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We demonstrate theoretically that it is possible to exercise coherent control of the temperature in
nanostructures by laser fields. In particular we show that by use of nanosecond laser pulses it is possible to
induce a temperature distribution on a collection of nanoparticles which can last for up to thousands of
nanoseconds before assuming the temperature of the environment. Although the form of the temperature
distribution depends on the spatiotemporal control of the optical near field induced by the laser field, it is
far from being proportional to the local radiation field at a particular point due to the cooling mechanisms
which take place among the nanoparticles. We also show that it is possible to selectively heat a given
target nanoparticle with adaptive control of the illuminating laser field without a nanoscale focus.
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According to a recent definition, coherent control over a
system or a device is the modification of the output data by
the phase carried by the input data [1]. Coherent control
has been mainly applied to atoms and molecules wherein
their quantum state is determined by the interference of the
different quantum pathways induced by an external optical
field with properly designed amplitude, phase, and polar-
ization [2,3]. Ten years ago Stockman et al. proposed that
coherent control over nanostructures can be achieved by
illuminating a nanostructure with an ultrashort laser
chirped pulse [4]. When the nanostructure supports collec-
tive excitations such as surface plasmons or exciton polar-
itons, spatial control in scales of few nanometers and
temporal control of light in scales of femtoseconds by the
same pulse is possible. Besides the coherent control of
nanostructures by chirped pulses [4-7], the most efficient
spatiotemporal control of the near-field landscape is
achieved by adaptive feedback schemes and learning
algorithms [8].

In this Letter, we demonstrate that it is possible to
exercise a spatiotemporal control of the temperature in a
collection of nanoparticles (NPs), when they are illumi-
nated by coherent laser fields. Although the heating and
cooling processes of an object are traditionally considered
as incoherent processes, we will show that the final tem-
perature of a given NP in a collection of such is determined
by the phase and polarization of the incident laser pulse
when its duration is of the order of nanoseconds. For
microsecond pulses we show that besides the incident
pulse which heats the NPs, the instantaneous temperature
of a NP is also determined by the various cooling mecha-
nisms by which the NPs reach the temperature of their
environment. In order to demonstrate the above phe-
nomena, we employ a many-body theory for the exchange
of heat among the NPs and/or their environment in the
context of fluctuational electrodynamics [9-14] and of the
electromagnetic (EM) Green’s tensor formalism. The EM
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Green’s tensor and the optical field are calculated in the
framework of the discrete-dipole approximation (DDA)
[15-17].

We consider a collection of a finite number N of metallic
NPs. The NPs are illuminated by an arbitrary laser field
(sum of plane waves) and are therefore heated and begin to
exchange energy. The corresponding energy balance equa-
tion for the ith NP of the collection reads as follows:
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where T}, S;, p;.;» c,; are the temperature, radius, density,
and specific heat of the ith NP, respectively. T,,, is the
temperature of the surrounding medium (ambient Ar atoms
in our case). The left-hand side of Eq. (1) is the variation of
the thermal energy of the NP per unit time. The first term of
the right-hand side of Eq. (1) is the power absorbed by the
NP where 1,(t) is the intensity of the laser pulse and Cip;
is the absorption cross section of the NP given by [15-17]
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where  is the angular frequency, c is the speed of light in
vacuum, and Eg‘c is the amplitude of the laser field. p; is the
dipole moment and E; is the local electric field of the ith
NP given by E; = @ 'p;, where a;(w) is the polarizability
of the ith NP. p; is given by the coupled-dipole equations of
the DDA method,
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where G?j(w) is the electric part of the free-space Green’s
tensor [15-17] and EijnC is the electric field of the incident
laser pulse at the position of the jth NP. The second term of
the right-hand side of Eq. (1) is the modified Stefan-
Boltzmann law which provides the power of the thermal
radiation emitted by each NP due to the temperature
difference with the environment (o is the homonym
constant). Cype; = 15/(473) [7 dxg(x)Capsi(x) is the
(thermal) average absorption cross section of the ith NP
with g(x) = x*/[exp(x) — 1%, x = hw/kgT.

The third term of the right-hand side of Eq. (1) expresses
the radiative heat transfer among the NPs [18]. Gy =
w2 k3T/(3h) (kg being Boltzmann’s constant and h
Planck’s constant) is the quantum of thermal conductance.
T, =03/ [§dxf ()T, ;(x) is the average transmission
coefficient [19] with f(x) = x> exp(—x)/[exp(x) — 1T,
x = hw/kgT and [18]

w

T (o) = %(;)43%((1))3aj(a))Tr[G,»j(w)G;rj(w)].
“4)

T, ; € [0, 1] and it is analogous to the transmission proba-
bility of electrons in the Landauer formalism [19]. f(x) is a
function reminiscent of the mean energy of a harmonic
oscillator [19]. G;;(w) is the EM Green’s tensor for the
collection of NPs; it is also calculated within the frame-
work of the DDA method.
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FIG. 1 (color online).

The fourth term of the right-hand side of Eq. (1) is the
heat exchange via inelastic collisions between the NPs and
the ambient atoms surrounding the NPs (in our case Ar
atoms) [20,21]. F = 3 is the degrees of freedom for Ar, p is
the pressure of the Ar gas, and m, is the atomic mass of Ar.
& = 0.2 quantifies the degree of inelasticity of the NP-Ar
atom collision [21].

To begin with, we consider a chain of three spherical
NPs of the same radius [see Fig. 1(a)] described by a
Drude-type dielectric formula, ie., €(w)=1— w3}/
[w(w + iy)], where w,, is the plasma frequency and y =
0.05w,, is the inverse of the free-electron relaxation time.
Figure 1 shows the temporal evolution of the temperature
for the middle and an edge (either left or right) NP of the
triad of Fig. 1(a) when it is illuminated by various non-
chirped (Gaussian) pulses of different time scales and laser
intensities but of the same laser fluence ® = \/7rly7 =
Y1072 J/m? and carrier frequency w/w, = 0.57 (NP
surface plasmon). For the pico- and nanosecond laser
pulses, the temporal evolution of the temperature has the
same functional form (but on different time scales) and the
same asymptotic values since the characteristic time scale
for all cooling mechanisms is orders of magnitude larger
than the lifetime of the pulse. Essentially there is no
cooling of the NPs at these time scales, allowing the NPs
to maintain a constant temperature for tens or even
hundreds of nanoseconds after switching off the pulse.
This is also verified by Fig. 1(c) where cooling starts to
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Temperature vs time for an edge (solid) and middle (broken) NP of a triad of Drude-type NPs [see inset in (a)]

of radius § = 0.2¢/w,,, separated by distance d = c¢/w,, and illuminated by a right-circularly polarized nonchirped (Gaussian)
pulse I = Iyexp{—[(t — #))/7]*}, 1o = 7 and frequency w/w, = 0.57 with (a) 7 =1 ps and I, = 10'° W/m?, (b) 7 =1 ns and
I, =10" W/m?, (c) 7=1 us and I, = 10* W/m?, and (d) 7 =1 ms and I, = 10 W/m?. The ambient pressure p = 10° Pa.
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affect the temporal evolution of the temperature and the
highest temperature achieved is lower than that of
Figs. 1(a) and 1(b). Both NPs have almost the same tem-
perature during the microsecond pulse as the cooling
mechanisms catch up with the heating by the incident light.
Lastly, from Fig. 1(d) (millisecond pulse) we observe that
the laser irradiation does not differentiate the temperature
of the NPs from their environment because cooling takes
place much faster than the pulse illumination of the NPs,
keeping equilibrium conditions for every snapshot of the
pulse.

In Fig. 2 we show the temporal evolution of the absorp-
tion cross section Cy,, and the temperature for the NPs of
the triad of Fig. 1(a) for a chirped and a nonchirped pulse of
nanosecond duration. Due to the linear relationship
between frequency and time in a chirped pulse, we have
defined the top axis of Fig. 2(a) with units of (normalized)
frequency w/w,, so that Cy,(#) and Cyps(w) can be shown
in the same figure. Evidently, for the chirped pulse C
sweeps through the different plasmon resonances of the NP
triad as a result of the linear increase of the carrier fre-
quency. The two different peaks appearing in Fig. 2(a)
correspond to surface plasmon modes of orthogonal polar-
ization oscillations. Namely, the high- (low-) frequency
peak in the absorption spectrum of Fig. 2(a) occurs at a
time where w/w, = 0.47(= 0.61) and is excited by inci-
dent light polarized parallel (normal) to the chain axis. So,
for linearly polarized light, only one of the peaks appears in
the absorption cross section. By using circularly polarized
light both modes contribute to the power absorbed by the
NPs, resulting in the two peaks in the absorption cross
section Cyy,, for both NPs.
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FIG. 2 (color online). Temporal evolution of C,, (a) and of the
temperature (b) for the NPs of the triad of Fig. 1(a). The solid
lines refer to a chirped pulse I = Ijexp{—[(t— t,)/7]*} X
cos(w t +27Br?), to=1 with 7=1ns, I, =107 W/m?,
wi/w, =037, and B/w} = 0.092/(477). The dashed lines
correspond to a nonchirped (Gaussian) pulse, ie., [ =
Iyexp{—[(r — 1,)/7]*}, with carrier frequency w/w, = 0.57.
The ambient pressure p = 10° Pa.

In order to demonstrate more emphatically the spatio-
temporal control of temperature by a laser field, we have
searched for an optimized function w(f) maximizing the
temperature at the edge NPs in contrast to the trend
observed in Fig. 2 where the middle NP reaches a higher
temperature as it absorbs more power than the edge ones
for the entire frequency spectrum. In order to do so we have
made use of an evolutionary algorithm [22] for optimizing
C,ps for the edge NPs and two different incident beams of
orthogonal polarizations (see Fig. 3): evidently, by using
the optimized w(z) shown in the inset, one can reverse the
picture of Fig. 2 and heat preferentially the edge NPs. The
wave interference of the scattered fields generated by each
incident beam is essential for the preferential heating of the
edge NPs via the evolutionary algorithm.

Figure 4 reveals the role of the different cooling mecha-
nisms taking place for the triad of NPs. Figures 4(b) and 4(d)
confirm the findings of Fig. 1; i.e., the cooling rates are at
least two orders of magnitude smaller than the absorption
power for a nanosecond pulse while they become compa-
rable (except from the Stefan-Boltzmann rate) for a micro-
second pulse. Moreover, in the nanoscale, the temperature
remains practically constant with time due to the inactivity
of the cooling rates which also do not vary with time as
they are proportional to the temperature. For the micro-
second pulse, the two cooling mechanisms (heat exchange
among the NPs and inelastic collisions with ambient air)
catch up with the heating rate and can, therefore, follow the
variations of temperature. Evidently, the Stefan-Boltzmann
cooling mechanism is negligible compared to the other two
mechanisms, at least for the given ambient pressure and
configuration of NPs. It is also evident that all cooling rates
decay with the same pace for times beyond 4 us (see the
Supplemental Material [23]).
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FIG. 3. Temporal evolution of Cy, (a) and of the temperature
(b) for the NPs of the triad of Fig. 1(a). The NPs are illuminated
by two laser fields (with instantaneous frequencies given by the
inset) incident normally and corresponding to polarization par-
allel and normal to the triad axis, respectively. The envelope
function of the pulse is the same Gaussian function as in Fig. 2
and p = 10° Pa.
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FIG. 4 (color online). Temporal evolution of the temperature
[(a) and (b)] and of the corresponding heating or cooling rates
[(c) and (d)] for the edge NP of the triad of Fig. 1(a) for a right-
circularly polarized chirped pulse I = Iyexp{—[(t — t,)/7]*} X
cos(w 1 +27Br), th=17 with w;/w,=037, B/wj;=
0.092/(4r7). For (a) and (b) we have a nanosecond pulse [7 =
1 ns, I, = 107 W/m?] while for (c) and (d) we have a micro-
second pulse [T = 1 us, Iy = 10* W/m?]. Corresponding cool-
ing and heating rates [(b) and (d), respectively] of the different
mechanisms are shown in the legend.

Figure 5 deals with a linear chain of NPs of descending
size (see the inset), a configuration which which has been
proposed as a nanolens [24] and an optical xylophone when
illuminated with a coherent laser pulse [6]. As a general
observation for all NPs, the time variation of Cy,, (which is
also the spectrum of Cy,, see Fig. 2) consists of two main
peaks corresponding to the two orthogonal polarizations,
similarly to Fig. 2. However, due to the different sizes of
the NPs of the chain, the position and width of the peaks
varies for the different NPs. Moreover, due to the interac-
tion of neighboring NPs, each of the above two main peaks
may split to two peaks as a result of the hybridization of the
surface plasmons [25]. From Fig. 5(b) we see that the last
and smallest NP reaches the highest temperature despite its
lower absorption power [see Fig. 6(e)]. This is due to its
small size: the time derivative of temperature is inversely
proportional to the NP radius, i.e., dT/dt « Cy/S® =
§2/8% = 1/S). However, the instantaneous temperature
of the NP is essentially determined by the interplay of
the heating (absorption) and cooling rates. For example,
as can be seen in the inset of Fig. 5(b), from 0 to about 2 ns,
the temperature curve of the middle NP intersects the
corresponding curves of the NPs on its left (first and second
NPs), a fact which would not have been observed if the size
was the only factor determining the temperature of a given
NP. The interplay between the absorbing and cooling
processes is also manifested in Fig. 6(c) where at time ¢ =
1.57 ns a dip in the (absolute value of) the rate of heat
exchange among NPs is observed signifying a change in
sign from positive to negative; i.e., from 0 to 1.57 ns the
middle NP is heated by the rest of the NPs while from

t (ns)

FIG. 5 (color online). Temporal evolution of Cy, (a) and of the
temperature (b) for each NP of the chain shown in (a). The chain
contains five dissimilar metallic NPs separated by distance
d = c/w, and with radii S = 0.5, 0.4, 0.3, 0.2, 0.1c/w,. The
incident laser pulse is the same as the (nanosecond) chirped
pulse of Fig. 2. The inset zooms in the area denoted by the arrow.

1.57 ns onwards it is cooled (see the Supplemental
Material [23]).

In conclusion, we have demonstrated theoretically that,
via the aid of the surface plasmon excitations, one can
individually address the temperature in metallic nanostruc-
tures with subwavelength accuracy; i.e., it is possible to
impart different temperatures in different nanoparticles by
laser fields. The temperature distribution (profile) in a
certain nanostructure can be controlled in time via coherent
laser pulses such as chirped pulses as well as more com-
plicated pulses generated by adaptive optimization tech-
niques. The several cooling mechanisms are practically
inert for submicrosecond pulses, allowing for a certain
temperature distribution among the nanoparticles to last
up to several hundreds of nanoseconds. The latter may find
application in chemistry as one can, for example, exercise
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FIG. 6 (color online). Temporal evolution of the heating or
cooling rates appearing in the right-hand side of Eq. (1) for all
five NPs of the chain of Fig. 5, starting from the largest (a) to the
smallest (e). The different line styles correspond to different
heating and cooling rates as defined in Fig. 4.
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spatial and temporal control over the process of chemical
reactions taking place at the surface of the nanoparticles.
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