Coupling of nanoparticle plasmons with molecular linkers
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ABSTRACT

In this work we study how plasmon modes of gold dimers are affected by a molecular bridge connecting both
particles. Different models for the linker are considered to envisage the relation between the spectral changes
observed in the extinction spectra and the electronic transport through the molecules. Depending on the size
and nature of the molecular linker two different modes, known as BDP (Bonding Dimer Plasmon) and CTP
(Charge Transfer Plasmon), are excited. Furthermore, when the molecular linker has an excitonic resonance,
new spectral features emerge due to the plasmon-exciton coupling.
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1. INTRODUCTION

In the last decade there has been a great activity in the field of nanophotonics, aimed to understand and design
devices capable of controlling light at the nanoscale.! ™ In particular nanoshells and metallic nanoparticles have
emerged as fundamental structures due to the tunability of their plasmonic resonances and ability to enhance
electromagnetic fields, which make them good candidates for different applications in biosensing or cancer re-
search.?©

When two metallic nanoparticles are placed close to each other, forming a dimer, new plasmonic modes are
formed, which are interpreted as the hybridization of the plasmonic resonances of the individual nanoparti-
cles.” 1% For non-touching dimers the optical response is mainly governed by the Bonding Dimer Plasmon
(BDP) resonance, arising from the coupling of the dipolar modes of the individual particles. This mode presents
strong charge densities of opposite sign at both sides of the inter-particle cavity, producing enormously enhanced
local electromagnetic fields. For touching particles'' or, when a thin conductive path is opened between the
nanoparticles,'? a new Charge Transfer Plasmon (CTP) mode is excited, in which the whole dimer acts as a
dipolar plasmon mode, so that in the oscillations both particles present net charges of opposite sign.

At the same time electronic transport through molecules has developped as a main field in nanoscience, due
to its potential technological applications in electronic devices.'> 17 Recently, there has been a growing interest
to relate plasmonic modes and molecules, intended to develop active plasmonic components for light harvesting,
switches or modulators.'® 20 Following the emerging interest in connecting molecular electronics and plasmonics,
we studied the optical properties of plasmonic cavities formed by gold nanoshell dimers connected by a conductive
bridge characterized by a simple model of pure conductor.!? This system can be considered as a first approach to
describe a dimer connected by an ensemble of molecules. We identified two regimes depending on the conductance
of the linker. In the low conductance regime, the optical response depends on the conductivity of the junction
and the BDP mode blue-shifts into a Screened Bonding Dimer Plasmon SBDP. In the large conductance regime,
a CTP mode appears red-shifted with respect to the SBDP. Using simple time scale arguments, we stablished
the conductance thresholds for the appearance of these modes.
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Figure 1. a) Two gold nanoparticles of radius R=50 nm connected by a molecular linker mimicked by a solid cylinder
of radius a and length d= 1nm, corresponding to the minimum distance between the particles. b) Real and imaginary
parts of the Drude-Lorentz dielectric function used to mimic the molecular bridge, for Aez=821 nm (rotaxane) and
reduced oscillator strenght f=1.5 and 7=0.1 eV. ¢) Conductance for linkers of three different widths, as a function of the
wavelength.

In this paper we extend our previous study by considering a simple Drude-Lorentz dielectric function to
account for the excitonic transitions of the molecules connecting the dimer cavity. Excitonic transitions couple
to the plasmon modes of the cavity giving rise to plasmon-exciton states, 2124 also called plexcitons. These
mixed states are attractive due to their applications for SERS and optical devices. We study the emergence of
the plexcitons for different sizes and characteristic resonant frequencies of the molecular linker. We believe that
the understanding of the spectral changes in plasmonic nanocavities bridged by molecules may help to probe
electrical transport at visible frequencies, a regime not accessible through electrical measurements.

2. MODEL

We have performed calculations for two identical gold particles of radius R=50 nm, characterized by an ex-
perimental local dielectric function €(w) taken from the literature,?® with a gap d=1 nm between them. The
molecular linker is modeled as a cylinder of radius a and length d, so that the caps of the cylinder fit per-
fectly to the spherical surfaces of the particles, as shown in Fig. 1a). Its dielectric response is modeled with a
Drude-Lorentz model:

) = 1 T O
(WP -wd) Fiwy
where w,, is the natural oscillator frequency of the molecular transition, 7 is the damping and f describes the
reduced oscillator strength. The real and imaginary parts of this function are represented in Fig. 1b) for rotaxane
molecules,?! having a unique transition resonance at energy hwe, = 1.51 eV, corresponding to A.; = 821 nm.
We have considered y=0.1 ¢V anf f=1.5.
As in a previous work, in which we modeled the linker as a pure metal, we are interested in studying how the
different cavity modes are tuned as the conductance of the linker is increased. In this model the conductance is
determined by the geometry of the linker, which takes into account the spherical endings of the linker, and its
conductivity o(w) = o1(w) + ioa(w), which in turn is related to the dielectric function as e(w) =1+ 47”7(“’)

Gw) = {\/R2 — @~ R+ (d/2+ R)In[1+2(R - \/R2—a2/d]} 2)

2

Note that for thin linkers, the conductance is close to G = ma?o;(w)/d. We express the conductance in terms of
the number n of conductance quanta G = 2e2/h ~ 77.5u5, as in molecular electronics, i.e., G = nGy. Within
the present model the dynamical conductance G(w) is a lorentzian function centered at the excitonic resonance
wavelength, whose intensity depends on the thickness and the reduced oscillator strength of the linker and its
width depends on the damping. It is represented in Fig. 1c) for three different radii of the linker a=1, 5 and
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Figure 2. Extinction spectra of two gold nanoparticles of radius 50 nm connected by a) a gold linker and b) a molecular
linker constituted by rotaxane molecules, as the radius a of the junction is increased from 1 to 25 nm. The extinction
spectrum corresponding to the disconnected dimer is also plotted for comparison in both cases.

10 nm. To study the optical properties of the linked cavities in nanoparticle dimers we calculate the optical
extinction spectra when polarized light with the electric field along the linker is incident from the left (see Fig.
la)). We solve Maxwell’s equations using the Boundary Element Method (BEM),%6:27 with the geometrical
variables and dielectric functions described above as inputs, to obtain the electromagnetic fields everywhere in
the system.

3. RESULTS

Now we focus on the extinction spectra of linked gold spherical nanoparticle dimers. First, it is crucial to check
the spectrum for the disconnected dimer. For the radius and distance considered in the present work (R=50 nm,
d=1 nm), the corresponding extinction spectrum is displayed on top of Figs. 2a) and 2b). The main peak around
A=670 nm is the Bonding Dimer Plasmon (BDP) excitation in the cavity, which corresponds to the hybridization
of the dipolar modes (I=1) of the particles, so that charges of opposite sign are concentrated at both sides of the
interparticle cavity, and the field enhancement in this region is very large. The weak peak around A=540 nm
corresponds to the hybridization of the quadrupolar modes ({=2) of the individual particles.

The optical properties of dimers connected by pure metals were studied in a previous work,'? where we analyzed
the effect of the conductance of the linker. We observed that as the conductance is increased by increasing the
radius of the linker, or the conductivity of the medium, the BDP mode is blue-shifted and, for a critical value
of the conductance a new mode emerges at higher wavelengths, which corresponds to the hybridization of two
monopolar modes (I=0) in the spheres and is not allowed for isolated nanoparticles. This is the so called CTP
mode, because it corresponds to net charge flow along the linker as the plasmonic oscillations of the dimer take
place. This mode was discussed previously by Romero et al.!' for touching gold dimers.

As a reference, to compare with molecular linkers, we show in Fig. 2a) the spectra of gold dimers connected
by cylindrical gold junctions of different radii a=1-25 nm. As the radius is increased, we observe a blue shift
of the BDP peak or screened mode SBDP, corresponding to a decrease of the capacitance in the cavity, as we
discussed in reference 12. This mode hybridizes with the quadrupolar mode. But what is more important, a new
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Figure 3. Electric field intensity |F| maps in the transversal cross section of a gold dimer cavity connected by molecular
linkers of different widths at the wavelengths corresponding to the peaks marked A, B and C in Fig. 2b). Incident light
comes from the negative side of the x axis, with the electric field polarized along the y axis.

mode of CTP character emerges for the gold linker of radius a=5 nm at A=1555 nm. This system corresponds to
a conductance in the linker G=702 Gy, which is above the threshold for the emergence of this mode, estimated
in Gorp=468 Gq from a simple argument,'? which takes into account the relation between the period of the
plasmon oscillations in the cavity and the current through the junction. As the radius of the linker is increased
up to 25 nm, a dramatic blue shift, increase of intensity and further saturation are observed. As we discussed,!?
the emergence of this mode is accompained by a reduction of the field enhancement in the cavity and specially
in the central part of the linker, corresponding to a current flow mainly along the walls.

Let us analyze now the spectra obtained for rotaxane molecular linkers (A, =821 nm) displayed in Fig. 2b).
Note that in this case we use a different scale in the vertical axis, as it is clear from the dimer without linker
at both sides on top of the figure. For the BDP of the cavity we observe a similar behaviour to the gold linker,
but instead of the single CTP mode a double peak structure appears. For the thinest linker, corresponding to
a=1 nm, the main peak (peak A) is slightly blue-shifted from the position of the disconnected dimer, around 660
nm, and a shoulder appears around 865 nm. For thicker junctions (¢ >10 nm), there is double peak structure
around the wavelength of the excitonic resonance of the molecular linker considered. The peak of the shorter
wavelength, around A=815 nm, which we label as C , gains strength as the linker is wider, so that at a=25 nm
it is the main excitation. The peak at longer wavelength, which we label as B, behaves in the opposite way,
i.e., loosing weight for wider junctions. This behaviour is due to the coupling of the exciton with the plasmonic
modes of the cavity, giving rise to mixed states called plexcitons,'® 2224 as we will detail below.

In order to gain insight into the nature of these states, we plot in Fig. 3 three selected maps of the intensity
of the electric field in linked dimers at the wavelengths corresponding to peaks marked as A, B and C in Fig.
2b), corresponding to A=660, 960 and 815 nm and radius a=1, 5 and 25 nm, respectively. The structure of
the maps corresponding to peaks A and B resembles the BDP pattern, with the hot spot in the center of the
cavity, but there are differences between them and with respect to the BDP patter of the dimer connected by
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Figure 4. Extinction spectra of two gold nanoparticles of radius 50 nm connected by molecular linkers of radius a) a=5 nm
and b) a=10 nm and different excitonic resonances Ae;=400-1200 nm. c¢) Rabi splitting of the BDP mode as a function
of the radius. d) E4+ and E_ plexciton branches showing the anticrossing behaviour around the BDP and exciton lines.

a metal as for example gold, as in Fig. 2a). In both cases there is a decrease of intensity towards the axis of
the linker but the field distribution is different. For peak A it is more concentrated in the outer part of the
cavity, but for peak B it is more focused in the center. Furthermore, the dipolar distributions of the individual
particles are oriented in a different way, for peak A it looks more like in the conventional BDP, but for peak
B the individual dipoles are oriented in the transverse direction (perpendicular to the axis of the linker). Peak
C, on the other side, corresponds to the CTP pattern. So, we conclude that for the molecular linker the CTP
moves to shorter wavelengths, so that it is between two mixed exciton-BDP modes. Note that for the linker with
a=10 nm the conductance is close to G=1000 Gy, while for a=>5 nm it is below G=400 Gy (see Fig. 1c)), so that
the conductance threshold estimated from the time argument used in reference 12 also holds for the molecular
linkers, if we take into account the maximum value of the dinamical conductance G(w). In fact, for the geometry
considered, the threshold value is Gorp = werpR? /4T ~ 685 Go.

The splitting of the BDP mode of the cavity may be described with a simple model of two coupled oscillators
corresponding to the exciton of the linker and the dipolar BDP plasmon cavity mode.?®2°Ignoring damping
effects, the allowed energy eigenvalues of the coupled system are then given by:

(152" Y-

1/2
Ee)?| (3)

where Eppp and E., are the energies of the BDP mode and the exciton respectively, and h{)p is the Rabi
splitting. The magnitude of the Rabi splitting is obtained from our calculations when Eppp=F,,. This coupling
then gives rise to two energy branches, F4, which correspond to the peaks A and B in Fig. 2. The peak of lower
energy, F_, longer J, is peak B and that of higher energy F, corresponds to peak A.

The corresponding dispersion curves of the new modes present an anticrossing behaviour around the lines of the
exciton and the BDP mode (see Fig. 4d)). This anticrossing effect can be observed in Figure 4, where optical
spectra for two linkers of radius a=5 nm and =10 nm are shown for different wavelenghts of the excitonic
transition. For A.;=400 nm there is no apparent coupling, the spectrum resembles that of the disconnected
dimer. But as A, increases, we observe a slight grow and shift of the peak around A=600 nm (corresponding
to Ey) and a further saturation for higher wavelengths. The peak corresponding to E_ shifts more with Az,

Eppp + Eex
2

Ey =
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but showing a progressive decrease in intensity. This behaviour is similar in Figs 4a) and b), but for a=10 nm
another peak appears in between, starting at ., =600 nm and then also shifts and gains weight with respect to
the E_ peak.

Note that in the two oscillator model we have taken into account only the BDP dipolar mode. This explains
that in Fig. 4d) the agreement of the points extracted from the spectra with the £ branch is not so good, due
to the hybridization with the quadrupolar mode. The Rabi splitting, giving the distance between both plexciton
peaks when A..=Appp, depends on the radius and, therefore, on the conductance of the junction, as displayed
in Fig. 4c). Its value is of several hundreds of meVs, but there is an increase and further saturation as the radius
is increased.

4. CONCLUSIONS

We have discussed the effects of molecular linkers in the optical spectra of gold nanoparticle dimers, using a simple
Drude-Lorentz to account for the excitonic transitions of the molecules. We have observed the appearence of
new features in addition to the BDP and CTP modes studied previously for pure metal bridges. On one side,
the mixing of the BDP mode with the exciton gives rise to a splitting into two mixed modes called plexcitons,
which we have characterized by the Rabi splitting, given by a simple model of two coupled oscillators. On the
other side, the CTP mode is blue-shifted with respect to the metallic connection.
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