given a large surface-to-volume ratio, classical optics simulations

that consider the surface as a sharp discontinuous potential cannot be reliable. This situation

usually demands a fully quantum mechanical framework that takes into account the quantum

nature of the electrons in their interaction with light. One of the efficient and computation-

ally viable methods is the time dependent density functional theory (TD-DFT) technique. It

is a standard simulation tool for modeling plasmonic response from a quantum-mechanical

perspective. Moreover, TD-DFT technique allows the whole system (Al nanotriangle and

pyridine molecules) to be treated on the same footing. What is observed in this investiga-

tion is that both the induced charge density and electric near-field enhancements display a

remarkable sensitivity to the number of interacting pyridine molecules and the direction of

light illumination. The rest of this paper is organized as follows. In the next section, we

illustrate our model structures and the simulation methods employed. We show our results

and discuss them in the next section, addressing the absorption spectra, electronic structure,

induced charge density and electric near-field enhancements. The conclusions and outlook

section closes the paper.
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Systems and Model

The TD-DFT calculations in this work are performed using the open-source GPAW soft-

ware package (version number 1.5.2)34,35 in combination with atomic simulation environment

(ASE)36 and local density approximation (LDA)37,38 exchange-correlation functional. The

time-dependent wavefunctions, electron density, and potentials were evaluated on a uniform

real-space grid with a spacing of 0.3 Å. Al nanotriangle is composed of 28 atoms with an

approximate tip-to-tip distance of 1.70 nm, see Fig. 1. The investigated systems were placed

into a cubic unit cell with the vacuum size of 10 Å along all principal directions. We em-

ployed TD-DFT technique (linear-response regime) in the frequency space39–45 based on the

Casida equation expressed in the Kohn-Sham electron-hole space.46 The Casida approach

directly enables a decomposition of the electronic excitations into the underlying Kohn-

Sham electron-hole transitions, which readily yields quantum-mechanical understanding of

the plasmonic response. In the same context, the number of dipole-allowed transitions (roots)

should be large enough to span the desired range in the absorption spectrum. We found that

1284 roots are needed to plot the absorption spectrum of Al nanotriangle in the energy range

of 0 of 10 eV. As expected, in the case of Al nanotriangle attached to one/two/three pyri-

dine molecules, we found 2064/2821/3219 roots are needed to plot the absorption spectra in

the energy range between 0 of 10 eV. All absorption spectra are broadened by a Gaussian

smearing of width σ = 0.10 eV. The induced charge density is obtained directly from the lin-

ear response of the electron density: δρ(r, ω) = −
∑
σ

∑
ij

ψiσ(r)ψ∗
jσ(r)δPijσ(ω), where ψiσ(r)

and ψ∗
jσ are the unperturbed and perturbed Kohn-Sham states, respectively, and Pijσ(ω) is

the density matrix. Using the calculated induced charge density, we computed the electric

near-field enhancement (defined as a ratio between the total electric field and the perturbing

electric field) using Efe(r, ω) =
|Eext(r, ω) + δE(r, ω)|

|Eext(r, ω)|
, where in the dipole approximation

the perturbing field is spatially constant, i.e. |Eext(r, ω)| = |E(r, ω)|.47,48 We remark that

before the TD-DFT calculations, we performed DFT ground state calculations with a set of
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unoccupied states. We have incorporated 200 unoccupied states to the DFT ground state

calculation and all these states have been employed to construct the Casida matrix. Only

the 3 valance electrons of Al atoms were explicitly included in the calculations and other

electrons were treated as a frozen core. Consequently, the number of valence electrons in

our Al nanotriangle is 84. We remark that the free-electron-like electronic structure of Al

further simplified the TD-DFT calculations.

Results and Discussion

It is important to begin this work with understanding the absorption spectrum (in the energy

range of 0 to 10 eV) of the constituent systems: the individual Al nanotriangle and pyridine

molecule, see Fig. 1. Note that Al nanotriangle possesses an asymmetric shape. Therefore,

we plot the absorption spectrum for the perturbing electric field aligned along the system’s

x- and z-directions (see Fig. 1) represented by Al(x) and Al(z), respectively. We would like

to stress that although Al(x) and Al(z) absorption spectra look more or less similar, their

absorption peaks exhibit remarkably distinct features as far as the induced charge density

and electric near-field enhancements are concerned (see the next section for more details).

Next, we analyse the similarities and differences in the Al(x) and Al(z) absorption spectra.

In the case of Al(x), we find a pronounced (dominant) peak centered at around 3.45 eV (with

a total absorption value of 142 eV−1) and a low-intensity peak centered at around 5.87 eV

(with a total absorption value of 35 eV−1). In the case of Al(z), we find a pronounced

(dominant) peak centered at around 3.45 eV (with a total absorption value of 150 eV−1) and

a low-intensity peak centered at around 5.82 eV (with a total absorption value of 33 eV−1).

To gain more details regarding the nature of the absorption peaks, we analyse the total

number of contributing electron−hole transitions that make up each absorption peak. We

found that the dominant absorption peak centered at around 3.45 eV is composed of many

electron−hole transitions. Specifically, 3.45 eV and 5.87 eV peaks of Al(x) are composed
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Figure 1: TD-DFT calculated photoabsorption spectra of the individual Al nanotriangle and
pyridine molecule in the energy range between 0 to 10 eV. Al(x) and Al(z) represents the
photoabsorption spectra along the x- and z-directions, respectively. In the inset, the chemical
structure of individual Al nanotriangle (tip-to-tip distance of 1.70 nm) and pyridine molecule
under study.

of 32 and 4 electron−hole transitions, respectively. Whereas 3.45 eV and 5.82 eV peaks of

Al(z) are characterized by 35 and 4 electron−hole transitions, respectively. It is worth to

recall that quantum mechanically, the contribution from a large number of electron−hole

transitions to an absorption peak indicates a strong collectivity in the optical excitation.

On the other hand, in the case of the pyridine molecule, we find absorption peaks centered

at around 8.10 eV and 9.21 eV with a total absorption value of 6.75 eV−1 and 0.60 eV−1,

respectively.

Next, we analyse the induced charge density (δn) and electric near-field enhancement

(Efe) corresponding to the Al(x) and Al(z) main absorption peaks. This analysis will pro-

vide useful insight into the plasmonic nature of the absorption peaks. It is worthwhile to

emphasize that one of the highly desired characteristics of an optical nanoantenna is its

ability to localize Efe to ultra-small nanoscale volumes. First, we analyse δn and Efe cor-
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responding to the Al(x) absorption peaks centered at around 3.45 eV and 5.87 eV, see the

left panel in Fig. 2. Evidently, the nodal structure of δn is highly distinct for the 3.45 eV

and 5.87 eV peaks (see the top row in the left panel of Fig. 2). While 3.45 eV peak displays

a single-node dipole-like electron density distribution, 5.87 eV peak shows a multi-nodal

quadruple-like electron density distribution. Also, it is interesting to see that the maximal

absolute value of δn (i. e.; |δn|) of the first peak is almost double in comparison to the

second peak. Now let us analyse Efe corresponding to the Al(x) peaks, see the bottom row

in the left panel of Fig. 2. As states before, Efe plot allows us to visualize the plasmonic

hotspot regions. In the case of 3.45 eV peak, the hotspot regions are located mainly at the

two tips with a maximal absolute value of the electric field ”|Efe|” of 144. Note that both

the Efe and |Efe| are substantially different in the case of 5.87 eV peak. One finds that Efe

is distributed more or less entirely over the nanotriangle with a |Efe| value of 92. Now let us

analyse the δn and Efe corresponding to the Al(z) absorption peaks centered at around 3.45

eV and 5.82 eV, see the right panel in Fig. 2. One can easily identify the differences in δn,

|δn|, Efe and |Efe| in comparison to the Al(x) results. For example, in the case of 3.45 eV

peak, one remarkable feature of the Efe is that it is almost fully confined to the tip located

at the right corner with a |Efe| value of 220. This, in turn, implies that Al(z) absorption

peaks would be more interacting with pyridine molecules than Al(x) absorption peaks (most

likely due to enhanced coupling strengths). To summarize this analysis, we remark that Al

nanotriangle renders plasmon-like induced charge density and electric near-field distribution

constituting unambiguous shreds of evidence of a plasmonic nanoantenna. Most importantly,

we can clearly identify sub-nanometric ’hot-spots’ characterized by strongly localized fields

at the nanotriangle tips.

After discussing the δn and Efe features of the individual Al nanotriangle, now we at-

tempt a similar analysis in the case of pyridine molecule, see Fig. 3. Apparently, one finds

that |δn| and |Efe| values are much larger for the absorption peak centered at around 8.10

eV in comparison to the 9.21 eV peak. More specifically, |δn| and |Efe| value for the 8.10 eV
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Figure 2: Illustrating the δn and Efe of the Al nanotriangle. In the left panel, we show δn
and Efe corresponding to the Al(x) peaks centered at around 3.45 eV and 5.87 eV. In the
right panel, we show δn and Efe corresponding to the Al(z) peaks centered at around 3.45
eV and 5.82 eV.

peak is 0.033 and 134, respectively. However, in the case of 9.21 eV peak, |δn| and |Efe| value

is 0.003 and 27, respectively. This result suggests that when attached to the Al nanotriangle

tip, the absorption peak centered at around 8.10 eV will be more interacting with the Al

nanotriangle absorption peaks.

After analysing the absorption features, δn and Efe features of the individual Al nano-

triangle and pyridine molecule, we next carry out a similar analysis in the case of the hybrid

systems. First, we start with the analysis of the absorption features and electronic struc-

ture via orbital-projected DOS of the Al nanotriangle interacting with a pyridine molecule

(Al+P1), see the top row of Fig. 4. It is highly evident that the absorption spectrum of

Al+P1 system is strongly direction dependent as a result of the symmetry breaking in the

system induced by the attachment of the pyridine molecule. We observe sharper absorption

peaks along the x-direction while the absorption peaks along the z-direction are broadened.

This is not surprising considering the fact that the interaction of the pyridine molecule with

the Al nanotriangle will be increased along the z-direction. It is evident that, along the

x-direction, there emerges four peaks centered at around 3.43 eV, 4.24 eV, 6.05 eV, and 8.32
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Figure 3: Illustrating the δn and Efe corresponding to the 8.10 eV and 9.21 eV absorption
peaks of the pyridine molecule.

eV, respectively, with a total absorption value of 127 eV−1, 9 eV−1, 26 eV−1 and 9 eV−1, re-

spectively. Along the z-direction, there emerges four peaks centered at around 3.46 eV, 4.26

eV, 5.93 eV, and 8.32 eV, respectively, with a total absorption value of 100 eV−1, 10 eV−1,

23 eV−1 and 3 eV−1, respectively. On the other hand, the orbital-projected DOS analysis

shows that the states around the Fermi level are mainly contributed by the Al s and p states.

One also finds the presence of C p states below (4.2 eV) and above (0.70 eV) the Fermi level

with a negligibly minor presence of C s states. In addition, one also observes unoccupied N p

states above the Fermi level. These results suggest that the optical excitations between the

Al nanotriangle and the pyridine molecule will occur mainly due to the electronic transitions

between Al s/p states and C p / N p states. After analysing the absorption features and

orbital-projected DOS corresponding to the Al+P1 system, it is informative to analyse the

δn and Efe features along the x- and z-directions. First, we consider the x-direction, see the

top panel in Fig. 5. Note that δn is shown on the top and the corresponding Efe plots are

shown at the bottom. As seen in Fig. 4, Al+P1 absorption features along the x-direction is

characterized by four peaks centered at around 3.43 eV, 4.24 eV, 6.05 eV, and 8.32 eV. The
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Figure 4: TD-DFT calculated photoabsorption spectra and orbital-projected density of states
(DOS) of the hybrid systems. In the top: Al+P1 system consisting of an Al nanotriangle
interacting with a pyridine molecule. In the middle: Al+P2 system consisting of an Al nan-
otriangle interacting with two pyridine molecules. In the bottom: Al+P3 system consisting
of an Al nanotriangle interacting with three pyridine molecules. The dashed blue-lines in
the orbital-projected DOS indicates the Fermi level.
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top panel in Fig. 5 shows that, for the first three peaks, both the δn and Efe is almost fully

confined to the Al nanotriangle itself. However, the scenario is different in the case of 8.32

eV peak. In particular, both the δn and Efe is distributed over the pyridine molecule. We

further inspect δn and Efe modulations along the z-direction, see the bottom panel in Fig.

5. In the case of the first three peaks centered at around 3.46 eV, 4.26 eV, 5.93 eV, one finds

that both δn and Efe are distributed over the Al nanotriangle and the regions connecting the

Al nanotriangle and pyridine molecule. However, in the case of 8.32 eV peak, as expected,

both δn and Efe are mainly confined to the pyridine molecule only. These findings indicate

that the optical interaction between the Al nanotriangle and pyridine molecule is strongly

sensitive to the direction of the light illumination.

Next, we analyse the absorption profile, electronic structure, δn and Efe features of the

Al+P2 system. The middle panel in Fig. 4 shows clear differences in the absorption features

along the x- and z-directions but not as dramatic as in the case of Al+P1 system. A notable

difference in the absorption features (both in the absorption intensity and energetic position

of the absorption peaks) emerges in the case of the dominant peak. More specifically, the

dominant peak along the x-direction is centered at around 3.37 eV with a total absorption

value of 101 eV−1. Whereas, the dominant absorption peak along the z-direction is centered

at around 3.34 eV with a total absorption value of 98 eV−1. The reduction in the total

absorption value and red-shift of the absorption peak along the z-direction can be attributed

to the increased optical interaction between the Al nanotriangle and pyridine molecules.

Also, we observe minor differences in the other absorption peaks as well. Analysing the

orbital-projected DOS of the Al+P2 system shows that the unoccupied C p and N p states

are now more close to the Fermi level (favorable for the electronic transitions between Al s/p

states and C p / N p states). After having analysed the absorption features and electronic

structure of the Al+P2 system, it is important to analyse δn and Efe features along the x-

and z-directions. First, we start with x-direction, see the top panel in Fig. 6. Note that,

we analyse δn and Efe features corresponding to the peaks centered at around 3.37 eV, 6.22
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Figure 5: Illustrating the δn and Efe corresponding the absorption peaks of Al+P1 system.
In the top panel, we show δn and Efe along the x-direction for the peaks centered at around
3.43 eV, 4.24 eV, 6.05 eV, and 8.32 eV. In the bottom panel, we show δn and Efe along the
z-direction for the peaks centered at around 3.46 eV, 4.26 eV, 5.93 eV, and 8.32 eV.

eV, and 8.24 eV. First, as a key observation, both |δn| and |Efe| values of the dominant

absorption peak is significantly reduced in comparison to the dominant peak corresponding

to the Al+P1 system. Also one finds that δn and Efe corresponding to the first two peaks

are distributed over the Al nanotriangle and the region connecting the Al nanotriangle and

pyridine molecules. Nevertheless, 8.24 eV peak is solely contributed by the two pyridine

molecules. The situation is different in the case of z-direction, see the bottom panel in Fig.

6. As in the case of Al+P1 system, the optical interaction between the Al nanotriangle and

pyridine molecules is expected to be stronger along the z-direction than along the x-direction.
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Figure 6: Illustrating the δn and Efe corresponding the absorption peaks of Al+P2 system.
In the top panel, we show δn and Efe along the x-direction for the peaks centered at around
3.37 eV, 6.22 eV, and 8.24 eV. In the bottom panel, we show δn and Efe along the z-direction
for the peaks centered at around 3.34 eV, 6.08 eV, and 8.15 eV.

In particular, for the peaks centered at around 3.34 eV and 6.08 eV, one finds sizable δn

and Efe enhancements in the regions connecting the Al nanotriangle and pyridine molecules.

Nevertheless, in the case of 8.15 eV peak, as expected, both δn and Efe are confined to the

pyridine molecules only.

In what follows, we proceed to analyse the absorption features, electronic structure, δn

and Efe for the Al+P3 system. First, we analyse the absorption features and electronic

structure, see the bottom part in Fig. 4. Let us first analyse the absorption peaks along

the x-direction: 3.26 eV (with a total absorption value of 76 eV−1), 6.36 eV (with a total
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Figure 7: Illustrating the δn and Efe corresponding to the Al+P3 system. In the top panel,
we show δn and Efe along the x-direction for the peaks centered at around 3.26 eV, 6.36
eV, 6.84 eV, and 8.24 eV. In the bottom panel, we show δn and Efe along the z-direction
for the peaks centered at around 3.26 eV, 6.36 eV, 6.87 eV, and 8.46 eV.

absorption value of 13 eV−1), 6.84 eV (with a total absorption value of 14 eV−1) and 8.24

eV (with a total absorption value of 13 eV−1). Let us now analyse the absorption peaks

along the z-direction: 3.26 eV (with a total absorption value of 63 eV−1), 6.36 eV (with a

total absorption value of 12 eV−1), 6.87 eV (with a total absorption value of 12 eV−1) and

8.46 eV (with a total absorption value of 9 eV−1). The orbital-projected DOS shows that

the unoccupied C p states are significantly enhanced and the contribution of N p states near

the Fermi level is more distributed. After having analysed the absorption features and the

electronic structure of the Al+P3 system, a comprehensive visual understanding of δn and
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Efe can be obtained by analysing the features along the x- and z-directions. First, we start

with the x-direction for the peaks centered at around 3.26 eV, 6.36 eV, 6.84 eV and 8.24 eV,

see the top panel in Fig. 7. Our observation shows that δn and Efe are distributed mostly

on the Al nanotriangle and the regions connecting the nanotriangle and pyridine molecules

for the first three absorption peaks. Nevertheless, the peaks centered at around 8.24 eV is

fully contributed by the pyridine molecules. We now turn to the z-direction, see the bottom

panel in Fig. 7. For the first three peaks, one finds sizable δn and Efe values in the Al

nanotriangle and regions connecting the Al nanotriangle and pyridine molecules. However,

in the case of 8.46 eV peak, both the δn and Efe are confined to one of the pyridine molecules

only. To conclude this part, we remark that in realistic practical situations where the small

organic molecules attached to the nanotriangle tips, there might be extra effects such as

the thermal diffusion of the Al atoms at the tips. Thus, a more sophisticated theoretical

treatment (for example, molecular dynamics plus TD-DFT) of the tip-molecule interface

is required. Besides, if one wishes to explore the present hybrid systems experimentally,

low-temperature experiments are needed to stabilize the system morphology.

Conclusions and outlook

In-depth understanding of the interaction between a quantum emitter and highly confined

plasmonic cavity is vital for designing novel optical devices. Here, using the time-dependent

density functional theory calculations, we have systematically analysed the spatial distribu-

tions of the induced charge density and electric near-field enhancements of a nanosystem

consisting of an Al nanotriangle interacting with a varying number of pyridine molecules

positioned at the tips. One of the key findings is electric near-field enhancements can be

efficiently tuned by varying the number of interacting pyridine molecules and the direction of

light illumination. To the best of our understanding, this is the first study quantum mechani-

cally demonstrating the optical coupling between Al nanotriangle and pyridine molecules. In
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a broader perspective, our quantum calculations provide opportunities to create the electric

field hotspot regions at the nanoscale useful for designing ultra-small plasmonic devices and

helps to improve our understanding of plasmon-molecule interactions at the sub-nanometer

length scale.
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