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ABSTRACT

Heat generation in plasmonic nanostructures has attracted enormous attention due to the ability of these nanostructures
to generate high temperatures in nanoscale volumes using far-field irradiation, enabling applications ranging from
photothermal therapy to fast (sub-nanosecond) thermal optical switching. Here we investigate the optical and thermal
response of a heterogeneous trimer structure composed of a gold nanoparticle surrounded by two larger silver
nanoparticles analytically and numerically. We observe that this type of multi-scale multi-material plasmonic oligomer
can produce temperature changes over two orders of magnitude higher than possible with isolated gold nanoparticles.
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1. INTRODUCTION

The ability of metallic nanoparticles to generate heat under optical illumination is of significant interest due to the strong
and localized heat dissipation that can be achieved, resulting in large temperature changes in the nanoparticles. This
allows them to be used in thermally assisted applications including photothermal therapy'**** photothermal and
optoacoustic imaging®”**'® and thermal nonlinear switching''. In metallic nanoparticles, absorption enhancement at the
plasmon resonance frequency leads to heating of the electron gas through electron-electron scattering processes on a
time scale of ~100 fs'>. The hot electron gas in the metal nanoparticle then exchanges energy with the metal lattice
through electron-phonon scattering on a picosecond time scale. Finally, over a time span of hundreds of picoseconds,
heat transfer occurs from the hot metal nanoparticles to the surrounding medium. The small volume of plasmon resonant
nanoparticles results in relatively rapid cooling, making them suitable candidates for observing fast thermal optical
nonlinearities at relatively low irradiance.

To optimize the plasmon enhanced photothermal response, the attainable temperature change needs to be maximized for
a given optical irradiance. In this study we investigate the optical and thermal response of a bimetallic trimer structure
consisting of a small nanosphere with low-energy plasmon resonance between two large nanospheres with high-energy
plasmon resonance. We demonstrate that the achievable relative absorption coefficient in the trimer structure can exceed
that of the isolated nanoparticle by more than two orders of magnitude. Through numerical simulations we predict a
temperature change of 100 K in a Ag-Au-Ag nanoparticle trimer consisting of two 80 nm diameter silver nanoparticles
and a 10 nm diameter central gold nanoparticle in water shortly after a 20 nJ/mm’ pulse at 530 nm, compared to only
0.65 K for the isolated gold nanoparticle.

2. HYBRIDIZATION MODEL

Different coupled plasmon resonances can exist in a structure with asymmetric geometry and composition which can be
understood using mode hybridization theory, as shown in Figure 1. The dipolar plasmon resonance energy of isolated
silver, Fig. 1(a), and gold, Fig. 1(d), embedded in water lie at 3.24 eV and 2.41 eV, respectively. Closely spaced silver
and gold monomers do not interact strongly when optically excited due to the large mismatch in their plasmon resonance
energies. The coupling between silver and gold nanosphere resonances can be improved by using a silver dimer structure
instead of a silver monomer.
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The plasmon resonance of the dimer structure can be shifted to lower energy compared to that of an isolated particle due
to near-field coupling for longitudinally excited nanoparticles. To illustrate this near-field mediated redshift of the
resonance, Figure 1(b) schematically shows energy levels for a longitudinally excited silver dimer. The near-field
interaction between two closely spaced silver nanoparticles leads to mode splitting, resulting in a low-energy bonding
mode (green line) and a high-energy anti-bonding mode (black line). In the bonding mode, the electrons in both
nanoparticles oscillate in-phase and the dimer structure can radiate due to the finite net dipole moment. In the anti-
bonding mode, the electrons in each nanoparticle oscillate in anti-phase. The anti-bonding mode is also called dark mode
due to the inability of the symmetric dimer structure to radiate, since the net dipole moment is zero. The plasmon
resonance energy of the bonding mode of the silver dimer might approach the plasmon resonance energy of the gold at
sufficiently small interparticle spacing. In this case, strong interactions between the silver and gold particles may be
expected, since their resonance frequencies are similar. Coupling between the bonding mode of the silver dimer and the
dipolar resonance of a gold monomer is expected to lead to two separate modes in a trimer structure as shown in Fig.
1(c). The lower energy mode is a bonding mode where electrons in each nanoparticle oscillate in-phase (red line). The
higher energy mode is an anti-bonding mode in which the electrons in gold nanoparticle are oscillating in anti-phase
compared to the electrons in the silver nanoparticles (blue line).
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Figure 1: Energy diagrams of (a) the dipolar plasmon mode of a silver monomer, (b) the bonding (green) and anti-bonding (black)
resonance modes of a silver dimer, (c) the bonding (red) and anti-bonding (blue) modes of an Ag-Au-Ag nanosphere trimer and (d)
the dipolar plasmon resonance mode of a gold monomer.

3. POINT DIPOLE MODEL

A point dipole model is used to investigate the mode energies in the heterogeneous trimer structure. Each particle in the
trimer is modeled as a point dipole with polarizability a; = 3gye, Vi(em — €1)/(em + 2&,) where V; is the volume of
nanoparticle 7, and ¢,, and ¢, are the dielectric function of the metal and the host, respectively. The dipole p; moment of
particle i is given by p= o; Eyc(r; ), where E,(r;) is the sum of the incident electric field E;,(r;) and the electric fields
added by neighbor dipoles at locations r;, leading to Ejoc(r;) = Ein (1) - £ Ay p; with A;j the dipole-dipole interaction
matrix. For a linear trimer structure with two identical outer particles 1 and 3 separated by the same distance from the
central particle and excited by light polarized along the trimer axis we have a; = a3, p; = p3, Ax=A=A=A3, and
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where d; is the center-to-center separation between particles i and j, and k is wavevector in the host medium. The dipole
moment of nanoparticle i is thus given by:
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Under these assumptions the dipole moment of each nanoparticle can be found by solving the following equations:
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Using the frequency-dependent polarizability, a, of the individual particles as determined from their dielectric functions,
the local electric field in position of each nanoparticle can be determined by Ei,. = p / o and consequently the electric
field inside the middle nanoparticle is given by

38}1 E — 3£h 1 + al A13 - 2 alAlz
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Equation 4 was used to evaluate the energy dependent field enhancement factor |E,/E;,| inside the central particle in
heterogeneous trimers for different monomer diameters D,, as shown in Figure 2. For clarity the trimer is assumed to be
composed of 80nm diameter outer particles with an optical response described by a Drude model with w,s = 9 10" rad/s
and y, = 1x10" s and a central particle with w,g = 8x10" rad/s and VB = 1x 10" 5!, embedded in a host with dielectric
constant g, = 1.77, and at a fixed edge-to-edge separation of 5 nm between adjacent particles. The dashed gray and
orange lines indicate the plasmon resonance energies of the isolated particle “A” and “B”, respectively. The solid white
line shows the plasmon resonance energy of the bright mode in a dimer composed of two “A” nanoparticles as a function
of inter-particle spacing d;; in the absence of the central monomer. The field enhancement at large monomer dimer (right
side of the graph) is seen to peak for low and high energy, corresponding respectively to the symmetric (bright) and anti-
symmetric (dim) plasmon resonances in the trimer. The analytical resonance energy of the dimer decreases as the
interparticle spacing decreases due to the aforementioned near-field interactions. The energy splitting observed in the
field enhancement starts out large for large central nanoparticles, due to the relatively big influence of the large central
particle on the dimer. The mode splitting decreases when the diameter of the central nanoparticle is reduced as its
polarizability drops, resulting in a weaker influence of the small monomer on the dimer. Despite this reduced effect of
the monomer on the dimer, the dimer does influence the response of the central particle. This is clearly seen in the
achieved field enhancement values for small central particle diameter. The largest field enhancement factors are
achieved when the plasmon resonance energy of the dimer matches that of the central monomer. In this low-diameter
region the symmetric and anti-symmetric modes can no longer be clearly distinguished due to small mode splitting that
the monomer can produce and introduction of damping related linewidth.
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Figure 2: Internal field enhancement factor of the central nanoparticle in heterogeneous nanoparticle trimers composed of a low-loss,
high plasma frequency dimer, and a high loss, low plasma frequency central nanoparticle as a function of central particle diameter D.
(Color scale is logarithmic). The lines indicated respectively the plasmon resonance energies of isolated nanospheres composed of
artificial material ‘A’ (dashed gray line) and ‘B’ (dashed orange line), and of a dimer composed of material ‘A’ (solid white line). The
diameter of material ‘A’ nanoparticles is held at 80 nm.

4. FULL-FIELD SIMULATIONS

To evaluate the photothermal response that can be achieved in properly designed plasmonic trimers, electromagnetic and
thermal simulations are needed. The temperature distribution inside a gold nanoparticle under illumination can be
determined by:

aT 5
Py == Q+ KT, )

where T is the time-dependent temperature distribution, and p, ¢, and & are the density, specific heat and thermal
conductivity. Q is the dissipated power density inside the gold which is the product of absorption coefficient and
intensity of incident light. In the case of short pulse illumination and assuming that the heat diffusion due to the thermal
conductivity is negligible, the temperature change immediately after the laser pulse is given by:

AT = Cabs ¢ (6)

p-Cp

where ¢ is the optical fluence of the pulse and C,, is relative absorption coefficient which is the ratio of the absorption
cross-section to the nanoparticle volume. Equation (6) show that optimizing the relative absorption coefficient is the only
way to maximize temperature change at a given optical fluence for any specific material. The relative absorption
coefficient for particle i can be determined using the simulated electric field distribution as:

Canss = s | Z ar o
abs,i ViTth v, Eg

where c is the speed of light in vacuum, n, is the refractive index of the host, ® is angular frequency, &;’ is the imaginary
part of the dielectric function of particle i and V; is the volume of the nanoparticle i. E and E, are the enhanced and the
incident electric field. Simulations based on the three-dimensional frequency domain finite integration technique were
used to calculate the electric field distribution E(r) . Literature data '*'> were used for the dielectric function of gold
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and silver, respectively. Figure 3 shows the simulated absorption cross-section, given by G5 = Cups2 X V5, of a 40 nm
gold nanoparticle in a heterogeneous trimer structure with a silver sphere diameter of 80 nm at 5 nm edge-to-edge
spacing. The trimer was excited using plane wave illumination polarized along the trimer axis with a wavevector normal
to the trimer axis. The absorption cross-section spectrum shows a peak at 570 nm and a shoulder approximately around
510 nm. To investigate the nature of these modes, Figs. 3(b) and 3(c) show the field distribution at a wavelength of 570
nm and 510 nm, respectively. As expected based on the hybridization model shown in Fig. 1, the low frequency mode
indeed shows that the field inside the gold nanoparticle and silver nanoparticles are in the same direction. In other words,
the dipole moment of the gold nanoparticle oscillates in-phase with the dipole moment of the two silver nanoparticles,
indicative of a bonding mode. The high-frequency mode on the other hand shows that the field inside the gold
nanoparticle is in opposite direction compared to that inside the silver nanoparticles, i.e. the dipole moment of the gold
monomer oscillates in anti-phase with that of the silver nanoparticles, indicative of an anti-bonding mode. For reference,
the location of the isolated gold nanoparticle plasmon resonance is indicated by the dashed line in Fig. 3(a). Note that the
gold monomer resonance lies in between the bonding and anti-bonding modes, as expected based on the analysis in Fig.
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Figure 3: (a) Absorption cross-section of a gold nanoparticle in a trimer structure consisting of two 80 nm silver nanoparticles and a
40nm gold nanoparticle. The edge-to-edge spacing between each nanoparticle is Snm. The dashed line shows the isolated gold
nanoparticle resonance. Distribution of the electric field (longitudinal component) at a wavelength of (b) 570 nm and (c) 510 nm.

Figure 4 shows the simulated relative absorption coefficient C,,, for three different sizes of the gold nanospheres in the
multi- material trimer structure (solid lines) and in the monomer structure (dotted lines). The relative absorption
coefficient of a trimer with a 80 nm gold nanoparticle, red solid line, shows peaks at 495 nm and at 675 nm. A trimer
with a 40 nm gold nanosphere shows a higher relative absorption coefficient, green solid line, compared to the 80 nm
nanosphere case. The spectrum shows a peak at 570 nm and a shoulder at approximately 510 nm. Finally, the relative
gold related absorption coefficient of a trimer with a 10 nm gold nanosphere, blue solid line, shows one peak at 530 nm.
The relative absorption coefficient values for three different isolated gold nanoparticles with these sizes, dotted lines,
show a small shift in peak position due to phase retardation effects, and are two orders of magnitude smaller than that for
a 10nm gold nanoparticle in the trimer structure. The relative absorption coefficient can be related directly to the
temperature change in the nanoparticles as shown in equation (6). The related temperature change for a 10 nm gold
nanoparticle in trimer structure in water shortly after a 20 nJ/mm?” pulse at 530 nm is 100 K which is more than two
orders of magnitude larger than that for the isolated gold nanoparticle (0.65 K).

Proc. of SPIE Vol. 9163 91631B-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/21/2014 Terms of Use: http://spiedl.or g/terms



[ 000 | 0@

[ = Ag-Au-Ag Trimer g
10" E o Au Isolated L .

10°

107k

C_ (nm™)

abs

10% ¢

107 s R s RS T 4

800 600 800 600 800
Wavelength(nm)

10-4-....I...
400 600

Figure 4: Relative absorption coefficient for gold nanospheres with size of 80 nm in heterogeneous trimer structure (red solid line) and
monomer structure (red dotted line), with size of 40 nm in heterogeneous trimer structure (green solid line) and monomer structure
(green dotted line), and with size of 10 nm in heterogeneous trimer structure (blue solid line) and monomer structure (blue dotted
line). Trimer structure consists two 80 nm diameter outer silver nanoparticles.

The results show the relative absorption coefficient can be enhanced by more than two orders of magnitude using
carefully engineered coupled resonances in heterogeneous trimer structures. This enhanced and localized energy
absorption in the gold nanoparticle can lead to a rapid temperature changes inside gold nanoparticle and in the particle’s
vicinity in the host medium. The fast and large temperature changes in the gold nanoparticle are expected to lead to
significantly enhanced thermal nonlinear optical response through the photothermal effect. The spherical particle shape
is expected to make these structures thermodynamically stable up to relatively high temperatures. The particle sizes and
the gap sizes used can be achieved using chemical synthesis methods such as surface-charge based binding or with short
organic linker molecules.

5. CONCLUSIONS

The optical and thermal response of a gold nanoparticle placed between two larger silver nanoparticles have been
investigated. It was shown through numerical simulation that a temperature change of 100 K can be achieved in a Ag-
Au-Ag nanoparticle trimer consisting of two 80 nm diameter silver nanoparticles and a 10 nm diameter central gold
nanoparticle in water shortly after a 20 nJ/mm’® pulse at 530 nm, compared to only 0.65 K for an isolated gold
nanoparticle of the same size. This effect could be understood in terms of the hybridization of the silver dimer plasmon
resonance and the gold nanoparticle resonance. The predicted effects can be achieved using experimentally realizable
particle sizes.
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