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Abstract

We have studied thermal effects occurring during excitation of optical plasmonic wavegnide (OPW) in the

form of linear chain of spherical Ag nanoparticles by pulsed laser radiation. It was shown that heating and

subsequent melting of the first irradiated particle in a chain can significantly deteriorate the transmission

officiency of QOD'W that is the crucial and limiting factor and continuous operation of OI'W requires cooling

devices, This effeet is caused by suppression of particle’s surface plasmon resonance due to reaching the

melting point temperature. We have determined optimal execitation parameters which do not significantly

alTect the transriission efliciency of OPW.
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1. Introduction

Optical plasmonic waveguides (OPW) in the
form of plasmonic nanoparticle chains [1 3] attract
significant attention in recent vears due to their
applicahility to transmit modulated and spatially-
localized optical radiation by means of surface-
plasmon polaritons (SI’P’s).  This interest is as-
gsociated  with vast majority of applications of
such chains, particularly in sensing [6-9], nano-

antennas []()., llj or creation of nanoseale opti-
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cal integrated functional elements for new types of
computing devices operating at optical frequencies
at a scales much smaller than the radiation wave-

length [12 14] and so on.

The influence of disorder [15-17], waveguide ge-
ometry [18-20], particles’” shape [21-24] on OPW
optical propertics were investigated in details in
recent. years. The ellect of a dieleclric or metal-
lic substrale on transmission |25, 26| and disper-
sion |27, 28] properties of OPW which is of pri-
mary importance for practical application of plas-
monic chainsg has been also considered. Tn most

studies, the only one, for example, the leftrmost



(first) nanoparticle in the chain is excited by ex-
ternal radiation [15-17, 25, 26]. Obviously, such
excitation will be accompanied by heating of both
the particles and surrounding medium. Heating of
nanoparticles by laser radiation was studied in re-
cent works [29-31]. However, these studies did not
take into account the effect of heating on the opti-
cal properties of nanoparticles and vice versa. Ear-
lier, in Ref. [32], the model of optodynamical effects
in resonant domains of plasmonic nanoparticle ag-
gregates was presented. This model takes into ac-
count light-induced changes of inter-particle forces
as well as the permittivity of a particle material
which occur in high intensity pulsed laser radia-
tion. Further studies made it possible to consider
the effect of heating of the particle metal core on
the quality factor of surface plasmon resonance and
to develop the improved version of the optodynam-
ical model [33, 34]. It was shown that heating of
particles and subsequent melting significantly affect
their resonant properties. Therefore, we can con-
clude that such complementary phenomenon will
obviously affect the transmission properties of the
OPW.

The approach to the description of heat ex-
change between nanoparticles and the environ-
ment [32, 33, 35] is also applicable to the case of
a single laser pulse with a duration much shorter
than the thermodynamic equilibrium establishing
time. However, these models disregard the effect of
substrate on OPW which may play the role of the
cooling device. Therefore, in our work, we have de-
veloped the thermodynamic model which takes into
account heat exchange between OPW nanoparticle,

surrounding environment and substrate as well as

Figure 1: Schematic illustration of the of OPW geometry

used in numerical simulations.

the temperature dependence of the particle optical
properties.

To the best of our knowledge, there is a lack of
data on the effect of heating of nanoparticles in
OPW on its transmission properties. Therefore, the
goal of our paper is to study the changes of OPW
transmission properties associated with heating and

melting of nanoparticles comprising the chain.

2. Model

Consider the simplest case of a linear chain con-
sisting of N = 11 identical spherical Ag nanoparti-
cles with a radius R = 8 nm. Nanoparticles are ar-
ranged equidistantly in the medium with e/ = 1.78
over the surface of the quartz substrate (see Fig. 1).
The distance between the centers of the neighbor-
ing particles is h = 24 nm. The gap between 10PW
surface and substrate is set to 0.5 nm.The particle
size is assumed to be much smaller than the wave-
length of incident radiation R < A and h < 3R.
Therefore, selected geometrical parameters provide
the validity of the dipole approximation [15-17, 21—

23] which will be used in our calculations.



2.1. Electromagnetic interactions in the OPW

We consider a local excitation of the OPW parti-
cles, which can be experimentally implemented by
using, for example, a near-field optical microscope
tip. The external field E,, = E(r,) applied to the
nth particle located at r,, can be described as fol-

lows:

E, = Egexp (ikr,,) . (1)

Here |k| = 27veH /) is the wave vector, Eq is the
amplitude of the electric component of the electro-
magnetic field.

Assume that the only n = 1 nanoparticle inter-
acts with an external field so that E,, = 0 for n # 1.
In this case, the dipole moment d,, induced on the
nth particle can be described by the coupled dipole

approximation:

N
dn = €0Qn En(snl + Z G(W;rnvrm)dm 5 (2)

m=1
where «a, is the dipole polarizability of the nth par-
ticle, 0,1 is Kronecker delta, G(w; Ipn, ) is the
3 x 3 Green’s interaction tensor describing the elec-
tric field produced at r,, by electric dipole (oscillat-
ing with frequency w) located at r,,. For OPW on
substrate, the Green’s interaction tensor is defined

as follows:

G(w;Tn,Tm) = Gree(@; T, ) + Grea (Wi T,y Ty,

(3)
where Gfrcc(w;rn,rm) and Grcﬂ(w;rn,rm) are
Green’s tensors that describe electric field in
a homogeneous environment and reflected from

the substrate, correspondingly. Expression for

Gfree(w;rn,rm) is well-known and can be found
elsewhere. Tensor Greﬂ(w;rn,rm) can be written
in the form of a Fourier integral [36-38]. Calcu-
lation of this integral represents quite complicated
task. In some cases, the integrals of G’reﬂ (W;Tp,Th)
can be evaluated along an appropriate integration
path using a Gauss-Kronrod quadrature [39] or
via analytical short-distance expansions [40]. How-
ever in this work, we use a purely numerical ap-
proach to compute Gren (w; Ty, ry). Specifically, we
compute the Fourier integral numerically by dis-
cretization. Finally, it should be noticed that sum-
mation in (2) runs over all indices, but the term
Gfrco(w; rn,r,) = 0 by definition.

An expression for the dipole polarizability for nth
nanoparticle in homogeneous environment, which
takes into account the radiation reaction correction,

has the form [41]:

NN () N R AT 4
o [ag,”] 67r||’ (4)

where a%o)

is so-called bare or Lorenz-Lorentz
quasistatic polarizability of the particle.  Self-
interaction of nth nanoparticle with field reflected
from substrate is described by G (w;ry,ry) #0.

In our work, we take into consideration the fact
that a particle can be in the melting process.
Thus, the nanoparticle is considered as a core-shell

nanosphere with a solid core and a liquid shell.

Therefore, the ') can be described as follows [42]:

ol = 4w R3

n
(e — M) (5 +2e8) + fu (e — ) (e™ +2eL)
(eh +2eM) (€5 + 2ek) + 2fn (€5 — eh) (ek — M)’

(5)




Here R, is radius of the nth particle, €3 and &
are the temperature and size dependent permittiv-
ities of the particle material in the solid and liquid
state, respectively, f, is the mass fraction of solid
material in the particle. The expression (5) takes
into account the extreme cases of completely solid
(fn = 0) and fully liquid particles (f, = 1). The
full description of f,, will be given below. It should
be noticed that Ag nanoparticle keeps its spheri-
cal shape even in the fully liquid state due to ex-
tremely high values of surface tension. Therefore,
the expression (5) is valid for any values of f,.
Permittivities €5 and X take into account finite

size effects [43]:

2 2
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where w is the electromagnetic field frequency, €}

is the permittivity of the solid or liquid material
of the particles, 55‘:1; is the corresponding tabulated
experimental values for bulk at the temperature of
300 K for solid material [44] and at the melting
point for liquid one [45], Ty is the time dependent
bulk electron relaxation constant for correspond-
ing temperature, wp is the plasma frequency of the
particle material, I",, is the temperature and size
dependent electron relaxation constant of a parti-

cle:

Lo =Ty (T2") + Ay (7)

Here vg is the Fermi velocity. The value of A is
taken to be unit in most of cases [42]. However, the
relaxation processes depend on the state of particle
surface and on other factors. The dependence of the

relaxation constant for bulk material T'o(T") on the

temperature can be approximated by the following

expression [46]:

To(T) = bT +c, (8)

where b and c are the linear dependence coefficients
obtained by linear approximation of the experimen-
tal data [47]. Detailed analysis of this model will
be published elsewhere.

To describe the transmission properties of OPW

we use the transmission coefficient [15, 20, 22]:

__ldn(®)]
Qtr— |d1(t:0)|7 (9)

where dy(¢) and d;(¢t = 0) are oscillation ampli-
tudes of dipole moments induced on the last (at
arbitrary moment of time) and the first (at initial

moment of time) particles, correspondingly.

2.2. Thermal effects in OPW

Two-component model has been developed to
describe thermodynamic processes associated with
heating of Ag nanoparticles and their environment.
Model separately calculates the temperature of the
ion and electron components of the particle. The
temperature of the electron subsystem 7,; 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 [32]:

ede _ e _ rpion %

where T'°" is the temperature of ion component,
Ce¢ = 687¢ J-m~3.K~! is the volumetric heat
capacity, V,, is the volume of a spherical particle,

g=4x10' J.-m™3.K™! is the energy exchange



rate between electron and ion subsystems, W, is
the radiation power absorbed by the particle. In
dipole approximation, W, can be found using the

equation [33]:
2
1
wldnl") () ’ (11)
260 OéfL

where asterisk denotes the complex conjugate.

W, =

The developed model takes into account the
phase transition at the melting point of a particle.
Therefore, the heat exchange between ion compo-
nent of the particle with its electronic component
and the environment is described in terms of the
amount of heat Q" which is absorbed by a parti-

cle [32]:

dQi"
dt

=gV, [TS — T};’n} + Up, (12)

where v, is the rate of heat transfer between a par-
ticle and its environment. The temperature of the
ion subsystem of a particle during the melting pro-

cess is described as follows [33]:

SE when @i < Q)
Tion = ¢ 7L, when QY < Qion < Q)
ion __ L .
%, when Q;?n > Qg)

(13)
Here L is the volumetric heat of fusion for silver,
C°n is volumetric heat capacity of the ion subsys-
tem of the nth particle material, T~ = T (R,,) is
the size dependent melting temperature [48], )

is the heat that corresponds to the onset of the par-

ticle melting:

QWY = ciony, TE, (14)

and Qg) is the heat that corresponds to the end of

particle’s melting process:

QY =Q + LV,. (15)

Thus, we can determine the mass fraction f, of

the molten material in equation (5) as follows:

0, when Q" < Q%l)
ion __ (1) )
fn = ch when Q1) < Q™ < Q)Y
1, when Q" > Q%z)

(16)
The rate of heat transfer from a particle to the
environment can be found using the following ex-

pression [49]:

Up = 7%/ VT(r,t)-ndS. (17)
Sn

Here » and T'(r,t) are coefficients of thermal con-
ductivity and the temperature of host medium, cor-
respondingly, and n is the normal vector to the par-
ticle surface. The integration is performed over the
surface S,, of the nth particle. The rate of radia-
tive heat exchange is much less than the rate of heat
transfer due to the thermal conductivity so that the

first factor is omitted in this model.
The heat equation for the environment surround-
ing a particle is solved to determine the values of

T(r,t):

oT (r,t
# = aAT(r,1), (18)
where @ is the thermal diffusivity of the environ-
ment material. The following initial and boundary

conditions are set:



e the temperatures of a particle and surrounding
medium are equal at the initial moment of time

t=0: Tion = T° = T(r,t = 0) = Ty = 300 K;

e the temperature of the environment at the sur-
face of the constant-temperature substrate is

time-independent: T'(rsup,t) = Tp = 300 K;

e the temperature of environment is constant at
infinite distance i.e. at |r| > mgx(Rn): T(x =
t00,y,2,t) = T(x,y = £oo,2,t) = T(x,y,2 =
+00,t) = 300 K;

e the temperature of surrounding media on
the particle surface is equal to the temper-
ature of the ion subsystem of a particle:

T(r—r,| = Ry, t) =To°",

3. Results and discussion

Before discussing the electromagnetic interac-
tions and thermal effects in OPW, it is insightful to
investigate these phenomena for single Ag nanopar-
ticle in the host medium with dielectric permittivity
equals to the one for water. We consider the extinc-
tion efficiency Qext of Ag sphere for different tem-
peratures and states of matter. Fig. 2 shows that
extinction efficiency drops by the factor of 1.8 and
3 when the temperature of nanoparticle reaches the
melting point (T =~ 1080 K) and when the nanopar-
tilce becomes fully liquid, correspondingly. How-
ever the maximum of extinction spectra keeps its
position through the whole thermodynamic process.
Therefore, we can conclude that spherical nanopar-
ticle does not experience any reshaping effects, and

suppression of plasmon resonance is explained only

by changes of optical constants of a nanoparticle

material upon the temperature variation.
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Figure 2: Extinction spectra of single Ag nanoparticle with
R = 8 nm for different values of temperatures and states
of matter: 1 — at room temperature; 2 — at the melting
temperature in solid state; 3 — at the melting temperature

in liquid state.

Next, we will consider the transmission proper-
ties of OPW with geometrical parameters described
in Sec. 2. Fig. 3 shows transmission coefficient
Q: for three different polarizations (aligned with
Cartesian axes) of incident radiation at the initial
t = 0 moment of time when the temperature of the
whole system is 7' = 300 K. It is clearly seen from
Fig. 3 that the maximum value of Qy, is reached
at A = 402 nm for X polarization (see coordinate
system on Fig. 1). Appearance of several peaks
for Q¢r(N\) which are well pronounced for X and
7 polarizations are explained by the coupling be-
tween these polarizations in the presence of sub-
strate. This phenomenon is extensively studied in
Refs. [25, 26, 28] and we do not address this effect
in our work. Since X polarization provides maxi-
mum transmission efficiency, only this case will be
considered in further calculations.

We now turn to the discussion of the tempera-
ture kinetics in OPW. It is obvious that thermal

effects in OPW strongly depend on the intensity I
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Figure 3: Transmission spectra of the OPW for different
polarizations of laser radiation. Temperature of the system

is T'= 300 K.

of incident laser radiation. For low values of I, none
of nanoparticles will reach the melting point tem-
perature. However, in this case, it will be nearly
impossible to register optical signal at the termi-
nal of OPW due to the strong SPP attenuation. In
accordance with Fig. 3, SPP amplitude at the last
particle of OPW drops by 70 times even in the case
of the best transmission. For high values of I, we
will observe extreme heating of OPW nanoparti-
cles. In this case, their resonant properties will be
suppressed dramatically. Therefore, in our paper
we will consider the case of intermediate magnitude
of intensity between these two extreme cases. For
the best demonstration of nanoparticle heating and
melting processes, in further calculations, we set
the intensity to I = 1.57 x 108 W/cm? value which
is reachable for common lasers. For these parame-
ters of excitation, only the first excited nanoparticle
reaches the melting point. We expect that in this
case the OPW transmission efficiency will not drop

dramatically.

Fig. 4 shows the time dependence of the ionic sub-

system temperature for the first three particles in

1200 T T T
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Figure 4: Temperature of ion subsystem for first, second
and third OPW nanoparticles during 1 ns excitation with
X\ = 402 nm and intensity I = 1.57 x 108 W/cm?. The inset

shows the slow increase of T2ion in 250-1000 ps time range.

OPW when the first particle is excited by laser ra-
diation with X polarization at A = 402 nm. We can
see that the n = 1 nanoparticle reaches the melting
point in 37 ps. The n = 2 and n = 3 nanoparticles
reach maximum temperatures T4 ~ 480 K and
Tion ~ 350 K, correspondingly, at the same mo-
ment of time. After 37 ps, for the n = 1 nanopar-
ticle the melting process continues during approxi-
mately 134 ps and then, its temperature slightly in-
creases. Finally, for ¢ > 300 ps, the temperature of
the first three nanoparticles does not change longer:
Tion ~ 1140 K, Ti*® ~ 375 K and Ti°® ~ 310 K.
However, the heat from n = 1 nanoparticle reaches
n = 2 nanoparticle at t &~ 420 ps and Ti°" slightly
increases in the time range 500-1000 ps (see the in-
set in Fig. 4). The inset shows that the temperature
of a second particle negligibly increases during ap-
proximately 1 ns. TTiLOn of n > 4 nanoparticles also
keeps nearly unchanged for the given parameters of

laser radiation.

Now we turn to consideration of the temperature-

dependent transmission spectra. Fig. 5 shows the
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Figure 5: Transmission spectra of the OPW exposed to laser
radiation with intensity I = 1.57 x 108 W/cm? at different
moments of time: the initial moment of time, ¢ = 0 (solid
line); the beginning of n = 1 nanoparticle melting, ¢t = 37 ps
(dashed line); the end of n = 1 nanoparticle melting, ¢t =

171 ps (dash-dot line).

transmission spectra of OPW (expression (9)) at
different stages of n = 1 particle melting process.
The OPW transmission spectrum slightly changes
when the n = 1 nanoparticle reaches the melt-
ing temperature (T =~ 1080 K, dash line). This
change is associated with the variation of the di-
electric constant of the particle material. It should
be noticed, that the nanoparticle is still in the solid
state at 37 ps. However significant suppression of
the n = 1 nanoparticle resonant properties occurs
when it becomes fully liquid at 171 ps moment of
time (the end of the first nanoparticle melting pro-
cess). It is clearly seen that the OPW transmis-
sion efficiency drops threefold in this case (dash-dot
line). As a consequence, the transmitted energy is
also reduced. In turn, this leads to the decrease
of the temperature of the second and subsequent
nanoparticles (see Fig. 4). The further increase of

the particle temperature in a chain occurs due to

heat exchange between them (see inset in Fig. 4).

7., nm

300

—-20-10 0

10 20 30 40 50
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Figure 6: The temperature T distribution at ¢t = 1 ns for
first three OPW nanoparticles at the central cross-section,
y = 0. The n = 1 nanoparticle is exposed to pulsed laser
radiation with I = 1.57 x 108 W/cm? intensity. Note that

colormap is given in nonlinear scale for convenience.

Fig. 6 represents XZ-plane (y = 0) temperature
distribution in the OPW at ¢ = 1 ns. The constant-
temperature substrate is shown schematically. We
see that only the first three particles are signifi-
cantly heated, and the temperature of the n = 1
particle reaches the melting point which is in full
agreement with Fig. 4. Furthermore, the tempera-
ture distribution shows that heat transfer from the
hotter particles to less heated ones takes place along
the chain due to heat exchange through an environ-

ment.

In practice, OPW is assumed to be used for trans-
mission of the digital signals, i.e. the sequence
of ones and zeros representing the presence and
absence of a pulse. Therefore, it is sufficient to
consider the most extreme OPW excitation condi-
tions in order to investigate limitations of OPW
operating parameters and changes of its transmis-
sion properties caused by heating of nanoparti-

cles. Thus, we will apply the excitation condi-



tions with maximum radiation exposure of the ini-
tial nanoparticle in a chain by pulse train with zero
time gap between pulses (for example, non-return-
to-zero (NRZ) encoding [50]), which actually cor-
responds to continuous wave (CW) excitation radi-
ation. In this case, the heating effect in OPW is
maximum. In addition, we set the condition: the
OPW must deliver at least 3 photons to its termi-
nal in order to register and to verify the transmitted
signal. Thus, we will use the term ”data transfer
rate” to describe the frequency of registration of 3
photons at the terminal of OPW.

Therefore, it is convenient to describe the waveg-
uide bandwidth in terms of data transfer rate which
is defined as v = 1/7, where 7 is the pulse dura-
tion. Here, the term ”waveguide bandwidth” is in-
terpreted as the ability of the waveguide to deliver
optical excitation with above mentioned parame-
ters. Calculations of the particle temperatures are
performed in order to determine the maximum data
transfer rate transmitted by OPW for different val-
ues of pulse duration 7. In this case, the intensity of
radiation is chosen so that as was mentioned earlier
at least three photons reaches the OPW terminal
during each pulse. It should be noticed that in or-
der to increase v, one should increase the intensity
I. Finally, the duty cycle equals 100% in all cases.

Fig. 7 shows the change of the ionic subsystem
temperature ATI°" = Tien — Tion for different val-
ues of data transfer rate in the steady signal trans-
mission mode (¢ — 0o0). Here Ti°" = 300 K is the
initial temperature of the system. We can see that
in the case of pulse duration 7 > 1.7 x 10713 s,
nanoparticles do not reach the melting point tem-

perature. Corresponding critical intensity that pro-
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Figure 7: The temperature change of ionic subsystem for
n = 1 nanoparticle temperature change for different values

of data transfer rate.

vides conditions for the onset of the melting process
is I, = 5.3 x 107 W/cm2. Thus, the data transfer
rate v = 6 x 10'2 s~ ! is the optimal to maintain the
transmission properties of the waveguide.

Therefore, in the practical implementation of
transmission of pulsed laser radiation through the
OPW one should carefully choose the intensity I
and the pulse duration 7. All of these parame-
ters should be selected to prevent melting of the
OPW particles since this phenomenon degrades the
waveguiding properties of OPW.

4. Conclusion

We have developed a theoretical model that
describes light-induced dipole interaction between
nanoparticles and surrounding medium in high-
intensity optical fields taking into account ther-
mal effects. The proposed model includes the tem-
perature dependence of dielectric permittivity of
the particle material and heat exchange between
nanoparticles and host medium.

The developed model was applied to investiga-

tion of an important aspect of the practical imple-



mentation of OPW for surface plasmon polariton
transmittance. This aspect is associated with ther-
mal effects occurring during excitation of nanopar-
ticles in OPW by pulsed laser radiation. We
have shown that thermal effects significantly im-
pair transmission efficiency of OPW due to sup-
pression of the nanoparticle surface plasmon reso-
nance and deterioration of its quality factor upon
heating of nanoparticles and their transition to the
liquid state. Optimal conditions for stable waveg-
uiding are limited by intensity and wavelength of
incident pulsed laser radiation. Another important
factor which significantly affects the transmission
properties of OPW is the data transfer rate. We
have determined the optimal pulse repetition rate
which allows one to avoid the melting of particles
and therefore, to maintain continuously the trans-
mission efficiency of OPW.

The obtained results may offer new applications
of OPWs based on its high sensitivity to the inten-
sity of incident pulsed laser radiation. The further
development of the proposed model and study of
thermal effects in OPWs or other periodic nanos-
tructures may be promising within the framework
of growing interest to new thermal-assisted appli-

cations in plasmonics [51].
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