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The rapid temperature change and the near-field enhancement resulting from resonant interactions between short
laser pulses and noble-metal nanoparticles could be utilized for precise manipulations of matter on a nanometric
scale. Here, we present a theoretical study of the relative effects of various experimental parameters, including
pulse duration, irradiance, and wavelength, and a particle’s substance, size, and shape. We show that spatially
confined, local nanometric interactions between a particle and its near surroundings are feasible using 50 nm gold
and silver nanospheres illuminated by laser pulses shorter than 70 fs and 90 fs, respectively, with no particle
melting and minimal collateral damage. The results of this work could be useful for researchers in various fields,
who aim at manipulating matter on the smallest possible scales, with high specificity and accuracy. © 2012

Optical Society of America
OCIS codes:

1. INTRODUCTION

The ability to precisely manipulate biological targets on a sub-
micrometer scale is important for many emerging fields in
biotechnology and nanotechnology. Continuous-wave and
short pulse lasers have been used for numerous clinical appli-
cations that require localized interventions [1-3], although
their effects often extend beyond the diffraction limit due
to heat diffusion and/or excessive mechanical stress. In recent
years, femtosecond pulse lasers have been shown useful for
targeting cellular and subcellular structures [4-6], including
ablation of cytoskeleton filaments and mitochondria [7], dis-
section of human chromosomes [8], membrane perforation
for DNA transfection [9], and cutting individual axons [10].
While optical microscopy has already crossed the diffraction
barrier [11,12], the manipulations of matter on the scale of less
than a few tens of nanometers, 1 order of magnitude below the
diffraction limit, still remain a challenge using optics alone.
Because of their high absorption of light at resonant wave-
lengths, noble-metal nanoparticles [13-15] have been shown
capable of bridging the gap between the microscale and
the and nanoscale, allowing specific nanosurgery and nano-
manipulation [16]. A wide range of functionalized noble-metal
nanoparticles have been demonstrated useful for biomedical
applications such as microscopy [17-20], drug delivery
[21,22], and therapy [23,24]. When resonantly illuminated with
intense short laser pulses, gold and silver nanoparticles affect
their nearby environment through a combination of three
main processes: (1) light absorption by the particle causes
heat accumulation, which gradually diffuses to its environ-
ment after a few picoseconds [25]; (2) if sufficient energy
is rapidly accumulated within the particle, an acoustic shock
wave is formed as a result of thermal expansion and vaporiza-
tion [26]; (3) the strong fields near the particle surface [27]
interact with the surrounding medium and, at sufficiently high
intensities, ionize it, producing low density plasma around the
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particle [28]. The exact contribution of each one of these
processes to the total effect strongly depends on the pulse
irradiance, duration, and wavelength, as well as on the parti-
cle’s shape and substance. The interaction between nanose-
cond pulses and nanoparticles has been shown effective
for nanofabrication of azopolymer film [29], thermolysis of
cancerous cells [30], and membrane permeabilization [31].
With significantly lower fluence threshold for ablation [32]
and smaller thermal effects [28,32], femtosecond pulses were
combined with nanoparticles for nanoprocessing of silicon
surfaces [28,33], ablation of human chromosomes [34], and
photo-thermal therapy of cancer [19].

A particularly attractive approach for inducing a true nano-
metric effect would be to utilize the strong resonant near-field
enhancement for ionizing molecules close to the particle’s sur-
face. Such a process has the potential to be truly nanometric,
since the volume of the field enhancement is comparable or
even smaller than the nanoparticle itself. Still, accumulation of
excessive heat within the nanoparticles due to the high ab-
sorption cannot be neglected in most cases, and often com-
promises the locality of the total effect. Moreover, high
pulse fluence may cause particle melting and, as a result, loss
of its optical and chemical function. Nonspherical nanoparti-
cles such as nanorods are particularly sensitive to this effect,
having a tendency to change their morphology and lose their
original function [35-38].

In this work, we theoretically study the interaction between
ultrashort (less than 10 ps) pulses and noble-metal nanopar-
ticles, with emphasis on the relative roles of thermal and io-
nization processes, for inducing effects that are limited to the
smallest possible dimensions. The main motivation of this
study is to better understand the synergy between short pulses
and small particles to manipulate biological targets such as
cells and tissues, on a nanometric scale. Owing to the high
biocompatibility of gold nanoparticles and the low toxicity
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Fig. 1. (a) Schematic illustration of nanomanipulations of cells in
culture using resonant pulse illumination of targeted gold nanoparti-
cles. (b) Schematic of the interaction geometry between polarized
light and a dielectric nanospheres of radius a.

of visible-infrared light, this approach for nanomanipulations
of biomaterials could be attractive for a wide range of
applications in the biomedical fields. An example for such
application is the disruption of the plasma membranes of spe-
cifically targeted cells for allowing transport of various mole-
cules into the cells [39] and promoting specific cell death [16]
[Fig. 1(a)]. Using numerical simulations based on Mie theory
and the rate equations for free electrons density [40], we out-
line an experimental parameter space for inducing desired
nanometric photo-thermal and/or photo-ionization effects.

2. ABSORPTION AND SCATTERING BY
NOBLE-METAL NANOSPHERES

Our physical model for the light-particle interaction, schema-
tically illustrated in Fig. 1(b), includes [41] a linearly polarized
plane wave with a center wavelength 1, propagating along the
+z axis, and a dielectric sphere of radius a and dielectric con-
stant €, surrounded by a medium characterized by a dielectric
constant ¢,,. The majority of pulse bandwidths considered in
this work are much narrower than the plasmonic bands of the
nanoparticles, and hence could be approximated as monochro-
matic for determining absorption and scattering coefficients.
Extremely short pulses with durations of 5-10 fs may have
bandwidths that approach or even exceed those of the plasmo-
nic resonances; these pulses may require a small correction
factor to account for the narrowing of the effective interaction
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bandwidth. Such a correction factor is beyond the scope of this
work, and will be neglected throughout this section.

A. Dielectric Constant of Nanoparticles

The dielectric functions of metals is the sum of the dielectric
constants of free electrons &g, and bound electrons &y,unq
[42,43);

Ep = Efree + €pounds (1)

where the bound electrons contribution is assumed to be in-
dependent of the particle’s dimension [44], and the contribu-
tion of the free electrons is given by [44]

2
(J)p

@

Efree = 1 - 5 - ,
w() + 1W0Y tree

where wy = 27¢/1, denotes the central angular frequency of
the plane wave, w, denotes the plasma frequency, and yi.
denotes the damping constant. For small particles, typically
a few nanometers in diameter, electron scattering by the par-
ticle surface needs to be considered, making the damping
coefficient a function of the particle’s radius according to [45]

(Y
iree(@) = o+ A~ 3)

where yy,c denotes the damping constant of bulk material, vz
denotes the Fermi velocity of the free electrons, and A is a
dimensionless scattering constant. For calculating the optical
properties of gold and silver particles, we use the physical
parameters summarized in Table 1.

B. Absorption and Scattering Efficiencies

Following Mie theory [41], the extinction, scattering, and ab-
sorption efficiencies, denoted by Qey, @sca, aNd Qyps, respec-
tively, are defined as the ratios between the corresponding
physical and the geometrical cross sections of the particle,
and are given by [27]

5 <
Quxt = ;@z + DRe(q; + by), @
5 =
Quea =5 @+ Dl + [bif), )
=1
and
Qabs = Qext - Qscas (6)
where

Table 1. Physical Constants of Gold and Silver Nanoparticles

Gold Silver

Parameter
(oM Plasma frequency
Ybulk Damping constant
vp Fermi velocity

A Scattering constant

1.3 x 106 Hz [13]
1.4 % 104 Hz [44]
1.41 x 10" nm - s7! [13]

1.4 x 106 Hz [46]
3.23 x 10'3 Hz [46]
1.39 x 10" nm - s7! [47]

0.25 [44] 1 [48]
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Fig. 2. Calculated Mie efficiencies of gold and silver nanospheres in water for various particle diameters and wavelengths, including the size-
dependant correction for the dielectric constant. (a) Absorption efficiency of gold nanospheres. (b) Absorption efficiency of silver nanospheres.
(c) Near-field efficiency of gold nanospheres. (d) Near-field efficiency of silver nanospheres.
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and the scattering coefficients a; and b; are given by [42,49]

_ my(ma)y;(x) -y (2)y(mx)
" my(man)& () — &)y (ma)

®

and

_ y(ma)y(x) — my () (mx)

= , 9
L= )8 ) — mE @)y (ma) ®

where m = (e,/e,)"?, and y; and & are the Riccati-Bessel
functions of order I.

An additional important quantity for the light scattered by a
noble-metal nanoparticle is the near-field efficiency, denoted
by @nr, Which represents the ability of the particle to convert
the incident wave into light intensity near its surface [27,50]:

Qv =2 ) {lal?[ @+ DI ko) + Unf}, (ka)
=1

+ @+ Dl (e} (10)
where hl(l) represents the spherical Henkel function of the first
kind of order I.

The absorption efficiencies [Eq. (6)] for gold and silver
nanoparticles in water (e,, = 1.78) are plotted in Figs. 2(a)
and 2(b), respectively, for different pulse central wavelengths
and particle diameters. Similarly, the near-field efficiencies
[Eq. (10)] for gold and silver nanoparticles are plotted in

Figs. 2(c) and 2(d), respectively. As was noted elsewhere
[36], the absorption and near-field efficiencies exhibit differ-
ent maxima for different wavelengths and diameters. For gold,
the maximal absorption is obtained for 72 nm diameter par-
ticles at 550 nm wavelength, whereas the maximal near-field
enhancement is obtained for 79 nm diameter particles at
585 nm wavelength. For silver, the maximum absorption and
near-field enhancement are both obtained at a similar wave-
length (409 nm) but for different particles diameters (37 nm
and 32 nm, respectively). The effect of the small size of the
nanoparticles [Egs. (2) and (3)] becomes significant only for
particles with diameters shorter than 7 nm [45], manifested
by a noticeable decrease in both absorption and near-field
enhancement (Fig. 2).

The wavelengths that yield the maximal absorption (4,,s)
and maximal near-field efficiencies (Iyr) are plotted in
Fig. 3(a) by solid and dashed curves, respectively, as a func-
tion of the gold (blue) and silver (red) particle diameters. Note
the consistent red shift for both metals between the wave-
lengths of maximal near-field efficiency and of maximal ab-
sorption; the maximal absorption of a 50 nm in diameter
gold nanoparticle is obtained at 536 nm wavelength, whereas
the maximal near-field enhancement occurs at 565 nm. Thus,
for the initiation of processes such as multiphoton ionization,
which require high instantaneous intensities, choosing a pulse
central wavelength that equals Ayr Would increase efficiency
and reduce undesired thermal effects due to light absorption
by the particle. While for silver nanoparticles of diameters
smaller than 80 nm, the maximal absorption efficiency at
Aabs [Fig. 3(b), solid curves] is not much different compared
to its value for Ayp [Fig. 3(b), dashed curves], it drops in gold
nanoparticles by nearly 30% at Ayp for all particle diameters.
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Fig. 3. (a) Wavelength of maximal absorption efficiency (solid
curves) and maximal near-field efficiency (dashed), for gold (blue)
and silver (red) nanospheres. (b) Maximum absorption efficiency
(solid curves) and the absorption efficiency at Axr (dashed), for gold
(blue) and silver (red) nanospheres.

For silver particles of diameters larger than 80 nm, the quad-
ruple oscillation term becomes more significant than the
dipole term, as seen in Figs. 2(b) and 2(d) for wavelengths
between 380 nm and 400 nm. These quadruple oscillations
result in a transition to shorter wavelength values for A,
[Fig. 3(a)] and a more pronounced difference between the
absorption at Axp and A,,s wavelengths [Fig. 3(b)].

The ratio between the scattered and the incident electric
fields near particles with diameters of 5 nm, 20 nm, and 50 nm

-50 0 50 -50 0
X [nm] x [nm]
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are plotted for gold nanospheres in Figs. 4(a), 4(b), and 4(c),
respectively, and for silver nanospheres in Figs. 4(d), 4(e), and
4(f), at illumination wavelengths that yield the maximum near-
field enhancement [Ayr; see Fig. 3(a)]. In all cases, the scat-
tered intensity decays to its 1/e value at a distance that equals
approximately one-tenth of the particle’s diameter [illustrated
by a dashed gray line in Fig. 4(f)]. The optical fields are nearly
symmetric in both x and z axes for all cases, where the dipole
approximation dominates the solution; the small quadruple
contribution is noticeable as a slight shift of the field pattern
toward positive z values (the propagation direction of the
incident wave).

3. FREE ELECTRON DENSITY

The interaction of intense short laser pulses with biological
media could lead to plasma formation through various physi-
cal processes, including multiphoton ionization, quantum
tunneling, and impact (or cascade) ionization by excited elec-
trons [32,40,51]. When the density of the excited electrons
(“ionized free electrons”) reaches above a critical value of ap-
proximately 102! ¢cm™3 [32], an optical breakdown occurs that
involves the breakage of nearby molecular and atomic bonds.
It has been shown experimentally that thresholds for optical
breakdown in water are similar to those in other biological
media [4,32]. For the purpose of obtaining a generic picture
of the free electron density for different pulse durations,
we assume that multiphoton and cascade ionization are the
dominant mechanisms for the production of excited electrons
[40,51], whereas losses of free electrons are primarily due to
recombination and diffusion outside the interaction volume.
Thus, the governing rate equation for the time evolution of
the free electron density p is given by [51]

dp
ar = er + NeascPe = NaiftP — Mrech™ 11)

-50 0 50

Silver, A,,=428.2 nm

-50
50 -50 0 50
X [nm]

Fig. 4. Near-field enhancement factor (scattered field amplitude divided by incident field amplitude) at Ayr (see text), including the size-dependant
correction for the dielectric constant. (a) gold, 5 nm diameter, (b) gold, 20 nm diameter, (c) gold, 50 nm diameter (d) silver, 5 nm diameter, (e) silver,
20 nm diameter, (f) silver, 50 nm diameter. The region where the near-field enhancement factor is higher than its 1/e!/2 value is marked by a gray

dashed line in (f).
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The first two terms in Eq. (11) correspond to the contribu-
tions of multiphoton ionization and cascade ionization, where
nupr and 77¢,5. denote the rate coefficients of these processes,
respectively. The third term in Eq. (11) corresponds to diffu-
sion losses [51,52] with a diffusion rate 74 given by

avT
e = _ZE _, 12
Naige 3mAZ (12)

where E,; denotes the average electron energy [32], 7 = 1.7 fs
is the mean free time between collisions [53], m denotes the
mass of an electron, and A denotes the characteristic diffu-
sion length. In this work, we approximate the diffusion length
as the radius of the nanospheres, which is the approximate
length of the high intensity near-field region [see Fig. 4(f)];
free electrons that diffuse away from the interaction volume
around the particle are removed from the total count of free
electrons. The fourth term in Eq. (11) corresponds to losses
due to electron-hole recombination, where an empirical rate
value of .. = 2 x 10 cm? - sec™! is being used [54].

The multiphoton rate coefficient np; is calculated accord-
ing to [40]

_ 2o (”"”0)g B
e =\ "h 16m’ Awicegny,

x exp(2k)@| ,/2k - 24 , (13)
ha)()
where
®(x) = / ey, (14)
0

m' denotes the reduced mass, e the electron charge, ¢ the
speed of light, ¢, the vacuum permittivity, n,, the refractive
index of the medium, and I(f) the light intensity; A =
6.5 eV is the band gap for water [55], and k = |A/(fiw) + 1]
is the number of photons needed to excite one electron across
the band gap (|| denotes an integer part of x). The light in-
tensity I(t) in Eq. (13) is calculated according to I(¢) = NI,,(?),
where I,() denotes the laser intensity and N denotes the aver-
age intensity enhancement over the interaction volume, near
the nanoparticle.

After the first free electron is produced within the interac-
tion volume, it gains sufficient energy for impact ionization by
absorbing additional photons, resulting in cascade ionization
with rate coefficient that equals [32]

n 1
T PV 235
Neasc = { Y ¢ 2 s (15)

0 pV <3

where 7;,, = kz is the time during which the electrons accel-
erate, p. denotes the electron density at time ¢ — 7;,,, and V
denotes the interaction volume for nanospheres. For the
purpose of this derivation, V is the volume of the high field
enhancement around the particle, whose cross section in the
2-z plane is illustrated by a dashed gray line in Fig. 4(f). The
coefficient 5 in Eq. (15) is given by [40]
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where M denotes the mass of a water molecule. The first term
in Eq. (16) describes the energy gain due to photon absorption
by the electrons during the laser pulse, and the second term
represents energy loss through collisions with the heavy water
molecules [40]. An average electron energy E,, = 5A /4 was
used for calculating Eq. (12) [32].

Equation (11) was numerically solved (Matlab®) assuming
a Gaussian temporal shape of duration z,:

Tp

2
I,(t) =1, exp [—4 In Z(L) } an
where I, denotes the peak irradiance of the pulse.

The temporal evolution of the free electron density near
50 nm diameter gold nanoparticles was calculated for differ-
ent pulse durations and minimal peak irradiance I, = I,
values that are sufficient for generating the critical free elec-
tron density of 102! ¢cm™ [32] (Fig. 5, solid blue curves). The
horizontal time axes in Fig. 5 are normalized by the pulse dura-
tion in each case, and the corresponding threshold peak inten-
sities of the pulses (/) are shown in each panel. In order to
emphasize the role of cascade ionization, we also plot (dashed
curves) the solutions to Eq. (11) without cascade ionization,
by setting 7., = 0 in the second term of the right-hand side
[40]. Note that cascade ionization is important for pulses in
the picosecond range, where the total electron density is
nearly 4 orders of magnitude higher than the density produced
by multiphoton ionization alone. For pulses in the femtose-
cond range, on the other hand, cascade ionization is less sig-
nificant and rapidly decreases for shorter pulses. Compared to
the simulation results obtained by Vogel et al. [32] for tightly
focused pulses in water, the threshold values for optical
breakdown mediated by gold nanoparticles are lower by at
least 1 order of magnitude owing to the contribution of the
resonant near-field enhancement, despite the extremely small
interaction volumes involved. At the irradiance thresholds,
cascade ionization dominates the interaction for pulses longer
than 10 fs in both cases, but is considerably less prevalent with
the noble-metal nanoparticles.

The ratio between the total free electron density and the
density produced by multiphoton ionization alone is plotted
in Fig. 6 for gold (blue lines) and silver (red lines) nano-
spheres of 50 nm (solid line), 20 nm (dashed line), and 5 nm
(dashed-dotted line) in diameter. Clearly, the contribution of
cascade ionization is more significant for larger nanospheres,
primarily due to the larger interaction volumes that require
lower densities for initiating the avalanche process. The ratio
between cascade and multiphoton ionization is also some-
what lower for silver particles (Fig. 6) due to their shorter
resonant wavelengths, which result in a more efficient multi-
photon ionization. By plotting (Fig. 7) the number of free
electrons in the interaction volumes around 50 nm gold (blue
lines) and silver (red lines) particles, we note that the sharp
intensity thresholds characteristic of the 100 ps pulse (dashed
lines) is less pronounced when using shorter 1 ps (dashed-
dotted lines) and 50 fs (solid lines) pulses. This is because
shorter pulses can produce significant densities of free elec-
trons without cascade ionization, which requires pulses much
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Fig. 5. Free electron density near 50 nm diameter gold nanoparticles as a function of time normalized by pulse duration with (blue solid line) and
without (dashed line) cascade ionization. (a) 7, = 1 ns. (b) 7, = 100 ps. (¢) 7, = 10 ps. (d) 7, = 1 ps. (e) 7, =50 fs. (f) 7, =5 fs.
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Fig. 6. Ratio between the maximal free electron density with and
without cascade ionization for gold (blue) and silver (red) nanopar-
ticles with diameters of 50 nm (solid), 20 nm (dashed), and 5 nm
(dotted dashed line).

longer than the time required for a single impact ioniza-
tion event.

4. NANOPARTICLES TEMPERATURE

The light energy absorbed by a nanosphere E, is related to
its absorption efficiency @,,s according to

-
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Fig. 7. Total number of free electrons in the interaction volume as a
function of pulse irradiance (normalized by its threshold intensity) for
pulse durations of 50 fs (solid), 1 ps (dashed), and 100 ps (dashed-
dotted line), for gold (blue) and silver (red) nanospheres. Sphere
diameter is 50 nm. Wavelength is equal to Ayr (maximum near-field
efficiency).

Eabs = pulse”azQabsa (18)

where I,yse = Io7y[/(4 In 2)]'/% is the total irradiance of the
Gaussian pulse of Eq. (17). For calculating the temperature of
the nanospheres after a single pulse illumination, the ab-
sorbed light energy is assumed to spread uniformly within
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Fig. 8. Temperature of gold nanospheres as a function of pulse duration and irradiance. Solid lines connect between irradiance threshold values
(circles) for optical breakdown, corresponding to free electron density of 10?! cm=. Dashed lines connect between irradiance threshold values for
the generation of a single free electron within the interaction volume. (a) 50 nm diameter sphere. (b) 20 nm sphere. (c) 5 nm sphere.

the particle [35]. Heat dissipation to the surrounding medium
can be neglected since the pulse durations considered for
these calculations are equal to or much shorter than the typi-
cal time scale required for heat transfer from the nanoparticle
to its surroundings (approximately 10 ps [25]). The melting
temperature of nanospheres is generally size dependent and
has been shown to be lower than the bulk melting temperature
for small particle diameters [56,57]. For gold nanospheres
above 20 nm in diameter, the melting temperature approaches
the bulk value (1337 °K [58]), whereas for 5 nm diameter par-
ticles, the melting temperature reduces to approximately
1100 °K [56]. For silver particles, the melting temperature of
nanospheres with diameters above 20 nm is also close (within
less than 5%) to the bulk temperature of 1234 °K [58], whereas
for 5 nm diameter particles the melting point is approximately
1000 °K [567]. Below the melting temperature, denoted here
by T,,, the final temperature T of the nanoparticles is given
by [35]

Eans
T = CpMinp + TO

Tm Em < Eabs < Em + mnpAHfus

Eabs SEwm (19)

where ¢, denotes the heat capacity (0.129J-g!.K! and
0.235 J- g1 - K! for gold and silver, respectively [58]), my,
denotes the mass of the nanoparticle, T, denotes the particle

temperature before illumination, and E,, = ¢,my, (T, — Ty) is
the energy needed to heat a particle from its initial tempera-
ture to T',. For our calculations, the bulk values of the enthal-
py of fusion at the melting point, denoted by AH,,, were used
for gold [56] and 20 nm or larger silver nanospheres [57]
(64 J-g! and 104.76 J - g7! for gold [25] and silver [58], re-
spectively), whereas for 5 nm silver nanospheres, we have
used a noticeably lower enthalpy value of 74.16 J - g~! [67].
For absorbed energies above those referred to in Eq. (19), the
particles may disintegrate [35,36] and/or undergo dramatic
physical changes that cannot be described by a single tem-
perature parameter.

The temperature of a gold nanoparticle was calculated for a
single pulse illumination at resonant wavelength for maximum
near-field enhancement, and is plotted as a function of pulse
duration and irradiance in Figs. 8(a), 8(b), and 8(c) for 50 nm,
20 nm, and 5 nm diameter particles, respectively. Gold parti-
cles of 50 nm, 20 nm, and 5 nm in diameter reach their melting
point at fluence values of 3.8 x 10~ J/cm?, 4.4 x 103 J/cm?,
and 4 x 10~3 J/cm?, respectively, as manifested by the linear
diagonal colored pattern in the plots. The regions correspond-
ing to particle temperature above the melting point [Eq. (19)]
are gray colored in the figures. Also plotted in Figs. 8(a)-8(c)
are the irradiance thresholds for optical breakdown (Iy,
[see Figs. 5(a)-5(f)] (solid line) and for producing a single free
electron within the interaction volume (dashed line). For 10 ps
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Fig. 9. Temperature of silver nanospheres as a function of pulse duration and irradiance. Solid lines connect between irradiance threshold values
(circles) for optical breakdown, corresponding to free electron density of 10?! cm=. Dashed lines connect between irradiance threshold values for
the generation of a single free electron within the interaction volume. (a) 50 nm diameter sphere. (b) 20 nm sphere. (c) 5 nm sphere.

pulses and longer, both threshold values are virtually equal
since the free electron density increases rapidly as soon as
the first electron is produced (Fig. 7). Similarly, the tempera-
ture of silver particles, and the intensity thresholds for optical
breakdown and first electron ionization, are plotted for parti-
cles of 50 nm, 20 nm, and 5 nm in diameter in Figs. 9(a), 9(b),
and 9(c), respectively. Silver particles of 50 nm, 20 nm, and 5
nm in diameter reach their melting point at fluence values of
1.3x 1073 J/em?, 6.76 x 107* J/cm?, and 9.14 x 10~* J/cm?,
respectively. In comparison with gold nanoparticles (Fig. 8),
silver nanoparticles require lower fluence values for reaching
their melting point and for producing free electrons through
multiphoton ionization.

It is evident from Figs. 8 and 9 that optical breakdown (solid
lines) in the vicinity of gold and silver nanospheres is always
accompanied by particle melting, even for pulses as short as
5 fs. When gold or silver nanospheres melt and later solidify
(after the pulse), their overall shape is not significantly af-
fected, and so are their optical properties. Therefore, nano-
spheres would inflict consistent damage to their vicinity
(acoustic bubble and/or free electrons) even for a long series
of pulses. Nonspherical particles such as nanorods, on the
other hand, may lose their original shape [35] and conse-
quently change their optical and mechanical properties.

In order to better understand the potential of gold nanorods
to mediate a nanometric effect to their environment, we have

used the field enhancement and absorption efficiencies calcu-
lated by Liu et al. [59], who applied a finite-difference time-
domain method for simulating the interaction between a
nanorod and resonant continuous-wave irradiation polarized
along its major axis. These nanorods were chosen to have a
resonance frequency at 808 nm, with a short axis length of
14 nm, an aspect ratio of 4.1, and an absorption efficiency
of Qaps = 31 [59]. Liu et al. [59] also calculated the volume
in which the intensity enhancement exceeds 1000, which is
approximately 1/(2e) of its maximum value at the particle sur-
face; this volume is used here for estimating the interaction
volume around the nanorod. Finally, the electron diffusion
length was set equal to the short radius of the nanorod,
A = 7 nm. The temperature of a gold nanorod after a single
pulse illumination is plotted in Fig. 10 for different pulse in-
tensities and durations, together with the threshold intensities
for optical breakdown (solid line) and for a single multiphoton
ionization event (dashed line). Evidently, the gold nanorod
(14 nm diameter, 4.1 aspect ratio) has a much larger geome-
trical cross section than that of a gold nanosphere with the
same volume; its high cross section to volume ratio, combined
with its high absorption efficiency, results in particle melting
at much lower fluence value of 8.88 x 10> J/cm?. Here too,
optical breakdown (solid line) near a nanorod would always
be accompanied by particle melting, regardless of pulse
duration.
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Fig. 10. Temperature of gold nanorod of 14 nm in diameter with as-
pect ratio of 4.1, as a function of pulse duration and irradiance. Solid

lines connect between irradiance threshold values (circles) for optical

breakdown, corresponding to free electron density of 10*! cm3.

Dashed lines connect between irradiance threshold values for the gen-
eration of a single free electron within the interaction volume.

5. DISCUSSION

The term “nanomanipulation” of matter generally refers to the
spatial extent of an induced physical process, and should not
be confused with the dimensions of the particles that generate
it. One approach for achieving small interaction volumes is to
illuminate a light absorbing nanoparticle with pulses much
shorter than the time needed for the heat to diffuse from the
particle. Ultrashort pulses in the femtosecond range can also
incorporate high-intensity-related processes, which may im-
prove efficiency and locality of the interaction. Shown in
Fig. 11 is a phase diagram that spans the various effects
around a noble-metal nanoparticle illuminated by a single
short pulse. Above certain irradiation thresholds (dotted line),
the absorbed energy of the pulse is converted into a vapor
bubble and an acoustic shock wave that extends over a
few tens of nanometers from the particle [26]. Such vapor bub-
bles would often be accompanied by particle melting (dark
red region) but could also occur below the melting point
(transparent red hue) for particles of diameters larger than
30 nm [60]. Taking advantage of the strong field enhancement
near the particle’s surface, free electrons could be generated
above certain intensities (dashed line), even without causing
particle melting (green region). By itself, near-field enhance-
ment is extremely local (see Fig. 4) and could affect volumes
as small as 0.1 zepto-liters (zepto = 10-2!) through multipho-
ton ionization. At such short pulses, the transition to cascade
ionization and optical breakdown (dashed-dotted line) would
occur only for much more intense pulses, a process that
would probably reduce the locality of the damage due to
the high energies that are involved.
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Fig. 11. Generalized phase diagram of the various processes induced
by optical pulses of different durations and irradiance levels illuminat-
ing gold and silver nanoparticles.

We find that local multiphoton ionization with minimal
heating and no optical breakdown could occur only within
a very small experimental parameter space. In fact, such
an effect is not possible for 5 nm gold and silver particles
[Figs. 8(c) and 9(c)] and would involve significant heating
of 20 nm diameter gold and silver particles [see Figs. 8(b)
and 9(b)]. The tested nanorod [59] would also be incapable
of inducing multiphoton ionization without significant heating
or melting (Fig. 10). Nevertheless, particles 50 nm in diameter
do allow such a process to take place; pulses shorter than 10 fs
will heat both gold and silver particles to less than 400 °C, and
could have sufficient irradiance for multiphoton ionization
without initiating cascade ionization. Higher pulse irradiances
would cause optical breakdown near 50 nm particles, always
accompanied by particle melting as well. The point in the
phase diagram that represents the transition from heat related
processes to processes with free electrons generated by multi-
photon ionization is marked by the dotted circle A in the fig-
ure. The transition points for gold and silver nanoparticles and
for the gold nanorod are summarized in Table 2.

Note that the calculations in this work assumed aquatic en-
vironment to the particles, using the refractive index of water
(n = 1.33). In a biological tissue, however, the refractive in-
dex may vary between n = 1.34 and n = 1.55 [61-63], which
would have an effect on some key parameters of our results.
For an average tissue refractive index of n =14 [62],
Axr Would be only slightly longer than that obtained for water
environment (by approximately 2% and 3.4% for gold and sil-
ver nanospheres, respectively), the absorption efficiency at

Table 2. Calculated Parameters of the Transition Point A in Fig. 11 (See Text)

Gold

Silver

50 nm nanosphere Water
Tissue
20 nm nanosphere Water
Tissue

5 nm nanosphere
14 nm nanorod, 4.1 AR Water

(70 fs, 7.7 x 101 W/cm?)
(70 fs, 5.9 x 101 W/cm?)
(10 fs, 4.7 x 101" W/cm?)
(10 fs, 4.2 x 101! W/cm?)

(10 fs, 1 x 100 W/cm?)

(80 fs, 2.3 x 1010 W/cm?)
(90 fs, 2 x 101 W/cm?)
(5 fs, 1.6 x 10" W/cm?)
(5 fs, 1.3 x 1011 W/cm?)
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Anr Would increase by a factor of approximately 1.26 and 1.06
for gold and silver nanospheres, respectively, and the local
intensity enhancement would also increase by similar factors.
As a result (see Table 2), lower fluence values would be re-
quired for melting the nanoparticles in tissue, and lower irra-
diance values (or longer pulses) would be sufficient to cause
optical breakdown.

Most of the conclusions of this study rely on data drawn
from numerous previous publications and several simplifying
assumptions that were made. While most of the above calcu-
lations are linear, and thus provide fairly large error margins,
the nonlinear nature of the multiphoton ionization process
could be sensitive to small variations in the parameters that
affect our light scattering calculations. We have found that an
error in these parameters that would affect the calculated
field-enhancement factors by 10% would result in approxi-
mately 20% change in the threshold irradiance values shown
in Table 2, for both gold and silver particles. Other resulting
parameters such as the resonance wavelengths and the
threshold pulse durations (point A in Fig. 11) were only af-
fected by approximately 10% or less.

The results obtained in this work could be useful in several
research fields in chemistry and material science, and would
be particularly attractive for various biomedical applications
that call for specific interventions on a subcellular scale. For
those applications, additional biologically related issues
would need to be addressed. First, most biomedical applica-
tions require that the nanoparticles would be highly biocom-
patible, i.e., have low toxicity to cells and tissue. Gold
nanoparticles are known to have low cytotoxicity [58,59],
while silver nanoparticles are often considered toxic [64].
Both metals would usually benefit from a thin coating layer
that would chemically isolate them from the environment
and would be used to attach the particles to their targets. Such
coating layers would be likely to be affected or damaged by
any of the light-induced physical process described above.
Second, the particle size would need to be carefully chosen
to optimize the optical effect and, at the same time, allow
for efficient particle delivery to its target. Fortunately, parti-
cles 50 nm in diameter, which were shown here as capable of
inducing nanometric effects, could be effectively targeted to
cancerous tumors through the enhanced permeability and re-
tention (EPR) effect typical of blood vessels nourishing can-
cerous tissues [65]. Third, the illumination wavelength would
have critical influence on the desired outcome; the blue reso-
nant wavelength for small silver particles could be harmful to
tissues and affect native tissue regions free of nanoparticles,
while near infrared wavelength (resonance wavelength for na-
norods) is generally considered nontoxic to living cells and
could penetrate deep into a thick tissue. Finally, a single na-
nometric effect by a single pulse would most likely be too
weak to affect its macroscopic environment; the quantity, con-
centration, and targeting accuracy of the nanoparticles would
thus play critical roles in determining the total effect on a large
heterogeneous tissue.

6. SUMMARY

In summary, by simulating the interactions between short
pulses and noble-metal nanoparticles, we have explored a
range of experimental parameters that affect the near envir-
onment of the particles. We show that while pulses in the
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nanosecond-picosecond range mainly heat the particle and
its environment, femtosecond pulses can induce complex in-
teractions that involve the generation of vapor bubbles, acous-
tic shock waves, multiphoton ionization, and optical
breakdown. The delicate balance between these processes
would eventually dictate the nature and the extent of the ef-
fect of the nanoparticle on its environment, while the total ef-
fect in the macroscopic scale would be highly sensitive to
various experimental conditions such as illumination param-
eters and particle concentration.
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