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Abstract
This paper presents a theoretical study of the interaction of a 6 ps laser pulse with uncoupled and plasmon-coupled gold nanoparti-

cles. We show how the one-dimensional assembly of particles affects the optical breakdown threshold of its surroundings. For this

purpose we used a fully coupled electromagnetic, thermodynamic and plasma dynamics model for a laser pulse interaction with

gold nanospheres, nanorods and assemblies, which was solved using the finite element method. The thresholds of optical break-

down for off- and on-resonance irradiated gold nanosphere monomers were compared against nanosphere dimers, trimers, and gold

nanorods with the same overall size and aspect ratio. The optical breakdown thresholds had a stronger dependence on the optical

near-field enhancement than on the mass or absorption cross-section of the nanostructure. These findings can be used to advance

the nanoparticle-based nanoscale manipulation of matter.
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Introduction
Over the last decade the interaction of pulsed lasers with gold

nanoparticles has been studied in many emerging fields, such as

sensing and medical diagnostics and therapy [1,2]. This interest

is sparked by the ability to overcome diffraction-limited optics

and to control electromagnetic field interactions at the nano-

scale using nanoparticles. This relies on the unique tunable

optical properties of gold nanoparticle stemming from the inter-

action of light with the quasi-free electrons in gold. The oscilla-

tion of these electrons induces surface plasmon resonance, re-

sulting in the enhancement of the incident electric field in the

vicinity of the nanoparticle. This can result in secondary phe-

nomena associated with laser pulse interaction, such as heating

of the surrounding media, acoustic wave formation and optical

breakdown. The surface plasmon resonance is tunable over a

wide range of frequencies and affected by the optical properties

of the surrounding environment [3], the morphology of indi-

vidual nanoparticle as well as the formation of nanoparticle

assemblies [4,5].

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
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http://dx.doi.org/10.3762%2Fbjnano.7.79


Beilstein J. Nanotechnol. 2016, 7, 869–880.

870

Nanospheres and nanorods are the two most common shapes of

gold nanoparticles. They can be made to assemble through

binding to the surface of cell [6-9], modification of gold nano-

particle surfaces to cause binding to each other [10,11] or endo-

cytosis [12]. Nanoparticle assemblies exhibit optical behavior

that differs from single particles. The changes in the optical be-

havior of nanoparticle assemblies are governed by surface

plasmon resonance coupling that occurs at distances of less than

2.5 diameters between the surfaces of two adjacent nanoparti-

cles [4]. This effect depends on the orientation, spacing and

shape of the adjacent nanoparticles [9,13-15]. The plasmon cou-

pling effect broadens and shifts the plasmon resonance peaks of

gold nanospheres towards the near infrared region. (This is use-

ful in biological applications, where light has a good penetra-

tion depth) [5,16].

The use of plasmonic nanoparticles and the associated near-

field enhancement has been used in applications based on the

laser-induced breakdown (LIB) effect [17]. Nanostructure fabri-

cation [18], cell nanosurgery [19], and laser-induced break-

down spectroscopy [20,21] are applications where the use of

nanoparticles for LIB enhancement has produced promising

results. In biomedical applications, nanoparticle-mediated LIB

is a non-linear laser energy absorption process that produces a

low-density plasma in the surrounding region of the nanoparti-

cle. Plasmonic nanoparticles such as gold nanospheres and

nanorods, enhance the electric field of the incident light and

strongly absorb the light. LIB is usually induced when the laser

irradiance surpasses a certain threshold (which will henceforth

be referred to as the “optical breakdown threshold”) and the

free-electron density exceeds a critical value in the range of

1018–1021 cm−3 [17,22-26]. The interaction of a strong electro-

magnetic field with a gold nanoparticle in an aqueous medium,

which models a biological environment, can initiate breakdown

(i) through multiphoton absorption and the tunneling effect,

usually referred to as laser-induced optical breakdown (LIOB)

[26,27]; (ii) through a thermal initiation pathway also known as

laser-induced thermal breakdown (LITB) [28,29]; or

(iii) through the photo-thermal emission of hot electrons off the

surface of the nanoparticle [30,31]. After some seed electrons

have been generated via a combination of the processes

mentioned above, the plasma starts to gain sufficient kinetic

energy from the laser pulse by inverse Bremsstrahlung absorp-

tion and grows through impact ionization known as electron

avalanche [32]. LIB induces breakage of molecular and atomic

bonds and will be accompanied by luminescence, cavitation,

and the formation of bubbles and shock waves [22,33].

The optical breakdown threshold in an aqueous medium that

contains gold nanoparticles is a function of the ionization

energy, the impurity level of the medium, nanoparticle mor-

phology and concentration, and the laser beam characteristics

(pulse duration, wavelength and intensity) [19]. In an aqueous

medium without nanoparticles, the initiation of multiphoton

absorption for LIOB will require between six and twelve

photons with the same polarization to exceed the band-gap

energy of water, which is approx. 6.5 eV [34]. LIOB occurs

when the optical breakdown threshold, which is in the range of

about 1011–1013 W/cm2, is surpassed in the focal region of the

laser beam [34,35]. For nanosecond pulses [28] or ultrashort

pulse sequences separated by times of the order of the free-elec-

tron energy thermalization time [36], LITB is a significant

source of seed electrons, ρseed, which is required to initiate the

avalanche ionization [28], when the temperature of the medium

increases above approx. 5000 K. LITB starts with linear absorp-

tion and thermal ionization of the aqueous medium and

continues with non-linear avalanche ionization. The introduc-

tion of gold nanoparticles into an aqueous medium will lower

the LIB threshold and provide an additional source of seed elec-

trons from a photo-thermal emission of hot electrons off the sur-

face of the nanoparticles [31,37]. During nanoparticle-mediated

LIOB with pulses shorter than 10 ps the lattice temperature of

the nanoparticle is kept below the melting point (1337 K for

gold nanoparticles with a diameter above 10 nm [38]) since the

photon energy at this time-scale is transferred to the electrons in

the gold nanoparticle and diffusion is minimized [39,40]. The

gold nanoparticles therefore retain their optical properties

during LIB with pulses shorter than 10 ps. Compared to femto-

second lasers, ultrashort picosecond lasers (with pulse dura-

tions between 1 and 10 ps) are beneficial due to their cheaper

operational cost, ease of maintenance and higher power specifi-

cations. Such ultrashort pulses (few picoseconds) can be

achieved via using Nd:YAG and Nd:YVO4 crystals in passively

modulated mode-locked lasers, which are widely used in micro-

machining [41]. For our calculations we have used a pulse dura-

tion of 6 ps due to availability of such picosecond lasers from a

variety of suppliers, such as: FORC-Photonics, LEUKOS,

TOPTICA Photonics AG, Onefive GmbH, Time-Bandwidth

Products AG, Alnair Laboratories Corp, Clark-MXR Inc.,

Calmar Laser, Atseva LLC, Fianium LTD, EKSPLA.

The use of nanoparticle-mediated LIB is complicated due to its

non-linear nature. The variety of parameters, such as morpholo-

gy and nanoparticle assembly (plasmon coupling) that influ-

ence its behavior motivate a theoretical description of the

optical breakdown process [37,42,43]. Hatef and Meunier [43]

recently reported the impact of size and inter-particle distance

for femtosecond laser pulse widths on the energy absorption by

gold nanosphere dimers and by the plasma surrounding the

dimers. They showed that the energy deposition in the plasma

increases with decreasing gap distance between dimers down to

a 4 nm gap, which was the smallest gap they examined. Boulais
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et al. [37] revealed the existence of two different physical

regimes of plasma generation in the vicinity of a gold nanorod

during ultrafast pulse exposure. For a fluence lower than

3 mJ/cm2, the gold nanorod strongly absorbed the incident pulse

energy and the majority of the seed electrons were produced by

photo-thermal emission (the absorption regime), while for

fluences higher than 3 mJ/cm2 the formation of free electrons

was dominated by multiphoton absorption due to a high near-

field enhancement surrounding the gold nanorod (the near-field

regime). At picosecond pulses with low irradiation fluence,

nanoparticle-mediated LIB is dominated by photo-thermal

emission due to the fast temperature increase of the electrons in

the nanostructure.

The lack of a detailed understanding of the mechanism of

plasma formation in the vicinity of gold nanoparticles in the

picosecond regime hinders the interpretation of experimental

results and the development of cell transfection mediated

through gold nanoparticles [44,45]. For applications such as

transfection a complete theoretical picture of plasma formation

in the picosecond regime with the use of gold nanoparticles is

needed to optimize its use [44]. This will lower the operating

cost compared to transfection using femtosecond pulsed lasers.

The lack of understanding of how the morphology and

assembly of gold nanoparticles lowers the optical breakdown

threshold also hinders the design and optimization of gold nano-

particles in LIB to target specific cells based under the chemi-

cal and physical conditions of the environment [10,46].

In this paper, we present a theoretical investigation of the role

of the morphology of gold nanoparticles on the optical break-

down threshold. We present a comparison of on- and off-reso-

nance 6 ps laser pulse interactions with uncoupled and tightly-

coupled gold nanospheres and nanorod monomers of different

sizes, with a focus on the thermal and optical processes. The

role of nanoparticle morphology and plasmon coupling in low-

density plasma generation is analyzed. This was done by

comparing nanosphere monomers against nanosphere dimers

and trimers and against nanorods having the same aspect ratio

and size, as the nanosphere dimers and trimers. We conclude

that the nanoparticle-mediated LIB threshold in the picosecond

regime is highly dependent on the optical near-field enhance-

ment instead of nanoparticle size and absorption cross-section.

The findings of this study will help in LIB-related fields to

advance the understanding of nanoparticle–laser interactions,

which will lead to the better design of experiments by account-

ing for all related optical and thermal effects.

Methods
To model the generation of a low-density plasma through a

picosecond laser pulse in the vicinity of gold nanoparticles one

should account for several physical phenomena that happen

during the pulse, such as: the interactions of electromagnetic

fields with gold nanoparticles and their environment, the

absorption of the pulse energy by the nanoparticles and their

environment and the resulting heating, and the generation of a

free-electron plasma and its effect on the optical properties of

the environment. The generation of a free-electron density

above 1018 cm−3 during the pulse will change the optical prop-

erties of the environment in the vicinity of the nanoparticle,

shielding the nanoparticle from the incoming irradiation. This

will lead to a lowering of the absorption cross-section of the

nanoparticle, lowering its heat generation. Photo-thermal emis-

sion of hot electrons off the nanoparticle surface provides a sig-

nificant number of seed electrons that can trigger avalanche

ionization.

Two theoretical models have been used to model the plasma

generation in the vicinity of gold nanoparticles. The model by

Bisker and Yelin [42] provided a theoretical analysis of short

pulse interactions with spherical noble-metal nanoparticles,

while Boulais et al. [31] developed a model of plasma-medi-

ated nanocavitation for gold nanospheres and nanorods [31,37].

The model by Bisker and Yelin [42] is based on Mie theory and

rate equations for free-electron density generation [26,34]. This

model does not have a full two-way coupling between the Mie

simulations and free-electron plasma rate equations and omits

the photo-thermal emission of hot electrons off the nanoparticle

surface [30]. In addition the Mie theory is not applicable to arbi-

trarily shaped objects and cannot be used with plasmon-coupled

systems. The model by Boulais et al. [31] is more complete and

is based on the finite element method where all physical phe-

nomena can be fully two-way coupled. The model includes the

electromagnetic interaction of the laser pulse with gold nano-

particles, thermodynamic calculations based on the Boltzmann

semiclassical transport equation [47], plasma generation de-

scribed by Keldysh theory of multiphoton ionization [34],

impact ionization [48], and thermo-assisted photo-thermal emis-

sion from the particle [30]. Although the model by Boulais et al.

[31] is complete and can be used for arbitrarily shaped objects

and plasmon-coupled nanoparticles it does not include the ther-

mal ionization of the aqueous medium. Thermal ionization

plays an important role for short pulses (picoseconds and

nanoseconds) and ultrashort (femtoseconds) pulse sequences

[28,36]. The model also does not include the size corrected

dielectric function of gold [3].

In order to overcome the limitations of these models, we

combined a fully coupled theoretical model of the electromag-

netic field interaction with a gold nanoparticle, which includes

(i) the surface confinement corrections to the bulk optical prop-

erties of gold [3], (ii) a hyperbolic two-temperature model for
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the thermodynamic evolution of the electron and lattice temper-

atures of the gold nanoparticle [47], (iii) a rate equation of free-

electron plasma generation in an aqueous environment based on

the Keldysh theory of multiphoton ionization, the tunnel effect,

the avalanche and thermal ionization of water [28]; and (iv) the

photo-thermal emission of hot electrons off a surface of a gold

nanoparticle [30]. A summary of the model is provided below,

while the complete theory with parameters used is provided in

Supporting Information File 1.

Electromagnetic (EM) model
The electromagnetic field was calculated using the homoge-

neous Helmholtz wave equation in all domains (see Figure 1).

The incident electric field was linearly polarized along the

longest axis of the nanostructure (y-axis in Figure 1) with the

propagation parallel to the positive z-axis. Perfect magnetic

conductor (PMC) and perfect electric conductor (PEC) bound-

aries as well as an absorbing boundary condition using perfectly

matched layers ”PMLs” were used to reduce and truncate the

geometry [49]. The bulk properties of the medium in the EM

domain, were set to a refractive index of 1.4 [50] to better

mimic the optical properties of tissue environment, where it

varies from 1.34 to 1.55 [50-52]. The refractive index of the

immediate vicinity of the nanoparticles can also change signifi-

cantly. This can be affected by binding polymers or intracel-

lular molecules. We tested the effect of changes in the refrac-

tive index of the vicinity of a nanostructure by adding a 2 nm

shell with a refractive index of 1.6.

Figure 1: Schematic of the model geometry for a nanosphere trimer.
The model contains three concentric domains. The most outer domain
(grey) represents a combination of a perfectly matched layer (PML)
domain and an absorbing boundary condition to truncate the electro-
magnetic domain and reduce reflections from artificial boundaries. The
red and green domains represent an aqueous environment with dielec-
tric and physical properties of water. The green domain is used to
calculate the plasma formation, and the green and red domains are
used to calculate the heat transfer in the medium. The yellow domain
shows the gold nanostructure geometry. The incident electric field is
linearly polarized along the nanosphere trimer length (y-axis) and prop-
agates parallel to the positive z-axis.

The dielectric function of water surrounding the nanostructure

were modeled using the Drude formalism (see Supporting Infor-

mation File 1) in order to account for plasma formation and the

shielding of the nanostructure from the incident irradiation. The

optical properties of gold with size corrections to the bulk

dielectric function were used for the nanostructures [3]. Since

the size corrections to the bulk dielectric function of gold may

significantly alter the near-field enhancement and absorption

cross-section of small nanoparticles (with diameters below

20 nm), the effect of including the size-corrected dielectric

function was assessed using the model.

Two-temperature model (TTM)
A hyperbolic two-temperature model for the evolution of the

electronic and lattice temperatures of gold nanoparticles and the

finite heat diffusion at the gold–water interface during the laser

pulse was solved using the parameters given by Chen and

Beraun [47]. The TTM was coupled to the EM model through

the resistive losses during laser pulse interaction with the gold

nanostructures, Qrh [49].

Heat transfer (HT)
The temperature produced by heat sources due to plasma forma-

tion [28], laser pulse interaction and thermal diffusion was

solved in all domains outside of the nanoparticles, except the

PMLs (Figure 1). The HT model was coupled to the TTM using

the heat diffusion from the gold lattice to the surrounding medi-

um through interface conductance, Qau|w [53].

Plasma dynamics
The dynamics of plasma formation was calculated in a spheri-

cal domain surrounding the nanoparticles (Figure 1). The

plasma rate equation [28], based on the full Keldysh theory for

multiphoton ionization [54], the tunneling effect, avalanche

ionization, thermal ionization [28,36], diffusion, and recombi-

nation losses and photo-thermal emission (PTE) [30] of hot

electrons from the gold surface, was solved to determine the dy-

namics of the free-electron plasma density in the vicinity of the

nanoparticle. The parameters for plasma theory are those de-

scribed by Linz et al. [28] and Bulgakova et al. [30]. The

plasma dynamics model was coupled to the EM model through

the electric field, and the changes in the dielectric function of

the environment due to the free electron plasma formation. The

temperature rise of the conduction electrons in the gold from

the TTM were used to couple TTM to the photo-thermal emis-

sion of hot electrons. The HT model was coupled to PTE of

the plasma dynamics model through the temperature rise in the

medium.

The thermal ionization in water starts to play a significant role

in the production of free electrons when the temperature in the

focal volume of the laser is above 5000 K [28,36], and large

free-electron densities are already achieved by multiphoton and
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cascade ionization. On the other hand, thermal ionization also

plays a role during repeated sequences of ultrashort laser pulses,

when the time delay between pulses is of the order of the ther-

malization time of the electron plasma energy [36]. Thermal

ionization also partially depletes the density of bound electrons

in the valence band and reduces the rate of multiphoton and

impact ionization [28]. In our model, the temperature of the me-

dium during the single-pulse irradiation is lower than 5000 K,

yet we still incorporated a thermal ionization term, based on

derivations given by Linz et al. [28], into the free-electron den-

sity rate equation (see Supporting Information File 1) for future

studies of ultrashort pulses with a high repetition rate, where

thermal ionization is significant.

Photo-thermal emission of hot electrons on the other hand, must

be taken into account of free-plasma generation during 6 ps

pulse exposure, since we are simulating the so-called low-

fluence absorption regime [37] and the temperature of the elec-

trons of the nanoparticle rises to a level where the electrons can

cross the energetic barrier between metal and medium of

Wau = 3.72 eV and contribute to the formation of an electron-

density plasma [55].

These models were implemented and coupled together using the

commercially available finite element package, COMSOL

Multiphysics version 4.4. COMSOL Multiphysics is able to

solve coupled partial differential equations and ordinary differ-

ential equations for arbitrary geometries in the time and fre-

quency domains. The 3D model was built to solve for the elec-

tromagnetic (EM) wave propagation, the hyperbolic two-tem-

perature model (TTM) of finite-speed heat diffusion inside gold

nanoparticles, the heat transfer in aqueous media and the rate

equation of plasma formation. The particles in an assembly

were spaced 4 nm apart in order to account for separation by

surfactant or coupling molecules on the particles surface while

still keeping a strong plasmonic coupling effect [43]. The 3D

geometry was reduced to one quarter of the full geometry (see

Figure 1) by utilizing symmetry planes and absorbing boundary

conditions. PEC and PMC boundaries are used to truncate the

domain to one quarter of the full 3D EM model. The TTM,

plasma and heat transfer domains were meshed using tetrahed-

ral elements with quadrilateral vector basis function (see

Figure 1). Swept meshing was used for the EM domain (see

Figure 1), which represents a perfectly matched layer (PML).

The maximum mesh element size was kept below one tenth of

the incident wavelength in water with at least ten times finer el-

ements in the plasma and TTM domains (Figure 1). An itera-

tive geometric multigrid solver was used to solve for the elec-

tric field. The direct PARDISO solver with a nested dissection

multithreaded algorithm was used for all other models. The

coupled model was solved using the frequency-transient

stepping with a second order backward differentiation after

applying a global scaling, with a tolerance of 0.001.

Results and Discussion
The interaction of a 6 ps laser pulse with gold nanoparticles in

an aqueous environment was simulated for the nanostructures

listed in Table 1.

Table 1: Gold nanoparticle types and dimensions used in the model.
The letters “s”, “r”, “m”, “d” and “t” stands for sphere, rod, monomer,
dimer and trimer, respectively. The number defines the radius of the
nanosphere or nanorod in nanometers. The gold nanorods were
modeled having an overall size of the corresponding nanosphere
assembly with matching aspect ratios. For nanosphere assemblies the
inter-particle distance, edge to edge, was kept at a constant value of
4 nm. The nanoparticle volume, Vnp, for gold nanosphere assemblies
is given as the sum of the individual nanoparticle volumes.

nanostructure aspect
ratio

overall size
(nm)

Vnp (× 103nm3)

nanospheres

s5m 1:1 10 × 10 0.52
s15m 1:1 30 × 30 14.14
s25m 1:1 50 × 50 65.45
s5d 2.4:1 24 × 10 1.05

s15d 2.13:1 64 × 30 28.27
s25d 2.08:1 104 × 50 130.90
s5t 3.8:1 38 × 10 1.57

s15t 3.26:1 98 × 30 42.41
s25t 3.16:1 158 × 50 196.35

nanorods

r5d 2.4:1 24 × 10 1.62
r15d 2.13:1 64 × 30 38.17
r25d 2.08:1 104 × 50 171.48
r5t 3.8:1 38 × 10 2.72

r15t 3.26:1 98 × 30 62.20
r25t 3.16:1 158 × 50 277.51

Figure 2 shows the change in the optical response of the 25 nm

gold nanosphere trimer (s25t) when adding a hypothetical 2 nm

thick homogeneous layer with a refractive index of 1.6 around

it. There is a 20 nm shift in the resonance wavelength for

maximum near-field enhancement, |E|max/E0, and absorption

cross-section, σabs, and there is a 28% increase in |E|max/E0, and

a 9% increase in σabs at the resonant wavelength due to the ad-

dition of the 2 nm thick layer around the nanospheres. Such

changes in the optical response by the nanostructure will affect

multiphoton absorption by the environment in the vicinity of

gold nanoparticle and photo-thermal emission by the gold nano-

particle. Ideally, these effects should be modeled, if they can be

properly characterized. Unfortunately, the characterization of

the immediate vicinity of nanostructures is very difficult.
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Figure 2: Maximum near-field enhancement, |E|max/E0, and absorption cross-section, σabs, of a 25 nm gold nanosphere trimer with and without inclu-
sion of 2 nm thick shell with a refractive index of 1.6.

Table 2: The effect of including the size-corrected dielectric function of gold compared to using the bulk dielectric function of gold on the maximum
near-field enhancement, (|E|max,bulk − |E|max)/|E|max,bulk, and absorption cross-section, (σabs,bulk − σabs)/σabs,bulk for a gold nanosphere trimer and a
gold nanorod at the longitudinal plasmon-resonance wavelength.

nanostructure (|E|max,bulk − |E|max)/|E|max,bulk (σabs,bulk − σabs)/σabs,bulk

s5t@560 0.17 0.165
s15t@585 0.09 0.066
s25t@640 0.04 0.003
r5t@780 0.40 0.397

r15t@800 0.09 0.044
r25t@930 0.02 0.002

In our calculations we have used size corrections to the bulk

dielectric function of gold [3]. To understand whether a correc-

tion of the bulk dielectric function of gold can effect the pre-

dicted optical breakdown thresholds, we calculated maximum

near-field enhancement and absorption cross-section for gold

nanosphere trimers with different diameters and nanorods with

the same aspect ratios. Table 2 shows the relative change in

|E|max and σabs when applying the size corrections to the dielec-

tric function of gold. As expected, for large nanostructures

(s25t@640 and r25t@930) the optical properties did not change

much after including the size-corrected dielectric function of

gold. On the other hand, for the smallest nanosphere (s5t@560)

and nanorod (r5t@780) |E|max and σabs changed by a factor of

0.17 and 0.40, respectively. In such a cases, not using the size-

corrected dielectric function of gold will lead to an underesti-

mation of the optical breakdown threshold.

The optical properties of the studied nanoparticles presented as

spectra of the maximum electric near-field enhancement are

given in Figure 3. The position of the maximum of the electric

field enhancement for different nanostructures can be seen in

Figure 4. For uncoupled nanoparticles (Figure 4a,d) the



Beilstein J. Nanotechnol. 2016, 7, 869–880.

875

Figure 3: Maximum near-field enhancement, |E|max/E0, located at the hot zones of the assemblies or poles of the monomers (see Figure 4a–d). The
dimensions of the particles are given in Table 1.

Figure 4: (a–d) Plots of the relative electric field enhancement, log10(|E|/E0), of 25 nm nanospheres and nanorods, where |E| is the amplitude of the
calculated electric field and E0 is the amplitude of the incident electric field, polarized along the long axis of the nanostructure with propagation from
the bottom of the page towards the top. (e–h) the log-scale of free-electron density plasma, log10(ρe) (cm−3), 4 ps delayed after the temporal peak of
the incident laser pulse intensity and the lattice temperature, Tl (K), of the nanoparticle sampled at the end of the pulse duration. All plots are pro-
duced for nanoparticles irradiated at the resonance wavelength (see Figure 5).
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Figure 5: Nanoparticles of different morphology used in the model and corresponding parameters obtained to reach optical breakdown. The first letter
of the label (e.g., s5m@532), “s” or “r”, stands for nanosphere and nanorod, respectively. The numbers 5, 15 and 25, correspond to radius of the
nanoparticle in nanometers. “m”, “d”, “t” stands for monomer, dimer and trimer, respectively. The last number of the label corresponds to the wave-
length, λ (nm), used in the simulations. Bar plot (a), |E|max/E0, provides the data of the maximum electric field enhancement that is located in the hot
zone of the nanoparticle (see Figure 4a–d). Bar plot (b) shows the maximum lattice temperature, Tl,max, reached at the end of the laser pulse duration,
measured in the hot zone of the particle (Figure 4e–h) (the red line marks the melting temperature of gold at 1337 K [38]). Bar plot (c) compares the
volumes of the nanoparticles, Vnp. Bar plot (d) shows the absorption cross-section, σabs, of the nanoparticles and their assemblies. Bar plot (e)
compares the laser fluence, Fth, needed to reach the critical density of the free electrons for bubble formation, ρcr = 1020 cm−3 [22,34], in the
vicinity of nanoparticle. Bar plot (f) provides the ratio of optical breakdown threshold intensity for pure water for 3 ps pulses at 580 nm,
IH2O = 8.5 × 1011 (W/cm2) [56] and an aqueous environment containing gold nanoparticles, Iau (this study).

maximum electric field enhancement is located at the poles of

the nanoparticle while for dimers and trimers (Figure 4b,c) the

maximum field enhancement is in the region in between the

nanoparticles. Figure 5a is an extraction of the maximum near-

field enhancement (which we will use throughout this study)

from Figure 3, by uncoupled and coupled nanoparticles at on-

and off-resonance wavelengths. The wavelength where the

maximum near-field enhancement, |E|max/E0, peaks is located

around λ = 550 nm (Figure 3a), which is close to the second

harmonic wavelength of 532 nm of popular solid- state

Nd:YAG lasers. |E|max/E0 at the peak wavelength for mono-

mers increases with increasing radius, yielding a 2.7% increase

from 5 to 25 nm nanospheres (Figure 3a). The change of a

nanostructure morphology from a nanosphere monomer to a

dimer and trimer induce a red shift in the plasmon resonance

peak and leads to an increase of |E|max/E0 (Figure 3a).

Hovewer, the increase in |E|max/E0 at the resonance between a

nanosphere dimer and a trimer with the same diameter

decreases from 8.5% for 5 nm diameter nanostructures to 0.9%

for 25 nm diameter nanostructures (Figure 5a). The highest

changes in the maximum near-field enhancement at resonant

wavelength were found between the 25 nm nanosphere mono-

mer and its assemblies. The maximum field enhancement of the

25 nm trimer (s25t@640) was 9 times higher than that of the

25 nm monomer at the resonance wavelength and 11.5 times

higher than that of the 25 nm monomer (s25m@532) at the
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second harmonic wavelength of a Nd:YAG laser (532 nm). A

plasmon-resonance shift of λshift = 80 nm can be seen when the

assembly builds up from a 25 nm monomer (s25m) to a 25 nm

trimer (s25t) (see Figure 3a). For dimer and trimer nanospheres,

|E|max/E0 increases with the size of a nanosphere and has a

small dependence on the number of the nanoparticles. For

nanorods, |E|max/E0 decreases as the radius of the nanorod in-

creases. The aspect ratio of the nanorods does not affect

|E|max/E0, except for the 5 nm nanorod (Figure 3b).

Figure 5b shows the maximum lattice temperature, which was

sampled in the hot zone of the nanoparticle (Figure 4e–h),

Tl,max, of the gold nanoparticles and their assemblies at one full

width of the half maximum after the temporal peak of the laser

pulse. In the case of the nanosphere monomer, we see almost a

uniform distribution of temperature across the nanosphere

volume (Figure 4e), while for nanosphere assemblies and the

gold nanorod, the temperature profile reveals hot and cold zones

across the particle volume (Figure 4f–h). For all nanostructures,

the maximum lattice temperature was below the 1337 K, the

bulk melting point of gold (Figure 5b), which is still valid for

nanoparticles with radii of more than 5 nm [38]. The

lowest heating was produced using a gold nanosphere

trimer, s25t@532, exposed at the off-resonance wavelength of

532 nm.

The location of the maximum free-electron plasma density sur-

rounding the nanostructures is adjacent to the location of the

gold lattice hot temperature spots and to the location of the

maximum electric field enhancement inside of the particles

(Figure 3b–d and Figure 3f–h). This supports the understanding

that during 6 ps pulse interactions gold nanoparticles strongly

absorb light (the absorption regime) and photo-thermal emis-

sion dominates the production of seed electrons.

Figure 5c,d shows the volume (Vnp) and the absorption cross-

section (σabs) of the nanoparticles and their assemblies. The

absorption cross-section for uncoupled nanoparticles and

assemblies increases with the size of the nanoparticle, and also

increases when the on-resonance excitation is used. Figure 5e,

shows the laser fluence, Fth, needed to reach a critical density of

the free electrons, ρcr = 1020 cm−3 [22] in the vicinity of the

nanoparticle. This corresponds to the free-electron density for

bubble formation, which was experimentally observed by Vogel

et al. [34]. Although most studies have used a value of

ρcr = 1021 cm−3 as a critical plasma density required for the

optical breakdown [34], we used ρcr = 1020 cm−3 due to recent

findings by Linz et al. [57,58], which revealed a lower threshold

than previously assumed. By comparing Figure 5c, Figure 5d

and Figure 5e, we can observe some correlation between Vnp,

σabs and Fth, where a higher fluence threshold is needed for

smaller absorption cross-sections and volumes of the nanoparti-

cles. Figure 5f, provides the ratio between the optical break-

down threshold intensity for pure water (for 3 ps pulses at

580 nm IH2O = 8.5 × 1011 W/cm2 [56]) and the threshold inten-

sity of water with gold nanoparticles, Iau (this study). This

figure shows that the use of gold nanoparticles and their assem-

blies can decrease the fluence threshold by up to four orders of

magnitude.

Figure 6 shows the impact of the gold nanoparticle morphology

(nanosphere monomer, dimer, trimer and nanorods of different

size) and laser pulse characteristics (wavelength and fluence) on

the plasma density at the location of the highest enhancement of

the electric field. A lower fluence is needed to reach the optical

breakdown threshold, ρcr, for nanosphere dimers and trimers

than for monomers for all three nanoparticle radii. The lowest

fluence is needed when nanosphere dimers and trimers are irra-

diated at their on-resonance wavelengths. In Figure 6d, gold

nanorods of the same radius but with different aspect ratios

(dimer vs trimer), showed similar laser fluences (see Figure 5e)

that are required to achieve the critical plasma density. For ex-

ample, r5d@660 (nanorod “dimer”) needed Fth = 1.07 mJ/cm2

to reach the critical free-electron density, while r5t@780

(nanorod “trimer”) needed Fth = 1.02 mJ/cm2 to reach the same

density.

Figure 7 plots the threshold Fth as a function of Vnp, σabs,

|E|max/E0. Nanoparticles of different morphology but with

comparable volumes need different fluences to reach optical

breakdown threshold, which can be seen by comparing

r15t@800 against s25m@532; s15t@585, r15d@660 and

s15t@532 against each other; and r5d@660 s5t@560 and

s5t@532 against each other. On the other hand, an on-reso-

nance irradiated s25t@640 and r25d@720 with comparable

absorption cross-sections had F th = 0.37 mJ/cm3 and

Fth = 1.4 mJ/cm3, respectively. A similar situation can be seen

comparing s25d@595 against r15d@660, and s15t@585,

s25d@532 and s25t@532 against each other, where the nano-

particles with different morphology but comparable absorption

cross-section have different optical breakdown thresholds. A

power regression fit of the optical breakdown threshold versus

the volume of the nanoparticle yielded, Fth = 2.5969Vnp
−0.26

with R2 = 0.32, and a power regression fit of the optical break-

down threshold versus the absorption cross-section yield,

Fth = 0.8363σabs
−0.311 with R2 = 0.46. Figure 7c shows the rela-

tion between the maximum field enhancement for different

morphologies, wavelengths of laser irradiation and optical

breakdown threshold. A power regression fit of the optical

breakdown versus the maximum field enhancement yielded,

Fth = 44.96(|E|max/E0)−1.267 with R2 = 0.92. The strong depen-

dence of the optical breakdown threshold on the near-field en-
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Figure 6: Calculated free-electron densities for different nanoparticle morphologies and wavelengths of 6 ps laser pulses at different fluences, F. The
legend provides information about nanoparticle type (“s” means sphere and “r” means rod), incident wavelength (e.g., “@532” corresponds to 532 nm)
of the laser pulse and the aspect ratio of the nanosphere assembly or nanorod, (“m”: monomer (circles), “d”: dimer (crosses), “t”: trimer (triangles).
The numbers 5 (red), 15 (green), 25 (blue) and 5 (light red), 15 (light green), 25 (light blue) corresponds to the radii of nanospheres and nanorods in
nanometers, respectively.

Figure 7: The optical breakdown threshold, Fth, which is required to reach the critical electron density, ρcr = 1020 (cm−3), is plotted against (a) the
nanoparticle volume, Vnp, (b) the absorption cross section, σabs, and (c) the maximum near-field enhancement, |E|max/E0. Symbols and color scheme
are the same as in Figure 6 at ρe = 1020 cm−3.

hancement compared to the poor dependence on morphology

and absorption cross-section is important knowledge for the

design of appropriate nanostructures for lowering the optical

breakdown threshold.

Conclusion
We have shown that the optical breakdown threshold for pico-

second-pulse interaction with gold nanoparticles of different

morphologies is highly dependent on the near-field enhance-
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ment in the vicinity of the nanoparticle and to a lesser degree on

type, volume and absorption cross-section of the nanoparticle.

In the case of uncoupled nanoparticles the optical breakdown

threshold is highly dependent on both the absorption cross-

section and the near-field enhancement by the nanoparticle due

to the similarity in their spectral shapes. The results obtained

show that the use of nano-assemblies can lower the threshold by

four orders of magnitude in comparison to pure water [56].

These findings can further advance the use of gold nanoparti-

cles and their assemblies for applications, such as gold-medi-

ated transfection and opto-poration [45,59-61], nanoparticle-en-

hanced laser-induced breakdown spectroscopy [20,21], cell

nanosurgery [19], drug release [62,63], fabrication of func-

tional gold-antibody nanoconjugates [64] and imaging [65].

Supporting Information
Supporting Information File 1
Theory and parameters used in the model.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-7-79-S1.pdf]

Acknowledgements
The authors would like to thank Dr. N. Linz and Dr. A. Vogel

for their fruitful discussions.

References
1. Saha, K.; Agasti, S. S.; Kim, C.; Li, X.; Rotello, V. M. Chem. Rev. 2012,

112, 2739–2779. doi:10.1021/cr2001178
2. Mieszawska, A. J.; Mulder, W. J. M.; Fayad, Z. A.; Cormode, D. P.

Mol. Pharmaceutics 2013, 10, 831–847. doi:10.1021/mp3005885
3. Davletshin, Y. R.; Lombardi, A.; Cardinal, M. F.; Juvé, V.; Crut, A.;

Maioli, P.; Liz-Marzán, L. M.; Vallée, F.; Del Fatti, N.; Kumaradas, J. C.
ACS Nano 2012, 6, 8183–8193. doi:10.1021/nn302869v

4. Funston, A. M.; Novo, C.; Davis, T. J.; Mulvaney, P. Nano Lett. 2009, 9,
1651–1658. doi:10.1021/nl900034v

5. Lin, S.; Li, M.; Dujardin, E.; Girard, C.; Mann, S. Adv. Mater. 2005, 17,
2553–2559. doi:10.1002/adma.200500828

6. Pitsillides, C. M.; Joe, E. K.; Wei, X.; Anderson, R. R.; Lin, C. P.
Biophys. J. 2003, 84, 4023–4032. doi:10.1016/S0006-3495(03)75128-5

7. Yao, C.; Qu, X.; Zhang, Z.; Hüttmann, G.; Rahmanzadeh, R.
J. Biomed. Opt. 2009, 14, 054034. doi:10.1117/1.3253320

8. Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Nano Lett. 2006, 6,
662–668. doi:10.1021/nl052396o

9. Liu, K.; Zhao, N.; Kumacheva, E. Chem. Soc. Rev. 2011, 40, 656–671.
doi:10.1039/c0cs00133c

10. Fava, D.; Winnik, M. A.; Kumacheva, E. Chem. Commun. 2009,
2571–2573. doi:10.1039/B901412H

11. Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. 2005,
105, 1025–1102. doi:10.1021/cr030063a

12. Aaron, J.; Travis, K.; Harrison, N.; Sokolov, K. Nano Lett. 2009, 9,
3612–3618. doi:10.1021/nl9018275

13. Wang, L.; Zhu, Y.; Xu, L.; Chen, W.; Kuang, H.; Liu, L.; Agarwal, A.;
Xu, C.; Kotov, N. A. Angew. Chem., Int. Ed. 2010, 49, 5472–5475.
doi:10.1002/anie.200907357

14. Xu, L.; Kuang, H.; Xu, C.; Ma, W.; Wang, L.; Kotov, N. A.
J. Am. Chem. Soc. 2012, 134, 1699–1709. doi:10.1021/ja2088713

15. Lee, A.; Ahmed, A.; Dos Santos, D. P.; Coombs, N.; Park, J. I.;
Gordon, R.; Brolo, A. G.; Kumacheva, E. J. Phys. Chem. C 2012, 116,
5538–5545. doi:10.1021/jp3010597

16. Jain, P. K.; El-Sayed, M. A. Chem. Phys. Lett. 2010, 487, 153–164.
doi:10.1016/j.cplett.2010.01.062

17. Bloembergen, N. IEEE J. Quantum Electron. 1974, 10, 375–386.
doi:10.1109/JQE.1974.1068132

18. Dell’Aglio, M.; Gaudiuso, R.; De Pascale, O.; De Giacomo, A.
Appl. Surf. Sci. 2015, 348, 4–9. doi:10.1016/j.apsusc.2015.01.082

19. Boulais, E.; Lachaine, R.; Hatef, A.; Meunier, M.
J. Photochem. Photobiol., C: Photochem. Rev. 2013, 17, 26–49.
doi:10.1016/j.jphotochemrev.2013.06.001

20. De Giacomo, A.; Gaudiuso, R.; Koral, C.; Dell’Aglio, M.; De Pascale, O.
Anal. Chem. 2013, 85, 10180–10187. doi:10.1021/ac4016165

21. De Giacomo, A.; Gaudiuso, R.; Koral, C.; Dell’Aglio, M.; De Pascale, O.
Spectrochim. Acta, Part B 2014, 98, 19–27.
doi:10.1016/j.sab.2014.05.010

22. Vogel, A.; Nahen, K.; Theisen, D.; Noack, J.
IEEE J. Sel. Top. Quantum Electron. 1996, 2, 847–860.
doi:10.1109/2944.577307

23. Kennedy, P. K. IEEE J. Quantum Electron. 1995, 31, 2241–2249.
doi:10.1109/3.477753

24. Sacchi, C. A. J. Opt. Soc. Am. B 1991, 8, 337.
doi:10.1364/JOSAB.8.000337

25. Feng, Q.; Moloney, J. V.; Newell, A. C.; Wright, E. M.; Cook, K.;
Kennedy, P. K.; Hammer, D. X.; Rockwell, B. A.; Thompson, C. R.
IEEE J. Quantum Electron. 1997, 33, 127–137. doi:10.1109/3.552252

26. Noack, J.; Vogel, A. IEEE J. Quantum Electron. 1999, 35, 1156–1167.
doi:10.1109/3.777215

27. Kennedy, P. K.; Boppart, S. A.; Hammer, D. X.; Rockwell, B. A.;
Noojin, G. D.; Roach, W. P. IEEE J. Quantum Electron. 1995, 31,
2250–2257. doi:10.1109/3.477754

28. Linz, N.; Freidank, S.; Liang, X.; Noack, J.; Paltauf, G.; Vogel, A. Roles
of tunneling, multiphoton ionization, and cascade ionization for optical
breakdown in aqueous media. AFOSR International Research Initiative
Project SPC 053010 / EOARD, Grant FA 8655-05-1-3010, Final
Report; 2009.
http://www.dtic.mil/dtic/tr/fulltext/u2/a521817.pdf

29. Varghese, B.; Bonito, V.; Jurna, M.; Palero, J.; Horton, M.;
Verhagen, R. Biomed. Opt. Express 2015, 6, 1234.
doi:10.1364/BOE.6.001234

30. Bulgakova, N. M.; Stoian, R.; Rosenfeld, A.; Hertel, I. V.;
Campbell, E. E. B. Phys. Rev. B 2004, 69, 054102.
doi:10.1103/PhysRevB.69.054102

31. Boulais, É.; Lachaine, R.; Meunier, M. Nano Lett. 2012, 12,
4763–4769. doi:10.1021/nl302200w

32. Kaiser, A.; Rethfeld, B.; Vicanek, M.; Simon, G. Phys. Rev. B 2000, 61,
11437–11450. doi:10.1103/PhysRevB.61.11437

33. Vogel, A.; Busch, S.; Parlitz, U. J. Acoust. Soc. Am. 1996, 100,
148–165. doi:10.1121/1.415878

34. Vogel, A.; Noack, J.; Hüttman, G.; Paltauf, G. Appl. Phys. B 2005, 81,
1015–1047. doi:10.1007/s00340-005-2036-6

35. Hammer, D. X.; Thomas, R. J.; Noojin, G. D.; Rockwell, B. A.;
Kennedy, P. K.; Roach, W. P. IEEE J. Quantum Electron. 1996, 32,
670–678. doi:10.1109/3.488842

http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-7-79-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-7-79-S1.pdf
http://dx.doi.org/10.1021%2Fcr2001178
http://dx.doi.org/10.1021%2Fmp3005885
http://dx.doi.org/10.1021%2Fnn302869v
http://dx.doi.org/10.1021%2Fnl900034v
http://dx.doi.org/10.1002%2Fadma.200500828
http://dx.doi.org/10.1016%2FS0006-3495%2803%2975128-5
http://dx.doi.org/10.1117%2F1.3253320
http://dx.doi.org/10.1021%2Fnl052396o
http://dx.doi.org/10.1039%2Fc0cs00133c
http://dx.doi.org/10.1039%2FB901412H
http://dx.doi.org/10.1021%2Fcr030063a
http://dx.doi.org/10.1021%2Fnl9018275
http://dx.doi.org/10.1002%2Fanie.200907357
http://dx.doi.org/10.1021%2Fja2088713
http://dx.doi.org/10.1021%2Fjp3010597
http://dx.doi.org/10.1016%2Fj.cplett.2010.01.062
http://dx.doi.org/10.1109%2FJQE.1974.1068132
http://dx.doi.org/10.1016%2Fj.apsusc.2015.01.082
http://dx.doi.org/10.1016%2Fj.jphotochemrev.2013.06.001
http://dx.doi.org/10.1021%2Fac4016165
http://dx.doi.org/10.1016%2Fj.sab.2014.05.010
http://dx.doi.org/10.1109%2F2944.577307
http://dx.doi.org/10.1109%2F3.477753
http://dx.doi.org/10.1364%2FJOSAB.8.000337
http://dx.doi.org/10.1109%2F3.552252
http://dx.doi.org/10.1109%2F3.777215
http://dx.doi.org/10.1109%2F3.477754
http://www.dtic.mil/dtic/tr/fulltext/u2/a521817.pdf
http://dx.doi.org/10.1364%2FBOE.6.001234
http://dx.doi.org/10.1103%2FPhysRevB.69.054102
http://dx.doi.org/10.1021%2Fnl302200w
http://dx.doi.org/10.1103%2FPhysRevB.61.11437
http://dx.doi.org/10.1121%2F1.415878
http://dx.doi.org/10.1007%2Fs00340-005-2036-6
http://dx.doi.org/10.1109%2F3.488842


Beilstein J. Nanotechnol. 2016, 7, 869–880.

880

36. Liang, X.; Linz, N.; Noack, J.; Vogel, A. Modelling of optical breakdown
in dielectrics including thermal effects relevant for nanosecond pulses
and sequences of ultra-short laser pulses. In European Conference on
Lasers and Electro-Optics 2009 and the European Quantum
Electronics Conference, CLEO Europe - EQEC 2009; 2009; pp 1 ff.
doi:10.1109/CLEOE-EQEC.2009.5191546

37. Boulais, É.; Lachaine, R.; Meunier, M. J. Phys. Chem. C 2013, 117,
9386–9396. doi:10.1021/jp312475h

38. Plech, A.; Kotaidis, V.; Grésillon, S.; Dahmen, C.; von Plessen, G.
Phys. Rev. B 2004, 70, 195423. doi:10.1103/PhysRevB.70.195423

39. Sun, C.-K.; Vallée, F.; Acioli, L.; Ippen, E. P.; Fujimoto, J. G.
Phys. Rev. B 1993, 48, 12365. doi:10.1103/PhysRevB.48.12365

40. Link, S.; Burda, C.; Mohamed, M. B.; Nikoobakht, B.; El-Sayed, M. A.
Phys. Rev. B 2000, 61, 6086–6090. doi:10.1103/PhysRevB.61.6086

41. Spiro, A.; Lowe, M.; Pasmanik, G. Appl. Phys. A 2012, 107, 801–808.
doi:10.1007/s00339-012-6910-x

42. Bisker, G.; Yelin, D. J. Opt. Soc. Am. B 2012, 29, 1383.
doi:10.1364/JOSAB.29.001383

43. Hatef, A.; Meunier, M. Opt. Express 2015, 23, 1967.
doi:10.1364/OE.23.001967

44. Kalies, S.; Birr, T.; Heinemann, D.; Schomaker, M.; Ripken, T.;
Heisterkamp, A.; Meyer, H. J. Biophotonics 2014, 7, 474–482.
doi:10.1002/jbio.201200200

45. Heinemann, D.; Schomaker, M.; Kalies, S.; Schieck, M.; Carlson, R.;
Escobar, H. M.; Ripken, T.; Meyer, H.; Heisterkamp, A. PLoS One
2013, 8, e58604. doi:10.1371/journal.pone.0058604

46. Wang, L.; Xu, L.; Kuang, H.; Xu, C.; Kotov, N. A. Acc. Chem. Res.
2012, 45, 1916–1926. doi:10.1021/ar200305f

47. Chen, J. K.; Beraun, J. E. Numer. Heat Transf., Part A 2001, 40, 1–20.
doi:10.1080/104077801300348842

48. Hallo, L.; Bourgeade, A.; Tikhonchuk, V. T.; Mezel, C.; Breil, J.
Phys. Rev. B 2007, 76, 024101. doi:10.1103/PhysRevB.76.024101

49. COMSOL AB, COMSOL Multiphysics 4.4, Electromagnetic Module:
User’s Guide;2013.

50. Bolin, F. P.; Preuss, L. E.; Taylor, R. C.; Ference, R. J. Appl. Opt.
1989, 28, 2297–2303. doi:10.1364/AO.28.002297

51. Tearney, G. J.; Brezinski, M. E.; Bouma, B. E.; Hee, M. R.;
Southern, J. F.; Fujimoto, J. G. Opt. Lett. 1995, 20, 2258–2260.
doi:10.1364/OL.20.002258

52. Schmitt, J. M.; Knüttel, A. J. Opt. Soc. Am. A 1997, 14, 1231–1242.
doi:10.1364/JOSAA.14.001231

53. Ekici, O.; Harrison, R. K.; Durr, N. J.; Eversole, D. S.; Lee, M.;
Ben-Yakar, A. J. Phys. D: Appl. Phys. 2008, 41, 185501.
doi:10.1088/0022-3727/41/18/185501

54. Keldysh, L. V. J. Exptl. Theoret. Phys. (U.S.S.R.) 1965, 20,
1307–1314.
http://www.jetp.ac.ru/cgi-bin/dn/e_020_05_1307.pdf

55. Zolotovitskii, Ya. M.; Korshunov, L. I.; Benderskii, V. A.
Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.) 1972, 21,
760–763. doi:10.1007/BF00854468

56. Vogel, A.; Noack, J.; Nahen, K.; Theisen, D.; Busch, S.; Parlitz, U.;
Hammer, D. X.; Noojin, G. D.; Rockwell, B. A.; Birngruber, R.
Appl. Phys. B 1999, 68, 271–280. doi:10.1007/s003400050617

57. Linz, N.; Freidank, S.; Liang, X.-X.; Vogelmann, H.; Trickl, T.; Vogel, A.
Phys. Rev. B 2015, 91, 134114. doi:10.1103/PhysRevB.91.134114

58. Linz, N.; Freidank, S.; Liang, X.-X.; Vogel, A. Phys. Rev. B 2016.
Submitted.

59. Baumgart, J.; Humbert, L.; Boulais, É.; Lachaine, R.; Lebrun, J.-J.;
Meunier, M. Biomaterials 2012, 33, 2345–2350.
doi:10.1016/j.biomaterials.2011.11.062

60. Arita, Y.; Ploschner, M.; Antkowiak, M.; Gunn-Moore, F.; Dholakia, K.
Opt. Lett. 2013, 38, 3402. doi:10.1364/OL.38.003402

61. Schomaker, M.; Heinemann, D.; Kalies, S.; Willenbrock, S.;
Wagner, S.; Nolte, I.; Ripken, T.; Escobar, H.; Meyer, H. M.;
Heisterkamp, A. J. Nanobiotechnol. 2015, 13, 10.
doi:10.1186/s12951-014-0057-1

62. Ibrahimkutty, S.; Kim, J.; Cammarata, M.; Ewald, F.; Choi, J.; Ihee, H.;
Plech, A. ACS Nano 2011, 5, 3788–3794. doi:10.1021/nn200120e

63. Lukianova-Hleb, E. Y.; Belyanin, A.; Kashinath, S.; Wu, X.;
Lapotko, D. O. Biomaterials 2012, 33, 1821–1826.
doi:10.1016/j.biomaterials.2011.11.015

64. Barchanski, A.; Funk, D.; Wittich, O.; Tegenkamp, C.; Chichkov, B. N.;
Sajti, C. L. J. Phys. Chem. C 2015, 119, 9524–9533.
doi:10.1021/jp511162n

65. Lukianova-Hleb, E. Y.; Lapotko, D. O. Appl. Phys. Lett. 2012, 101,
264102. doi:10.1063/1.4772958

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.7.79

http://dx.doi.org/10.1109%2FCLEOE-EQEC.2009.5191546
http://dx.doi.org/10.1021%2Fjp312475h
http://dx.doi.org/10.1103%2FPhysRevB.70.195423
http://dx.doi.org/10.1103%2FPhysRevB.48.12365
http://dx.doi.org/10.1103%2FPhysRevB.61.6086
http://dx.doi.org/10.1007%2Fs00339-012-6910-x
http://dx.doi.org/10.1364%2FJOSAB.29.001383
http://dx.doi.org/10.1364%2FOE.23.001967
http://dx.doi.org/10.1002%2Fjbio.201200200
http://dx.doi.org/10.1371%2Fjournal.pone.0058604
http://dx.doi.org/10.1021%2Far200305f
http://dx.doi.org/10.1080%2F104077801300348842
http://dx.doi.org/10.1103%2FPhysRevB.76.024101
http://dx.doi.org/10.1364%2FAO.28.002297
http://dx.doi.org/10.1364%2FOL.20.002258
http://dx.doi.org/10.1364%2FJOSAA.14.001231
http://dx.doi.org/10.1088%2F0022-3727%2F41%2F18%2F185501
http://www.jetp.ac.ru/cgi-bin/dn/e_020_05_1307.pdf
http://dx.doi.org/10.1007%2FBF00854468
http://dx.doi.org/10.1007%2Fs003400050617
http://dx.doi.org/10.1103%2FPhysRevB.91.134114
http://dx.doi.org/10.1016%2Fj.biomaterials.2011.11.062
http://dx.doi.org/10.1364%2FOL.38.003402
http://dx.doi.org/10.1186%2Fs12951-014-0057-1
http://dx.doi.org/10.1021%2Fnn200120e
http://dx.doi.org/10.1016%2Fj.biomaterials.2011.11.015
http://dx.doi.org/10.1021%2Fjp511162n
http://dx.doi.org/10.1063%2F1.4772958
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.7.79

	Abstract
	Introduction
	Methods
	Electromagnetic (EM) model
	Two-temperature model (TTM)
	Heat transfer (HT)
	Plasma dynamics

	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References

