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Abstract: We have studied light induced processes in nanocolloids and composite materials
containing ordered and disordered aggregates of plasmonic nanoparticles accompanied by their
strong heating. A universal comprehensive physical model that combines mechanical, electro-
dynamical, and thermal interactions at nanoscale has been developed as a tool for investigations.
This model was used to gain deep insight on phenomena that take place in nanoparticle aggre-
gates under high-intensity pulsed laser radiation resulting in the suppression of nanoparticle
resonant properties. Verification of the model was carried out with single colloidal Au and Ag
nanoparticles and their aggregates.
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1. Introduction

Electromagnetic interactions in metal nanoparticles (NPs) are among the most intriguing phe-
nomena in plasmonics [1] which are used in numerous breakthrough applications: optoelec-
tronics [2–5], sensing [6–9], biomedicine [10]. Despite the fact that fundamental processes in
plasmonics are well understood nowadays, there are some specific interactions where this under-
standing has not been reached yet and which give rise to emerging applications [11]. Interaction
of NPs with high-intensity pulsed laser fields [12–14], plasmonic heating [15–17] and near-field
heat transfer [18, 19] are among them.

In the paper [20], authors investigate theoretically, numerically and experimentally the tem-
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perature distribution in metal NPs excited by a modulated incoming light, the response in ampli-
tude and phase of the temperature variations. Photothermal effects in colloidal NPs, including
energy absorption by NPs, heat exchange with the environment and phase transitions of the
particles and the environment are discussed in Ref. [21]. All of these processes are related to
strong heating and even melting of NPs [22–24]. As a consequence, Q-factor of the NP sur-
face plasmon resonance (SPR) considerably drops [25], which may dramatically change the
physical pattern of interaction between NPs (single or aggregated) and electromagnetic radia-
tion [26, 27]. Moreover, high-intensity light may cause mechanical effects due to interparticle
forces. Therefore, the development of physical model which enables to describe interrelation
between electromagnetic, thermodynamic and mechanical interactions in systems of NPs is of
topical interest. Note that in alternative models the factor of suppression of SPR in heated NPs
was not taken into account (see in particular [28]). However to get deep insight on the nature
of processes in plasmonic colloidal aggregates experimentally studied earlier in [29] and sub-
sequent publications (see below) we employed the optodynamical model proposed in [24] (its
earlier version was published in [22]). We use the optodynamical model to study the inter-
action of pulsed laser radiation of different duration with mono- and polydisperse dimers and
trimers composed of plasmonic nanoparticles as resonant domains of colloid Ag multiparticle
aggregates [30]. In paper [31] we have analyzed how the local environment and the associated
local field enhancement produced by surrounding particles affect the optodynamic processes in
resonant domains of NP aggregates, including their optical properties. In [32] we have studied
processes of interaction of pulsed laser radiation with resonant domains in Ag colloidal aggre-
gates with different interparticle gaps and particle size distributions.

Nonlinear optical effects observed in nanocolloids with silver and gold NP aggregates in-
cluded four-wave mixing of pulsed laser radiation [29], nonlinear optical activity (nonlinear
gyrotropy), spontaneous rotation of the polarization ellipse [28], non-linear absorption and re-
fraction [33–35], the reverse Faraday effect [28], the optical Kerr effect [36], harmonics gen-
eration [34], enhancement of nonlinear responses of organic molecules adsorbed on nanoparti-
cle surfaces [37] and optical memory [38–40]. In the paper [39] authors report on a record in
composite medium containing large colloidal Ag aggregates of pulsed laser radiation with five
different wavelengths of visible and near IR range in one irradiated spot.

In this paper, we summarize our previous and new results regarding thermal effects in single
and aggregated NPs in high-intensity pulsed laser fields. We show how thermal effect may
lead to new phenomena changing the usual pattern of light interaction with systems of bound
plasmonic nanoparticles.

2. Model

We have developed combined physical model which thoroughly describes interaction between
pulsed laser radiation and metal NP aggregates. Basic interactions in such systems can be di-
vided into three major parts: mechanical, electrodynamical and thermodynamical. It is obvious
that each of these parts is well known and developed, however implementation of above men-
tioned interactions into one combined model opens the opportunity to describe vast majority of
various phenomena in aggregates of NPs.

2.1. Mechanical interactions

Let us start with simple mechanical part which is based on the motion equations. Consider the
aggregate of N spherical NPs. In general case, each NP in aggregate moves under the influence
of van der Waals Fvdw, viscous Fv and light-induced optical forces Fopt. Moreover, we consider
interparticle friction Ff and elastic Fel forces to take into account interaction between touching
NPs. The motion of i-th NP (where i = 1, 2, ..., N) with mass mi can be characterized by the
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following expression:

mi r̈i = (Fvdw)i + (Fel)i +
(
Fopt

)
i
+ (Fv)i + (Ff )i , (1)

where ri denotes the position of i-th NP center of mass and double dot over the vector denotes
the time derivative. In this paper, we provide general expressions and brief explanation of these
interactions. More comprehensive study can be found in Ref. [24].

Now, let us describe each force from eq. (1) more specifically. The pair potential energy of the
van der Waals interaction between i-th and j-th NPs is described by well-known expression [41]:

(Uvdw)i j = − AH

6

⎛⎜⎜⎜⎜⎜⎝
2RiRj

h2
i j
+ 2Rihi j + 2Rj hi j

+
2RiRj

h2
i j
+ 2Rihi j + 2Rj hi j + 4RiRj

+

+ ln
h2
i j
+ 2Rihi j + 2Rj hi j

h2
i j
+ 2Rihi j + 2Rj hi j + 4RiRj

⎞⎟⎟⎟⎟⎟⎠ ,
(2)

where R is the radius of spherical NP; hi j =
∣∣∣ri j

∣∣∣− (Ri+Rj ) is the interparticle gap, ri j = ri−r j ;
AH is the Hamaker constant [42]. Therefore, one should take into account the interaction of i-th
with the rest of aggregate to get (Fvdw)i = −∑N

j=1, j�i ∂(Uvdw)i j/∂ri .
The solution of Hertz problem for deformation of two touching spheres [43] can be utilized

to determine potential energy of elastic interaction between two touching NPs with adsorption
layers (neglecting the Poisson’s ratio) [43, 44]:

(Uel)i j =
8
15

(
hi + h j − hi j

)5/2
[
(Ri + hi )(Rj + h j )

Ri + hi + Rj + h j

]1/2 (Eel)i · (Eel) j
(Eel)i + (Eel) j

H (hi + h j − hi j ). (3)

Here h is the thicknesses of unstrained NP’s adsorption layer; Eel is the elasticity modu-
lus of NP adlayer; H (x) is the Heaviside function. Thus, taking into account interaction
of i-th NP with other NPs contacting therewith, one can obtain total elastic force (Fel)i =
−∑N

j=1, j�i ∂(Uel)i j/∂ri .
Next, assume that laser pulse with duration τ irradiates NP aggregate. Then, the potential

energy of such optical interaction between NP aggregate and incident excitation can be found
as follows [45]:

Uopt = −1
4

Re
N∑

i=1

[
di · E∗ (ri ) +

1
2

di ·
(

di

ε0αi
− E(ri )

)∗
− ε0αi |E0 |2

]
· H (τ − t) . (4)

Here di is the dipole moment which is induced on i-th NP; E(ri ) is the strength of external
electromagnetic field at ri point, E0 is the amplitude of the field; αi is the dipole polarizability
of the i-th particle and symbol (∗) denotes complex conjugate. Optical force (Fopt)i which acts
on i-th NP can be found by simple derivation of eq. (4): (Fopt)i = −∂Uopt/∂ri .

Viscous friction forces acting on i-th NP moving in a viscous medium with the velocity vi
obeys the Stokes law:

(Fv)i = −6πη(Ri + hi )vi , (5)

where η is the dynamical viscosity of the interparticle medium.
Finally, we consider tangential friction force which occurs when NPs in aggregate move

transversally relative to each other. Such interaction can be described by analogy with the forces
of dry friction (although they are not the ones). The coefficient of friction is an effective param-
eter that characterizes the degree of interaction between the touching NP’s adlayers. The effec-
tive friction coefficient can significantly exceed unity due to strong intermolecular interaction
of NP’s adlayers and their non-uniform deformation. The direction of tangential friction force
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is opposite to the projection of the relative velocity of particles (vi −v j ) on the plane of adlayers
contact. Thus, the tangential friction force exerted on the i-th NP by the j-th NP is determined
by the following expression:

(Ff )i = −μ
N∑

j=1
j�i

∣∣∣(Fel)i j
∣∣∣ qi j . (6)

Here μ is the effective friction coefficient; qi j is the normalized vector of the projection of
particles relative velocity on the plane of contact of particle adlayers:

qi j =
(v j − vi ) − ni j

(
(v j − vi ) · ni j

)
∣∣∣∣(v j − vi ) − ni j

(
(v j − vi ) · ni j

)∣∣∣∣
,

where ni j = ri j/|ri j |.
2.2. Electrodynamical interactions

Electrodynamical part is based on the coupled dipole approximation [46], which allows one to
calculate the electromagnetic interactions between NPs, incident radiation and a substrate [47].

Let us consider the aggregate of NPs in host medium with permittivity εM which is illumi-
nated by electromagnetic plane wave E (r) = E0 exp (ik · r). Here |k| = 2π

√
εM/λ is the wave

vector, E0 is the amplitude of the electric component of the electromagnetic field. In general
case, incident plane wave does not excite all NPs in the aggregate. We introduce coefficient κi
to take this fact into account, where κi = 1 for i-th nanoparticle which is excited by incident
field and κi = 0 otherwise. In this case, the dipole moment di induced on the i-th NP can be
described by following equation [46]:

di = ε0αi

⎡⎢⎢⎢⎢⎢⎢⎣E (ri ) κi +
N∑

j�i

Ĝ(ri , r j )d j

⎤⎥⎥⎥⎥⎥⎥⎦ , (7)

where αi is the dipole polarizability of the i-th NP, Ĝ(ri , r j ) is the 3 × 3 Green’s interaction ten-
sor that describes the electric field produced at ri by electric dipole d j located at r j . Expressions
for Ĝ(ri , r j ) can be found elsewhere [48].

Finally, the dipole polarizability of i-th NP which takes into account the radiation reaction
correction [49], has the form [50]:

α−1
i = [α(0)

i
]−1 − i

6π
|k|3 , (8)

where α(0)
i

is so-called bare or Lorenz-Lorentz quasistatic polarizability of the particle.
For the extinction efficiency of a particle ensemble surrounded by other particles we have the

formula [51] (for a single particle, averaging over ensemble is omitted):

Qe =
σe

N∑
i=1
πR2

i

. (9)

Here the extinction cross section is given by the equation

σe = 4π |k| Im
N∑

i=1

(di · E∗ (ri ))

|E0 |2
. (10)
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2.3. Thermal effects

The key effect which should be taken into account to describe the impact of thermal effects
on optical response of NP is variation of NPs permittivity under conditions of their strong
heating, e.g. in high-intensity pulsed laser field. In our work, we take into consideration the
fact that a particle can be in the melting process. Thus, the heated NP is considered as a core-
shell nanosphere with a solid core and a liquid shell. Therefore, the α(0)

i
can be described as

follows [52]:

α(0)
i
= 4πR3

i ×
(
εL
i
− εM

) (
εS
i
+ 2εL

i

)
+ f i

(
εS
i
− εL

i

) (
εM + 2εL

i

)

(
εL
i
+ 2εM

) (
εS
i
+ 2εL

i

)
+ 2 f i

(
εS
i
− εL

i

) (
εL
i
− εM

) . (11)

Here εS
i

and εL
i

are the temperature and size dependent permittivities of the particle material in
the solid and liquid state, respectively, f i is the mass fraction of solid material in the particle.
The expression (11) takes into account the extreme cases of completely solid ( f i = 0) and fully
liquid particles ( f i = 1). The full description of f i will be given below. It should be noticed that
metal NP keeps its spherical shape even in the fully liquid state due to extremely high values of
surface tension. Therefore, the expression (11) is valid for any values of f i .

Permittivities εS
i

and εL
i

take into account finite size effects (FSE) [53] and temperature de-
pendence of optical constants:

εS,L
i
= εS,L

tab +
ω2

pl

ω (ω + iΓ0)
−

ω2
pl

ω (ω + iΓi )
, (12)

where ω is the electromagnetic field frequency, εS,L
i

is the permittivity of the solid or liquid

material of the particles, εS,L
tab is the corresponding tabulated experimental values for bulk at the

temperature of 300 K for solid material [54] and at the melting point for liquid one [55], Γ0
is the time dependent bulk electron relaxation constant for corresponding temperature, ωpl is
the plasma frequency of the particle material, Γi is the temperature and size dependent electron
relaxation constant of a particle:

Γi = Γ0
(
T ion
i

)
+ A

vF

Ri

. (13)

Here vF is the Fermi velocity and T ion
i

is the temperature of ion component. The value of A is
taken to be unit in most of cases [52]. However, the relaxation processes depend on the state of
particle surface and on other factors. The dependence of the relaxation constant for solid bulk
material Γ0(T ) on the temperature can be approximated by the following expression [56]:

Γ0(T ) = bT + c, (14)

where b and c are the linear dependence coefficients obtained by linear approximation of the
experimental data [57] (detailed discussion will be published elsewhere).

Description of thermodynamical processes is based on a two-component model, that consid-
ers the temperature variations of the conduction electron and ion (crystal lattice) components of
each NP. The model takes into account heating of the electron component by incident optical ra-
diation, heat transfer between the electron and ion components, heat exchange between the ion
component and the environment [22,24], as well as size dependence of NP’s melting point [58].

The temperature of the electron subsystem Te
i

which depends on the absorption of radiation
energy by nanoparticle and on heat exchange with the crystal lattice (ion subsystem) is described
by the following expression [22]:

Ce
i

dTe
i

dt
= −g

[
Te
i − T ion

i

]
+

Wi

Vi
, (15)
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where Ce
i
= 68Te

i
J · m−3 · K−1 is the volumetric heat capacity, Vi is the volume of a spherical

particle, g = 4 × 1016 J · m−3 · K−1 is the energy exchange rate between electron and ion
subsystems, Wi is the radiation power absorbed by the particle. In dipole approximation, Wi

can be found using the equation [24]:

Wi =
ω |di |2

2ε0
Im

(
1
α∗
i

)
, (16)

where asterisk denotes the complex conjugate.
Developed model takes into account the phase transition at the melting point of the particle.

Therefore, the heat exchange between ion component of the particle with its electronic compo-
nent and the environment is described in terms of the amount of heat Qion

i
which is absorbed by

a particle [22]:

dQion
i

dt
= gVi

[
Te
i − T ion

i

]
+ υi , (17)

where υi is the rate of heat transfer between particle and its environment. The temperature of
the ion subsystem of a particle during the melting process is described as follows [24]:

T ion
i =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qion
i

Cion
i

Vi
, when Qion

i
< Q(1)

i

TL
i
, when Q(1)

i
≤ Qion

i
≤ Q(2)

n

Qion
i
− LVi

Cion
i

Vi
, when Qion

i
> Q(2)

i
.

(18)

Here L is the volumetric heat of fusion, Cion
i

is volumetric heat capacity of the ion subsystem

of the i-th particle material, TL
i
= TL (Ri ) is the size dependent melting temperature [59], Q(1)

i

is the heat that corresponds to the onset of the particle melting:

Q(1)
i
= Cion

i ViT
L
i , (19)

and Q(2)
i

is the heat that corresponds to the end of particle’s melting process:

Q(2)
i
= Q(1)

i
+ LVi . (20)

Thus, we can determine the mass fraction f i of the molten material in equation (11) as fol-
lows:

f i =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

0, when Qion
n < Q(1)

i

Qion
i
− Q(1)

i

Cion
i

Vi
, when Q(1)

i
≤ Qion

i
≤ Q(2)

i

1, when Qion
i
> Q(2)

i

. (21)

The rate of heat transfer from a particle to the environment can be found using the following
expression [43]:

υi = −κ
∫

Si

∇T (r, t) · ndS. (22)

Here κ and T (r, t) are coefficients of thermal conductivity and the temperature of host medium,
correspondingly, and n is the normal vector to the particle surface. The integration is performed
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Fig. 1. Extinction spectra of Ag — (a) and Au — (b) NPs with 20 nm radius at room
(20 ◦C, solid line) and melting (≈ 1064 ◦C) temperatures for different values of liquid
shell thicknesses h. Dielectric constant of the environment is εh = 1.78. The spectral range
on graphs is limited by experimental data for optical constants of liquid metals [57].

over the surface Si of the i-th particle. The rate of heat exchange due to the radiation is much
less than due to the thermal conductivity so that the first one is omitted in this model.

The heat equation for the environment surrounding a particle is solved to determine the values
of T (r, t):

∂T (r, t)
∂t

= aΔT (r, t), (23)

where a is the thermal diffusivity of the environment material.
The particle and the interparticle medium are heated when laser radiation is absorbed that

results in a change of the adlayer elasticity modulus due to destruction of molecular bonds in
the polymer grid of the adlayer. This occurs over finite relaxation time τr and is described by
the expression [6, 44]:

τr (T ) = τ0 exp

(
Uf

kBT

)
. (24)

The value of τ0 is assumed to be 10−12 s which is characteristic vibration period of atoms in
molecules [22,60], Uf is the energy of chemical bonds in the polymer adlayer (taken to be about
1 eV in our calculations, which is typical for the chemical bond energy of polymers). Taking
into account the finite relaxation time, the temperature dependence of the elasticity modulus is
described by the following equation [22]:

d(Eel)i
dt

= − (Eel)i
τr ((Tm)i )

, (25)

where (Tm)i is the average temperature of the heated area near the i-th particle.

3. Results

3.1. Thermal effects in single spherical nanoparticle

Let us start with the temperature dependence of SPR in isolated metal NP. As it was shown
previuosly, the heating process in Au and Ag NPs [61] or thin films [27, 62] can considerably
affect both the peak magnitude of SPR and position of its maximum. Here we present an ex-
tensive consideration of the melting process in single NP. Figure 1 shows the extinction spectra
Qe (λ) of liquid-shell/solid-core Ag and Au NPs with different core-to-shell ratio. Values of
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liquid metal permittivity at the melting temperature were taken for gold in Ref. [57] and for
silver — from Ref. [63]; at room temperature for gold — from [57] and [64], and for silver —
from [64]. It is clearly seen that SPR of NPs is strongly suppressed during the melting process.
Strong heating of NPs is accompanied by increasing scattering of electrons at the crystal lattice
defects (vacancies, dislocations, grain boundaries). This explains the significant increase of the
relaxation constant for conduction electrons at the melting point.

Our experiment on manifestation of heating and melting of Au NPs is described in detail
in [25]. Compared to silver, gold NPs are resistant to oxidation even in the temperature range
slightly above the melting point. Therefore, in our work [25] we studied annealed Au NPs
deposited on quartz substrate. These NPs do not undergo further changes during several heating
cycles up to the melting point.

In Ref. [61], Au NPs were heated to temperatures below the melting point which leads to a
broadening of SPR and a decrease of its amplitude. In [62], the same effect was observed at
the melting point of Au NPs with 2 nm, 8 nm and 15 nm radii. However considerable contribu-
tion of FSE can overcome the suppression of SPR due to heating in these cases. To get rid of
undesirable manifestation of FSE, we experimentally study NPs with much larger size, namely
≈ 56 nm. In this case FSE is nearly negligible.

Experimentally obtained data in [25] shows evolution of the extinction spectrum of Au NPs
during temperature growth beyond the melting point up to 1120 ◦C. It was shown that the NP
temperature growth results in the gradual decrease of a SPR amplitude. The complete suppres-
sion of SPR corresponds to the temperature 1120 ◦C.

3.2. Photochromic effects in disordered nanoparticle aggregates

Now we turn to practical applications of pulsed laser interaction with disordered colloidal NP
aggregates. We discuss how suppression of SPR in melting NPs can change interactions of radia-
tion with the systems of bound NPs. Colloidal plasmonic aggregates formed in disperse systems
are certainly one of the most popular objects for experimental research. For better understand-
ing of such processes, it is worthwhile to consider light interaction with resonant domains of
such aggregates. Resonant domain represents a group of several bound NPs. Such groups are
randomly distributed over a large aggregate which in turn is composed of several thousands or
more NPs [24]. Each frequency of inhomogeneously broadened plasmonic spectrum of such
aggregate corresponds to resonant frequency of individual set of domains comprising the aggre-
gate. Interaction of disordered NP aggregates with monochromatic high-intensity pulsed laser
radiation can be accompanied either by solid-liquid state transition of NPs and subsequent sharp
decrease of the SPR Q-factor or by structural changes in different resonant domains [39, 40].
Both these changes result in instant formation of narrow dips in absorption spectrum. The latter
means that disordered colloidal NP aggregates manifest photochromic effects.

Figure 2 shows numerical results based on the model [24] for modification processes in mul-
tiparticle Ag aggregates exposed to monochromatic pulsed laser radiation, which strictly speak-
ing for the first time reproduce experimental data on this effect [39, 40]. The physical model
proposed in our work provides us with opportunity to obtain further insight into the physical
nature of the processes underlying photochromic effects. We show that these effects can be
divided into dynamic and long-term types, which have different nature. Figure 2(a) shows the
dynamic effect which occurs during the pulse duration and caused by melting of NPs in resonant
domains without changes of interparticle distance. Positions of resonant domains in disordered
aggregate composed of 3000 Ag NPs and excited by incident radiation with different wave-
lengths 450 and 650 nm are shown in Fig. 2(c),(d). These figures show that we have different
set of domains spatially separated from each other (in 3D aggregate some of domain particles
are partially obscured by other NPs).

The kinetics of dynamic effects under picosecond pulsed radiation was studied in [24] and
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Fig. 2. (a), (b) — changes in extinction spectra Qe (λ) and differential spectra ΔQe (λ) =
(Qe )in − (Qe )a of monodisperse Ag NP aggregate excited by pulsed radiation with 20 ps
pulse duration and I = 2.4 × 108 W·cm−2 intensity (here (Qe )in is initial extinction,
(Qe )a is extinction after irradiation); vertical dashed lines indicate excitation wavelengths.
(a) — at the end of a pulse (dynamic effect), (b) — in 40 ns after a pulse (long-term effect);
changes in resonant domain are shown in inset (b) (see the description in the text). NP
aggregates were simulated with molecular dynamics method described in [24]. (c),(d) —
positions of resonant domains in 3D aggregate consisting of N = 3000 Ag NPs with reso-
nant wavelengths 450 nm (c) and 650 nm (d); polarization of incident field is indicated by
arrows (in both cases 200 nanoparticles are highlighted).

characteristic time was about 20 ps. After the pulse is over, NP becomes solid again. In picosec-
ond laser pulses, due to inertia of NPs, they do not have enough time to change their positions
in domains during the laser pulse neither under the action of the van der Waals forces nor under
the light-induced interaction. At such time scales, changes in the extinction spectra caused only
by the suppression of resonant properties of melted NPs which give rise to fast nonlinear optical
response of the NP aggregate [24].

Figure 2(b) shows the long-term photochromic effect. It is related to restructuring of resonant
domains caused by melting of NP polymer adsorption layers (1–2 nm thick) and degradation
of their elasticity due to contact with hot metal NP core. It results in consequent shift of adja-
cent NPs in domains to each other up to contact of their metal cores. Kinetics of such process
under nanosecond pulsed radiation was investigated in [24] and characteristic time exceeded
1–2 ns. Therefore, in the case of nanosecond pulsed laser radiation, the nonlinear response is
associated with restructuring of resonant domains. The inset in Figure 2(b) shows the fragment
of aggregate with a two-particle resonant domain (marked dark) before (left) and after (right)
its photo-induced modification. This modification is accompanied by approaching the particles
to each other due to deformation of adlayers. Note, that in nanosecond time scale the decreased
absorption in plasmonic spectrum within a dip is accompanied by increased absorption in the
long wavelength region adjacent to the dip. After the action of nanosecond pulses minor spec-
tral changes may continue in the later stages. Thus, after a pulsed laser irradiation with different

                                                                   Vol. 7, No. 2 | 1 Feb 2017 | OPTICAL MATERIALS EXPRESS 565 



wavelengths, plasmonic absorption spectrum of disordered colloidal NP aggregates may acquire
several dips exactly at the radiation wavelengths. These dips clearly demonstrates the spectral
selectivity of the modification process. Visual effect after radiation is that the region of the sam-
ple exposed to laser pulse acquires the color and polarization of the incident radiation. This
effect demonstrates a polarization selectivity because radiation with different linear polariza-
tions interacts with individual set of domains even at the same wavelengths [40].

3.3. Thermal effects in ordered nanostructures

Now we consider interaction of pulsed laser radiation with ordered nanostructures. To this end,
we study optical plasmonic waveguides (OPW) in the form of plasmonic NP chains [65, 66]
which attract significant attention due to their applicability for transmission of modulated opti-
cal radiation by means of surface plasmon polaritons (SPP). A great number of publications un-
derlines the interest in this objects. But never before the effect of strong heating of nanoparticles
in the OPW was studied. In the meanwhile, practical employment of OPWs without providing
them with cooling device will be limited.

From practical point of view, OPW is considered to be fabricated on some substrate instead
of free space. Thus, Green’s tensor in eq. (7) will be described as follows:

Ĝ(ri , r j ) = Ĝfree(ri , r j ) + Ĝrefl(ri , r j ), (26)

where Ĝfree(ri , r j ) and Ĝrefl(ri , r j ) are Green’s tensors that describe electric field in a homo-
geneous environment and reflected from the substrate, correspondingly. More comprehensive
discussion of eq. (26) can be found in [67].

Consider the simplest case of a linear chain consisting of N = 11 identical spherical Ag
NPs with 8 nm radius. NPs are arranged equidistantly in the host medium with permittivity
1.78 over the surface of the quartz substrate (see Fig. 3). Here we use spherical NPs just to
demonstrate thermal effects. The papers [65,68] show that the use of NPs in the form of prolate
or oblate spheroids can dramatically increase the transmission efficiency. The substrate keeps
constant temperature 20 ◦C. The distance between the centers of the neighboring particles is
24 nm. We assume that only the first (i = 1) locally excited NP interacts with an incident
radiation which is conventional condition for numerical study of OPW in publications (see
in particular [65, 66]). Experimentally it can be implemented by using, for example, a near-
field scanning optical microscope (NSOM) tip. Thus, transmission properties of OPW can be
described by the transmission coefficient [65, 66, 68]:

Qtr =
|dN (t) |
|d1(t = 0) | , (27)

where dN (t) and d1(t = 0) are oscillation amplitudes of dipole moments induced on the last
(at arbitrary moment of time) and the first (at initial moment of time) particles, correspondingly.
The impact of thermal effects on SPP propagation is very important factor for such type of
OPW excitation. However temperature dependence of NP’s dielectric constants is usually over-
looked in most studies. In our work we used a finite element method in original realization for
calculations of temperature distribution around OPW.

It is obvious that thermal effects in OPW should strongly depend on the intensity I of incident
laser radiation. For low I magnitudes, none of NPs will reach the melting point. However in this
case, it will be nearly impossible to register optical signal at the end of OPW due to strong SPP
attenuation. For high values of I, we will observe extreme heating of OPW NPs. In this case,
their resonant properties will be dramatically suppressed. Therefore, we consider the case of
intermediate magnitude of intensity between these two extreme cases. Our calculations show
that for I = 1.57 × 108 W · cm−2, only first NP reaches the melting point. We expect that Qtr

will not drop dramatically in this case.
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Fig. 3. The OPW geometry used in numerical simulations.
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Fig. 4. The temperature T distribution at t = 1 ns for first three OPW Ag NPs. Wavelength
λ = 402 nm and polarization along the X axis — (a). Transmission spectra of the OPW at
different moments of time: the initial moment of time (solid line); the beginning of i = 1
NP melting (dashed line); the end of i = 1 NP melting (dotted line) — (b).

Figure 4(a) represents XOY -plane (z = 0) temperature distribution in the OPW at the end
of the 1 ns pulse irradiation. We can see that only first three particles are significantly heated,
and the temperature of the i = 1 particle reaches the melting point. We take into account heat
exchange between NPs through environment and between a NP chain and thermally stable
substrate.

Transmission spectra of OPW at different stages of i = 1 particle melting process are shown
on Fig. 4(b). The OPW transmission spectrum slightly changes when the i = 1 NP reaches the
melting temperature (T ≈ 1080 K for NP with 8 nm radius, dash line). This change is associated
with the change of the dielectric constant of the particle material. It should be noticed that NP
is still in the solid state at 37 ps. However significant suppression of SPR in the i = 1 NP occurs
when it becomes fully liquid at 171 ps moment of time (the end of the first NP melting process).
It is clearly seen that OPW transmission efficiency drops threefold in this case (dotted line).
As a consequence, the transmitted energy is also reduced. In turn, it results in a decrease of
absorbed energy and the temperature of the second and subsequent NPs. The further increase
of NP temperature in a chain occurs due to heat exchange between them, between NPs and host
medium including substrate.

4. Conclusion

To conclude, we have developed experimentally verified combined theoretical model that
describes light-induced dipole interactions between NPs and surrounding medium in high-
intensity optical fields. This model takes into account vast majority of various physical phe-
nomena that take place in different systems of bound NPs. The interactions in NP aggregates
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cover three major group of the processes: mechanical, electrodynamical, thermal. The melting
processes in Au and Ag NPs have been studied numerically and experimentally [25]. Our ex-
perimental results evidence the validity of the proposed model. It was shown that the melting of
plasmonic NP sufficiently suppresses its SPR. The developed model was used to reproduce nu-
merically photochromic effects in disordered colloidal Ag NP aggregates observed experimen-
tally. Strong heating of NPs in resonant domains of aggregates explains dynamic and long-term
laser photochromic effects which have application potential in data storage devices. Finally, we
have shown that thermal effects significantly impair the transmission efficiency of OPW due
to suppression of the NP resonant properties and deterioration of SPR Q-factor. Optimal con-
ditions for stable waveguiding through OPW are limited by an intensity and wavelength of
incident pulsed laser radiation. We also conclude that technological substrates for OPWs must
be provided with cooling devices.
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