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A dramatic enhancement of the thermally induced nonlinear optical response in compositionally

heterogeneous plasmonic trimers is reported. It is demonstrated numerically that the nonlinear

absorption performance of silver nanoparticle dimers under pulsed illumination can be enhanced

by more than two orders of magnitude through the addition of only 0.1 vol. % of gold in the dimer

gap. The nonlinear absorption performance of the resulting Ag-Au-Ag trimer exceeds the peak

performance of isolated gold nanoparticles by a factor 40. This dramatic effect is enabled by

cascaded plasmon resonance, resulting in extreme field concentration in the central nanoparticle of

the trimer. The observed localized heat-generation, large optical response, and a predicted response

time below 1 ns make these structures promising candidates for use in nonlinear optical limiting

and optical switching. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914454]

Nanoscale heat generation in metallic nanoparticle clus-

ters under optical irradiation has received enormous attention

due to the ability of plasmonic nanostructures to introduce

large and extremely localized thermal gradients in a wide va-

riety of environments. Pulsed laser excitation of metallic

nanostructures produces an abrupt temperature rise inside

the nanostructures, giving rise to several photothermal, and

optoacoustic phenomena that can be used in bubble forma-

tion,1–3 selective cell targeting,4,5 catalytic reactions,6,7 opto-

acoustic imaging,8 nano-welding,9,10 and thermally induced

optical modulation and limiting.11–13 In the case of the latter

applications, plasmon-enhanced light absorption induces a

large temperature change which causes a large modification

of the dielectric function, resulting in thermally induced non-

linear absorption and scattering. To optimize these processes

in plasmonic structures, one must balance the thermo-optic

coefficients of all materials involved, the magnitude of the

heat generation, and its spatial distribution throughout the

nanostructure.

Several different approaches have been used to control

heat generation in plasmonic nanostructures, including ge-

ometry optimization14,15 and engineered inter-particle cou-

pling.16–18 Recently, we demonstrated that heterogeneous

plasmonic trimer structures composed of a gold nanoparticle

between two silver nanoparticles can produce a heat dissipa-

tion densities that exceed that of isolated gold nanoparticles

by two orders of magnitude.19 In the present study, we

numerically investigate the thermally induced nonlinear opti-

cal response of such plasmonic nanostructures using com-

bined full-field three-dimensional electromagnetic and

transient thermal calculations. We demonstrate that these

structures can strongly enhance the attainable temperature

change and the resulting nonlinear optical response com-

pared to that of individual particles by leveraging the cas-

caded field enhancement effect. It is shown that these effects

occur on a sub-nanosecond time scale, suggesting the possi-

bility of fast nonlinear optical switching and modulation.

To evaluate the thermo-optic response of plasmonic

nonlinear absorbers, we used a combination of three-

dimensional frequency domain finite integration electromag-

netic simulations20 and time domain finite integration ther-

mal simulations.21 We initially consider three representative

nanostructures: an isolated 10 nm diameter gold nanosphere,

a dimer composed of two 80 nm diameter silver nanospheres,

and a heterogeneous trimer structure composed of a 10 nm

diameter gold nanosphere located between two 80 nm diame-

ter silver nanospheres, all assumed to be embedded in water

(n¼ 1.33). The edge-to-edge spacing between adjacent nano-

particles is set to 5 nm. Literature data were used for the

dielectric functions of silver22 and gold.23

Figure 1(a) shows the calculated absorption cross-

section spectra of the three different structures determined

from the simulated electric field distributions. The structures

are illuminated by light propagating along the z-direction

with the electric field amplitude E0 polarized along the

x-axis, corresponding to polarization along the dimer and

FIG. 1. (a) Absorption cross section spectra for a 10 nm diameter gold

monomer (red solid line), a dimer composed of 80 nm diameter silver par-

ticles with gap of 5 nm (blue line) and a heterogeneous trimer composed of a

10 nm diameter gold nanoparticle between two 80 nm diameter silver nano-

spheres (green line). The dashed red line represents the fractional absorption

cross-section rabs,Au of the gold nanoparticle in the trimer structure. Electric

field distribution for (b) the gold monomer, (c) the silver dimer, and (d) the

heterogeneous trimer, illuminated at the wavelengths indicated in (a).
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trimer axes, respectively. The absorption cross-section of the

gold particle (Fig. 1(a), red line) shows a single absorption

peak at 530 nm. Figure 1(b) shows a snapshot of the x-

component of the simulated electric field distribution for the

Au monomer at the peak wavelength in the plane normal to

the light propagation direction. The field distribution is in-

dicative of the well-known dipolar plasmon resonance mode,

resulting in an electric field enhancement factor of 1.9 and

consequently large optical dissipation. The absorption cross-

section spectrum of the silver dimer (Fig. 1(a), blue line)

shows two peaks located at 420 nm and 600 nm, respectively.

The electric field distribution corresponding to the absorp-

tion peak at 600 nm is shown in Fig. 1(c), revealing a plas-

mon resonance with the fields on each nanoparticle having a

partly dipolar character and significant field concentration

near the gap. The absorption peak at 420 nm is due to the ex-

citation of a similar hybridized plasmon resonance mode

with a mixed dipolar and multipolar character. The absorp-

tion cross-section of the Ag-Au-Ag trimer structure (Fig.

1(a), green line) shows peaks located at 400 nm and 535 nm,

respectively. The field distribution corresponding to the latter

peak is shown in Fig. 1(d), revealing a largely dipolar field

distribution on each of the three nanoparticles, oscillating

approximately in-phase, i.e., the internal electric field in ad-

jacent particles has identical sign. At this excitation fre-

quency, the field enhancement in the Au particle is 25, a

remarkably large value compared to the single particle field

enhancement factor of 1.9. This is the combined result of

field concentration in the dimer gap and a multiplicative cas-

caded plasmon resonance, in which a high-polarizability res-

onator excites a smaller resonator without significant loss in

quality factor.24 The large field enhancement achieved in

this case leads to a large power dissipation in the gold parti-

cle, which is described by the gold related fractional absorp-

tion cross-section rabs,Au (dashed red line in Fig. 1(a)) given

by the ratio of the power absorbed in the Au nanoparticle

and the irradiance. The maximum absorption cross-section

of the gold particle inside the trimer structure is seen to be

enhanced by two orders of magnitude compared to that of

the gold monomer, suggesting that a large thermo-optic

response and large thermal nonlinear optical absorption may

be achieved in this structure.

In order to evaluate the thermally induced nonlinear op-

tical response of the plasmonic structures discussed above,

we consider pulsed excitation at frequencies throughout the

visible regime with a pulse duration of 1 ps and a fluence of

10 nJ/mm2. Note that the pulse duration of 1 ps is much lon-

ger than the typical plasmon decay time of several fs, and

therefore, the continuous wave excited field distributions and

dissipation distributions simulated here are a good approxi-

mation of those obtained under true pulsed illumination. The

resulting temperature evolution for each of the structures is

determined by numerically solving the heat-diffusion

equation

q cp
@T

@t
¼ Qþ kr2T; (1)

where T is the time-dependent temperature distribution, Q is

the power dissipation density, and q, cp, and k are position

dependent density, specific heat capacity, and thermal con-

ductivity, respectively, all obtained from literature and

assumed to be temperature independent for the pulse energies

used. The energy deposition in the nanoparticles follows

from the simulated electric field distributions such as those

shown in Figs. 1(b)–1(d), leading to inhomogeneous dissipa-

tion distributions. However, during the electron-phonon

equilibration process, the locally generated hot electrons can

move out of the excitation volume ballistically, resulting in a

redistribution of the dissipated energy over distances exceed-

ing 100 nm before equilibration with the lattice occurs for

both silver and gold.25,26 Therefore, the particles are assumed

to be heated with a total power determined by the simulated

electric fields, distributed homogeneously throughout the par-

ticle corresponding to the relation Q ¼ 1
V

Ð
V

1
2

x e00jEðrÞj2dV
with V the particle volume, x the angular frequency, E(r) the

frequency dependent electric field distribution, and e00 the

imaginary part of the permittivity of the particle. The result-

ant temperature within each nanoparticle is approximately

homogeneous (not shown), as expected based on the homoge-

neous deposited heat as well as the high thermal conductivity

of silver and gold compared to that of water.

Figure 2 shows the volume-averaged temperature evolu-

tion DT(t) relative to the background temperature, at the

three wavelengths corresponding to the modes in Figs.

1(b)–1(c). For the isolated Au nanoparticle excited at 530 nm

(red line), the maximum DT is 0.23 K immediately after the

laser pulse (t¼ 1 ps). The evolution of the temperature in the

gold nanoparticle after the pulse is well described by a

stretched exponential function27 with a temperature relaxa-

tion time of s¼ 16 ps. This extremely rapid relaxation time

is due in part to the large surface-to-volume ratio of the parti-

cle,16 enabling rapid heat transfer to the surrounding water.

The temperature evolution inside the particles in the sil-

ver dimer structure under excitation at 600 nm (blue line)

shows a relatively small maximum temperature change of

0.08 K immediately after the laser pulse. The thermal relaxa-

tion time in this case is found to be 0.32 ns, 20 times larger

FIG. 2. Volume averaged nanoparticle temperature evolution under pulsed

laser illumination with a fluence of 10 nJ/mm2 and a pulse duration of 1 ps

for a 10 nm diameter gold nanoparticle irradiated at 530 nm (red line), for a

80 nm silver nanosphere in a dimer structure with a gap of 5 nm irradiated at

600 nm (blue line) and for a gold nanosphere in a heterogeneous trimer

structure composed of a 10 nm diameter gold nanoparticle between two

80 nm silver nanospheres irradiated at 535 nm (green line).
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than observed for the isolated gold nanoparticle. Finally, the

temperature evolution inside the 10 nm gold nanosphere in

the heterogeneous trimer structure excited at 535 nm (green

line) shows a large maximum temperature rise of 35 K im-

mediately after the laser pulse with a rapid relaxation time of

16 ps. These results demonstrate the combined benefits of

the cascaded trimer structure for use as a thermal nonlinear

optical element: the large field enhancements enable large

temperature changes, the gap between the central particle

and the silver dimer prevents heat transfer to the cooler silver

particles, and the strong field concentration enables

extremely short thermal relaxation times.

To evaluate the thermo-optic response of these struc-

tures under pulsed excitation, we determine the change in

optical properties achieved immediately after the excitation

pulse, i.e., at the maximum achieved temperature. The tem-

perature change for each excitation wavelength is converted

to a change in the dielectric function of the particles using

literature data for the thermo-optical coefficients of gold28

and silver.29 Finally, the absorption cross-section of the

structures is calculated at each choice of illumination wave-

length using the thermally modified dielectric functions,

which enables the determination of the wavelength-

dependent change in the absorption cross-section Drabs.

Finally, the nonlinear optical absorption performance of an

aqueous suspension of these structures is described in terms

of a figure of merit (FOM) given by

FOM
m2

J

� �
¼ Dr

r /
; (2)

where u (J/m2) is the fluence of the laser pulse and r corre-

sponds to the absorption cross-section spectra shown in Fig.

1. This parameter is large when a large relative change in the

absorption cross-section can be achieved at low fluence, and

mathematically corresponds to the inverse of the fluence

required to obtain a thermally induced nonlinear absorption

equal to the linear absorption at the assumed pulse duration

of 1 ps. Note that these FOM calculations assume that the ex-

citation field is aligned along the dimer or trimer axis.

Figure 3 shows the obtained FOM spectra for thermally

induced nonlinear absorption in the silver dimer, the gold

monomer, and the heterogeneous trimer discussed thus far,

as well as for four additional trimers with varying Au nano-

particle diameters at the same edge-to-edge spacing. The

FOM for isolated 10 nm gold nanospheres (purple line)

shows saturable absorption (negative FOM) and reverse satu-

rable absorption (positive FOM) below and above the dipolar

plasmon resonance wavelength of the isolated gold nanopar-

ticle, respectively. The largest FOM for this structure is

0.041 mm2/lJ, occurring at a wavelength of 555 nm. The

FOM spectrum for the silver dimer structure (gray line)

shows saturable absorption at energies above the plasmon

resonance at 420 nm and below the plasmon resonance at

600 nm, and reverse saturable absorption between these two

resonances with a maximum value of 0.01 mm2/lJ at a wave-

length of 560 nm. The FOM spectrum for the heterogeneous

trimer structure (blue line) shows a shape similar to that of

the isolated gold nanoparticle. However, the peak FOM

achieved for the multi-material trimer structure is 1.78 mm2/

lJ, a factor of 40 larger than that of the isolated gold nano-

particle. Based on the preceding discussion of the thermal

simulations, this dramatic enhancement can be understood as

the result of the strong field enhancement and the associated

large energy dissipation inside the gold nanoparticle due to

the cascaded plasmon resonance, enabling large changes of

the gold refractive index.

Additional FOM spectra for nonlinear optical absorption

were calculated for trimers with Au nanoparticle diameters of

5, 15, 20, and 30 nm while maintaining a 5 nm edge-to-edge

spacing between all particles. The spectra all show similar

features, with a maximum FOM of 2 mm2/lJ observed for the

trimer with a gold nanoparticle diameter of 15 nm. The exis-

tence of an optimum particle size that maximizes the nonlin-

ear optical absorption performance can be explained by

considering two factors that play a significant role in deter-

mining the thermally induced nonlinear optical response. The

first factor is the temperature change which is strongly de-

pendent on the gold related fractional absorption per unit vol-

ume.19 Decreasing the gold nanoparticle size increases the

field enhancement factors that can be achieved by cascaded

field enhancement.24 This increases the absorption per unit

volume of the gold particle and with it, the temperature

change and the modification in its dielectric function.

Counteracting this increase in the thermo-optic response of

the gold particle is the volume dependent contribution of the

gold nanoparticle to the total absorption cross-section. As the

gold particle volume is reduced, its contribution to the total

absorption cross-section of the trimer reduces. Consequently,

large optically induced changes in its dielectric properties

will only weakly affect the total absorption spectrum, result-

ing in a vanishing FOM for small nanoparticle sizes. The op-

timum gold particle size for large thermal nonlinear optical

absorption thus occurs for a particle size that is small enough

to enable a strong field enhancement and a large temperature

change, while being big enough to significantly affect the

total absorption coefficient. As a result of these effects, the

thermally induced nonlinear optical absorption performance

of a silver dimer structure (gray line) at 560 nm can be

FIG. 3. Figure of merit for thermally induced nonlinear optical absorption of

a 10 nm gold monomer, an 80 nm diameter silver dimer, and five heterogene-

ous trimer structures composed of two 80 nm diameter silver particles and

central gold nanoparticles with diameters of 5, 10, 15, 20, and 30 nm and an

edge-to-edge spacing of 5 nm after a 1 ps laser pulse.
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enhanced by more than two orders of magnitude through the

addition of only a single 10 nm diameter gold particle, corres-

ponding to an added metal volume fraction of 0.1 vol. %.

This remarkable enhancement demonstrates the application

potential of heterogeneous plasmonic oligomers. The con-

cepts presented here may be extended to clusters containing

multiple particle shapes, sizes, and compositions, and may

find applications in a wide range of fields where field

enhancement, field concentration, or localized heat genera-

tion are needed.

In summary, we have investigated the thermally induced

nonlinear optical response of plasmon resonant gold mono-

mers, silver dimers, and heterogeneous trimers using full-

field electromagnetic and transient thermal simulations. The

attainable temperature changes and the associated thermally

induced nonlinear optical response could be enhanced by uti-

lizing cascaded field enhancement, resulting in an increase

of the figure of merit for thermo-optically induced absorption

of a heterogeneous trimer by a factor 40 relative to that of

isolated gold nanoparticles. Response times smaller than a

nanosecond and temperature changes as high as 35 K at a flu-

ence as small as 10 nJ/mm2 were predicted, making these

structures of great interest for nonlinear optical absorption

and low-power photothermal applications.
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