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ABSTRACT: Thanks to their ability to support localized surface
plasmons, metallic nanostructures have emerged as ideal tools to
transduce light into heat at the nanoscale, giving birth to the field
of thermoplasmonics. When arranged in a periodic array, the
localized plasmons of metallic nanostructures can interact
coherently to generate a collective mode known as a lattice
resonance. This collective mode, whose wavelength is controlled by
the periodicity of the array, produces a stronger and more
spectrally narrow optical response than that of the localized
plasmons supported by the individual nanostructures. Motivated by
the exceptional properties of the lattice resonances of periodic
arrays of metallic nanoparticles, here, we investigate their use for
applications in thermoplasmonics. Through a comprehensive analysis based on a coupled dipole model, we show that arrays
supporting a lattice resonance absorb more energy per nanoparticle, and thus achieve a much larger increase in temperature under
pulsed illumination conditions, than those that do not support such a mode. On the contrary, for continuous wave illumination
conditions, we find that the temperature increase is mostly independent of the array period for the systems under consideration.
Furthermore, by analyzing arrays with two nanoparticles per unit cell, we show that it is possible to engineer their lattice resonances
to selectively absorb light in one of the nanoparticles without exciting the other. The results of this work pave the way for the
development of thermoplasmonics applications exploiting the exceptional optical response and tunability provided by lattice
resonances.
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■ INTRODUCTION
Metallic nanostructures are remarkable tools to manipulate
light at the nanoscale due to their ability to support localized
surface plasmons. These excitations, which consist in
oscillations of the conduction electrons of the nanostructures,
couple strongly to light1 and produce very large enhancements
of the electromagnetic field in their vicinity.2 As a result,
metallic nanoparticles supporting localized plasmons display
very large absorption cross sections,3 which make them behave
as very efficient nanoscale light-to-heat transducers.4−6 Initially
regarded as an unwanted side effect, the heat generated by this
plasmon-enhanced absorption has recently motivated the
development of the field of thermoplasmonics,7 which seeks
to exploit this heat for useful purposes.8,9 The wide range of
applications of thermoplasmonics includes improved photo-
catalysis,10,11 cancer therapy,12,13 drug and gene delivery,14

thermophotovoltaics,15 nanoscale welding,16 epoxy photo-
curing,17 and water desalination,18 to cite a few.
When multiple metallic nanoparticles are placed in the

vicinity of one another, the localized plasmons that each of
them support interact, thus modifying the overall optical
properties of the system.19 Of particular interest is the case in
which identical nanoparticles are arranged in a periodic array.
Under the right conditions, these systems are able to support

collective modes known as lattice resonances20−22 that are the
result of the coherent multiple scattering between the elements
of the array enabled by the periodicity of the system.23,24 Due
to their collective nature, lattice resonances, which appear in
the spectrum at wavelengths commensurate with the
periodicity of the array, produce strong25−27 and spectrally
narrow optical responses,28−32 thus making these systems an
ideal platform for developing novel biosensors,33−36 light-
emitting devices,37−42 and color filters,43−45 among other
applications.
Periodic arrays of metallic nanoparticles have been

investigated in the context of thermoplasmonics,46 finding
that, under certain illumination conditions, there exists a
collective heating effect in which the temperature reached by
the nanoparticles in the array can be significantly different than
the one they would achieve if they were isolated.46−48 This
effect is the result of each nanoparticle acting as a heat source
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for the rest of the elements of the array and occurs even when
the nanoparticles are considered optically independent, that is,
when the optical interactions between them are negligible.
While this has been the case for most of the systems
considered in the past, recent work has studied the effect of the
optical interactions between the nanoparticles in different
types of arrangements.49−52 However, none of the systems
studied in the past fulfill the conditions to support lattice
resonances.
Here, we investigate a completely different scenario, in

which the periodicity of the array is such that the system
supports a collective lattice resonance. Using a rigorous
coupled dipole model, we show that the excitation of a lattice
resonance produces a significant enhancement of the power
absorbed per nanoparticle, which, under pulsed illumination
conditions, results in a much larger temperature increase than
for arrays that do not support such a mode. In contrast, under
continuous wave illumination, the temperature increase of the
nanoparticles is largely independent of the period of the array.
Furthermore, because the wavelength of the lattice resonance
is controlled by the period of the array, it is possible to tune
the absorption peak of the system even to wavelengths for
which the material and geometrical properties of the individual
nanoparticles prevent them from efficiently absorbing light. We

also demonstrate how periodic arrays with two nanoparticles
per unit cell can be engineered to support two different lattice
resonances, each of them sustained by one of the nanoparticles,
thus allowing them to selectively absorb the incident light. Our
results show that the lattice resonances supported by periodic
arrays of metallic nanoparticles constitute a powerful tool for
developing applications in the field of thermoplasmonics,
thanks to both their enhanced absorption per nanoparticle and
their spectral tunability.

■ RESULTS AND DISCUSSION
We consider an infinite square array of period a composed of
spherical nanoparticles with diameter D, as depicted in Figure
1a. The nanoparticles are made of gold, whose dielectric
function we take from the tabulated data of ref 53, and they are
located in water, with a uniform refractive index of n = 1.33.
We assume the size of the nanoparticles to be considerably
smaller than both the array period a and the relevant
wavelengths of light in the dielectric environment λ/n (notice
that we use λ to denote the wavelength of light in vacuum).
This allows us to model them as point dipoles with
polarizability α, which we calculate from the dipolar Mie
scattering coefficient.54 Within this limit, the response of the
whole array can be described using the coupled dipole

Figure 1. (a) Schematics of the system under consideration, consisting of an infinite array of period a made of gold nanoparticles with diameter D =
100 nm. The array is surrounded by water and excited by a predominantly x-polarized light beam of finite width with a Gaussian profile, which
propagates along the negative z-axis and is centered at the origin (i.e., x = y = 0). (b) Absorbance spectra for arrays with different periods a, as
indicated by the labels, and for a single nanoparticle (black dashed curve). In all cases, winc = 45.0 μm. (c, d) Zoom-in of the spectral region around
the lattice resonance for the arrays with a = 450 nm (c) and a = 500 nm (d). In this case, the different color curves correspond to the results for
different values of winc, as indicated by the legend, while the gray dashed curves show the response to plane-wave illumination.
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model,23,24,55−59 which, as shown in Figure S1 of the
Supporting Information, is in excellent agreement with
rigorous solutions of Maxwell’s equations obtained using a
multiple elastic scattering of multipole expansions (MESME)
approach.54,60

We calculate the absorbance of the array from the ratio
between the power that it absorbs from the incident light beam
P and the total power that is incident on it Pinc. Under the
coupled dipole model, the former is given by (see the Methods
section)
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where the integral is performed over the first Brillouin zone of
the array. In this expression, c is the speed of light in vacuum, k
= 2π/λ i s the corresponding wavenumber , and
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being the polarizability of the array and k( ) being the
lattice sum.23,61 Furthermore, Ẽ(k∥) represents the k∥
components of the electric field of the incident light beam,
whose expression is given in the Methods section. Specifically,
we consider the array to be excited by a light beam with a finite
width that is primarily polarized along the x-axis and
propagates along the negative z-axis. The beam is centered
at the origin (i.e., x = y = 0) and has a Gaussian profile whose
width is controlled by the parameter winc.
Figure 1b displays the absorbance of arrays with different

periods under excitation by such a light beam with winc = 45.0
μm. As indicated by the labels, the colored curves represent the
results for different values of a, ranging from 250 to 500 nm. In
all cases, the peak absorbance reaches values of nearly 0.5, the
maximum absorbance that a two-dimensional array of electric
dipoles can achieve under plane-wave illumination.62 However,
the wavelength at which the peak absorbance occurs spans
from ∼533 nm for a = 250 nm to ∼672 nm for a = 500 nm.
Furthermore, the resonances for the arrays with smaller values
of a have much broader lineshapes, which become significantly
narrower as a increases. This can be attributed to the fact that
the resonances supported by the arrays with smaller period are
not truly collective lattice resonances, as the ones supported by
arrays with larger a, but rather are dominated by the localized
plasmon of the individual nanoparticles.63 We can understand
this from the fact that lattice resonances appear at the poles of
the array polarizability k( ), which, for excitation with an x-
polarized field, are approximately located at the wavelengths
for which Re{α−1} and { }kRe ( )xx cancel each other. Such a
cancellation occurs on the red side of the so-called Rayleigh
anomalies, at which the real part of the lattice sum diverges to
+∞. For excitation at normal incidence, the first of the
Rayleigh anomalies happens at λ = na. As the period of the
array increases, the Rayleigh anomaly moves beyond the
wavelength of the localized plasmon resonance of the
nanoparticle. As a consequence, Re{α−1} takes increasingly
large positive values, thus forcing the cancellation condition to
shift closer to the Rayleigh anomaly, where { }kRe ( )xx is also
increasingly large. Since the lattice sum represents the strength
of the interactions between the nanoparticles of the array, a
larger value corresponds to a lattice resonance for which these
interactions play a bigger role and, therefore, is more collective
in nature.64

Importantly, as a lattice resonance becomes more collective,
it demands that a larger number of nanoparticles be uniformly
excited in order to sustain it. This means that, if the light beam
that is used to excite the array is not wide enough to uniformly
illuminate a sufficiently large number of nanoparticles, the
lattice resonance will not be efficiently excited, thus resulting in
a weaker absorbance than could otherwise be obtained.64 On
the other hand, once the light beam is wide enough to fully
excite the lattice resonance, the response of the array does not
improve by further increasing winc. At this point, the system
reaches the limiting case of plane-wave excitation, as we have
shown recently.64 For this reason, we can understand the
collectiveness of a lattice resonance from the way that the
optical response of the array evolves with winc. We perform this
analysis for a = 450 nm and a = 500 nm in Figure 1c and d,
respectively. As indicated by the legends, we consider winc
ranging from 4.5 to 45.0 μm, with lighter curves corresponding
to larger values of winc. For comparison, we show the response
of the array to plane-wave excitation using a dashed gray curve.
Examining these results, we observe that, for a = 500 nm,
whose lattice resonance is the most collective out of the arrays
we consider, only the light beam with winc = 45.0 μm produces
a response that is fully converged to the plane-wave excitation
limit. On the other hand, for a = 450 nm, the results for winc =
9.0 μm are already practically indistinguishable from those for
a plane wave, since, in this case, the lattice resonance is not as
collective.
The rest of the arrays that we study (i.e., a = 400 nm, a =

350 nm, a = 300 nm, and a = 250 nm) support resonances that
are less collective in nature. As shown in Figure S2 of the
Supporting Information, even for the smallest winc that we
consider, the absorbance for these systems is identical to their
corresponding plane-wave excitation limit. However, the array
with a = 400 nm is still much more collective than the ones
with a < 400 nm. This can be seen from the fact that the
resonance for a = 400 nm is narrower than those of the arrays
with smaller a. Moreover, this resonance, which occurs at a
wavelength of ∼578 nm, is close to the Rayleigh anomaly of
the array. For a = 400 nm, this feature appears at 532 nm and
is characterized by a sharp dip in the absorbance. In contrast,
the absorbance spectra of the arrays with a = 350 nm, a = 300
nm, and a = 250 nm are broader and appear much farther from
their corresponding Rayleigh anomalies, which all occur at
wavelengths outside of the spectral range under consideration.
Indeed, the responses of these arrays resemble the localized
plasmon of the individual nanoparticles, which we show with a
black dashed curve in Figure 1b. Specifically, we plot the
absorption cross-section of a single gold nanoparticle,
normalized to the unit cell area for the array with a = 250
nm. Clearly, the resonances for the arrays with a < 400 nm
have a similar shape to that of the single nanoparticle, although
they show differences in the peak value, spectral position, and
width. Incidentally, this comparison between the response of
the single nanoparticle and the different arrays highlights the
importance of taking into account interactions between the
nanoparticles, since they can lead to relevant differences both
when the response is very collective, as well as when it is not,
but for different reasons. In the latter case, the differences arise
primarily from near-field interactions with the nearest
neighbors. In the former case, however, the response is
dominated by lattice resonances, which originate from the far-
field interaction between the nanoparticles and therefore
would not exist without it.
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Figures 1b and S2 show that, once winc is sufficiently large
for the response of the array to be converged to the plane-wave
excitation limit, all of the arrays under consideration reach a
peak absorbance of nearly 0.5. However, it is important to note
that, due to their different periods, the arrays have a different
number of nanoparticles per unit of area, which is proportional
to 1/a2. As a consequence, for the same absorbance, the power
absorbed by each of the individual nanoparticles in the arrays
has to scale as a2. For instance, considering the arrays with a =
250 nm and a = 500 nm, the individual nanoparticles in the
latter case must absorb 4 times as much for both arrays to
exhibit the same absorbance.
In order to confirm this hypothesis, we analyze, in Figure 2,

the power absorbed by the individual nanoparticles Pi, for all of
the arrays of Figure 1b. We focus on the nanoparticles located
along both the x-axis (solid curves) and y-axis (dashed curves),
and perform the calculation of Pi using eq 5 in the Methods
section, for the wavelengths at which each array reaches its
maximum absorbance. Each panel corresponds to a different
value of winc: 45.0 (a), 18.0 (b), 9.0 (c), and 4.5 μm (d).
Furthermore, to allow for direct comparison between the
results for different winc, we choose Pinc such that the incident
light beam has the same average intensity ⟨Iinc⟩ = Pinc/(πwinc

2 ) =
1011 W m−2 in all cases.
As anticipated, for winc = 45.0 μm (Figure 2a), the power

absorbed by the individual nanoparticles is smallest for the
array with a = 250 nm and maximum for a = 500 nm, with the
latter being almost four times larger than the former.
Moreover, the slices along the x- and y-axes are identical to

one another, except for a = 500 nm, though, in that case, they
are still nearly indistinguishable. The situation is different,
however, when the light beam is not wide enough to efficiently
excite the lattice resonance, as is the case for the array with a =
500 nm when winc = 18.0 μm (Figure 2b). In this situation, a
significant asymmetry appears, with the slice along the y-axis
becoming remarkably wider than the one along the x-axis. The
explanation for this behavior is that, as we have recently shown
in ref 64, when winc is not large enough for the response of the
array to be converged to the plane-wave excitation limit, the
spatial extension of the lattice resonance exceeds that of the
incident light beam. However, this only happens along the
direction of propagation of the lattice resonance, which is
always perpendicular to the polarization of the light beam that
excites it. In addition, the power absorbed by the individual
nanoparticles of the array is significantly reduced, becoming
lower than the results for a = 400 nm. For the rest of the
arrays, on the other hand, the light beam is still able to
efficiently excite their resonances and, thus, the power
absorbed by the individual nanoparticles remains completely
unchanged. A further reduction in winc to 9.0 μm (Figure 2c)
and 4.5 μm (Figure 2d) allows the trend to continue. In
particular, for winc = 9.0 μm, the power absorbed by the
nanoparticles in the array with a = 500 nm drops below that of
every array under consideration except for the one with a =
250 nm. Meanwhile, the array with a = 450 nm still shows the
largest power absorbed by the nanoparticles, although a slight
asymmetry begins to appear. However, for winc = 4.5 μm, the
power absorbed by the nanoparticles in the a = 450 nm array

Figure 2. Power absorbed by the nanoparticles located along the x-axis (solid curves) and y-axis (dashed curves) for the arrays of Figure 1b, when
illuminated by a finite-width light beam with winc = 45.0 μm (a), winc = 18.0 μm (b), winc = 9.0 μm (c), and winc = 4.5 μm (d). In all cases, we
consider the wavelength at which the absorbance of the array is maximum and assume an average intensity of ⟨Iinc⟩ = 1011 W m−2 for the incident
light beam.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c01610
ACS Photonics 2023, 10, 274−282

277

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01610/suppl_file/ph2c01610_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


drops as well, since the lattice resonance is not fully excited.
This leaves the array with a = 400 nm as the optimum, with the
lowest power absorbed corresponding to the array with a =
500 nm.
Another way of visualizing the trends of Figure 2 is by

considering only P0, the power absorbed by the central
nanoparticle (i.e., the one located at the origin). Since the
origin is also where the light beam is centered, this
nanoparticle is the one that absorbs the most power. We
plot P0 as a function of a in Figure 3, using the left scale, for the

same values of winc considered before. As indicated by the
legend, the lightest curve displays the results for winc = 45.0
μm, with darker ones corresponding to smaller winc. For values
of a up to 400 nm, P0 almost perfectly follows a quadratic
dependence on a, as can be seen by comparing it with the red
dashed curve. Furthermore, in this range, all of the curves lie
directly on top of one another, since, as we discussed before,
the smallest winc already saturates the response of these arrays
to the plane-wave limit. The situation starts to differ when a is
increased to 450 nm. In this case, while, for the largest values
of winc, P0 still approximately follows the a2 dependence, its
value drops significantly for winc = 4.5 μm. As expected, this
effect is more pronounced for a = 500 nm, for which only the
value of P0 for winc = 45.0 μm remains close to the quadratic
trend. These results confirm that, as long as the light beam is
wide enough to efficiently excite the lattice resonance, the
power absorbed by the central nanoparticle grows approx-
imately as a2.
Importantly, the power absorbed by the central nanoparticle

can be used to estimate the increase in temperature that it
would undergo under pulsed illumination. Specifically,
following ref 65 and assuming that the duration of the pulse
τ is shorter than the time it takes for the nanoparticles to
thermalize with their environment, we can write the temper-
ature increase of the central nanoparticle for a single pulse as

=T
V c0

0

Au Au (2)

where V = πD3/6 is the volume of the nanoparticle, ρAu =
19320 kg m−3 is the mass density of gold and cAu = 129 J kg−1

K−1 its specific heat capacity. Furthermore, ϵ0 is the energy
absorbed by the nanoparticle. Here, we choose τ = 10 ps,
which is short enough for eq 2 to be valid but sufficiently long
for the light beam to be considered quasimonochromatic. This
allows us to approximate the energy absorbed by the
nanoparticle as ϵ0 ≈ P0τ. The results of this calculation are
displayed with the right scale of Figure 3, for the different
arrays and incident light beams under consideration. Since,
following eq 2, ΔT0 depends linearly on P0, the same trends
discussed before for this quantity hold true. Notably, this
means that the temperature increase grows quadratically with
the period of the array. This is true as long as the incident light
beam is sufficiently wide to fully excite their lattice resonance.
For instance, the temperature increase for a = 500 nm and winc
= 45 μm is nearly four times what is achieved with the same
average intensity incident on the array with a = 250 nm.
The situation is different, however, when the array is subject

to continuous wave illumination conditions. In this case, there
is a collective heating effect between the nanoparticles,46,47 in
which each one acts as a heat source for the rest. As a
consequence, the temperature increase for the central nano-
particle of an array can be computed as the sum of two
terms46,47

= +
| |

T
P

D
P

R2 4i

i

i
0
CW 0

0 (3)

where κ = 0.6 W m−1 K−1 is the thermal conductivity of water
and the sum runs over all of the nanoparticles in the array
except for the central one. The first term in the expression
corresponds to the temperature increase due to the direct
absorption of the central nanoparticle, while the second term
represents the collective heating effect produced by the rest of
the nanoparticles in the array.46,47 Notably, this portion of the
expression decays with the distance |Ri| of the nanoparticles
from the origin. Therefore, when analyzing the temperature
increase of the central nanoparticle, we anticipate an interplay
between the enhanced absorption per nanoparticle for the
arrays supporting collective lattice resonances and the
diminished contributions of collective heating due to the
larger separation between the nanoparticles.
Figure 4 shows ΔT0

CW as a function of a for the different
values of winc indicated by the legend. We perform the
calculations at the wavelengths at which the arrays reach their
maximum absorbance and assume a constant average intensity
⟨Iinc⟩ = 5 × 106 W m−2, which yields temperature increases on
the order of tens of Kelvins. Examining these results, we
observe that, for a given winc, ΔT0

CW does not vary significantly
with a, as long as the incident light beam is sufficiently wide to
efficiently excite the resonance supported by the arrays. We
attribute this behavior to the aforementioned interplay
between the increased absorption per nanoparticle and the
diminished collective heating effect as a grows. In particular,
when winc is sufficiently large, the second term of eq 3
dominates ΔT0

CW. Furthermore, as shown in Figure 2, the
power absorbed per nanoparticle increases as a2 and follows a
Gaussian spatial distribution, that is, Pi ∝ a2e−|Ri|d

2/wincd

2

. Then,
performing the transformation |Ri| → ρa and approximating

Figure 3. The left scale shows the power absorbed by the central
nanoparticle of the arrays, P0, as a function of a for the different winc
indicated by the legend. We perform the calculations at the
wavelength at which the absorbance of the array is maximum and
assume an average intensity of ⟨Iinc⟩ = 1011 W m−2 for the incident
light beam. The right scale shows the temperature increase of the
central nanoparticle of the array under pulsed illumination conditions.
The red dashed curve indicates a quadratic scaling with a.
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the sum in eq 3 as an integral over ρ, one can demonstrate that
ΔT0

CW is approximately independent of the array period. It is
also important to note that, in contrast to the results for pulsed
illumination conditions, the temperature increase achieved by
the central nanoparticle does depend on the value of winc.
Indeed, increasing winc from 4.5 to 45.0 μm yields
approximately an order of magnitude growth in ΔT0

CW. Such
a result is completely expected since, in the latter case, the light
beam is uniformly exciting an area that is approximately a
hundred times larger, producing a significantly stronger
collective heating effect.
So far, we have focused on arrays of nanoparticles that are

formed from the repetition of a unit cell containing a single
element. However, there has recently been significant interest
in the lattice resonances supported by arrays with multiparticle
unit cells23,32,66−70 and, in particular, bipartite arrays.59,71 Such
systems enable a greater degree of control over the optical
response of the array, since, depending on the relative positions
of the nanoparticles within the unit cell, the lattice resonances
supported by the array can have very different properties.23,59

In the context of thermoplasmonics, this can be exploited to
engineer complex heating scenarios, such as the selective
heating of a subset of nanoparticles.
To illustrate this possibility, we consider the bipartite array

depicted in the inset schematics of Figure 5. The array has a
period a = 450 nm and its unit cell is composed of two gold
nanoparticles with diameters 80 and 120 nm. The smaller
nanoparticle is located at the origin of the unit cell, while the
larger one is placed at a distance a/2 along the x-axis and a/4
along the y-axis from the other one. The black curve in Figure
5 shows the absorbance spectrum for this array when excited
by a light beam with winc = 45.0 μm. We perform this
calculation by extending eq 1 to bipartite arrays following the
approach described in refs 23 and 59. The particular
arrangement of the nanoparticles in the unit cell makes this
system support two different lattice resonances, each of which
is sustained by one of the nanoparticles.23 This can be seen by
analyzing the contributions of each nanoparticle to the total
absorbance of the array, which are displayed by the orange and

blue shaded areas, respectively, for the smaller and larger
nanoparticles. The absorbance of the smaller nanoparticle
reaches a peak value of ∼0.45 at a wavelength ∼604 nm, while,
for the larger one, a similar peak value is achieved at λ ∼ 633
nm. Importantly, the absorbance of each of the nanoparticles is
practically negligible at the wavelength at which the other one
reaches its maximum. Therefore, by using the appropriate
wavelength, the absorption of the array can be directed toward
one of the nanoparticles in the unit cell without exciting the
other one. These results demonstrate that it is possible to
selectively heat nanoparticles within an appropriately designed
multipartite array, thus highlighting the potential of the lattice
resonances of periodic arrays for achieving a high degree of
control in thermoplasmonics applications.

■ CONCLUSIONS
In summary, we have explored the use of the lattice resonances
of periodic arrays of nanoparticles for thermoplasmonics.
Using a rigorous coupled dipole model, we have shown that
arrays supporting collective lattice resonances absorb more
power per nanoparticle than those that do not support such
modes. In particular, the power absorbed per nanoparticle
scales with the inverse of the density of nanoparticles in the
array, as long as the incident light beam is sufficiently wide to
efficiently excite the lattice resonance. This means that, under
pulsed illumination, for which there is no collective heating
effect, the temperature increase of the nanoparticles in the
array grows with the square of its period. In contrast, under
continuous wave illumination conditions, we have found that
the temperature increase is almost independent of the period
of the array. We have shown that this behavior originates from
the interplay between the enhancement of the power absorbed
per nanoparticle provided by the lattice resonances, which
increases with the period, and the collective heating effect,
which behaves conversely. We have also investigated the
response of bipartite arrays and demonstrated that, when

Figure 4. Temperature increase for the central nanoparticle of the
different arrays under consideration for continuous wave illumination
conditions. As indicated by the legend, the different curves represent
different values of winc. In all cases, we perform the calculations at the
wavelength of maximum absorption and assume ⟨Iinc⟩ = 5 × 106 W
m−2 for the average intensity of the incident light beam.

Figure 5. Absorbance for a bipartite array. As depicted in the inset
schematics, the array is built from the repetition of a unit cell
containing two gold nanoparticles over a square lattice of period a =
450 nm. The smaller nanoparticle has a diameter of 80 nm and is
located at the origin of the unit cell, while the larger one has a
diameter of 120 nm and is displaced with respect to the other
nanoparticle by a distance a/2 along the x-axis and a/4 along the y-
axis. The orange and blue shaded areas show, respectively, the
contributions of the smaller and larger nanoparticles to the
absorbance of the array when excited by a light beam with winc =
45.0 μm, while the black curve shows the total absorbance of the array
under the same excitation conditions.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c01610
ACS Photonics 2023, 10, 274−282

279

https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01610?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


appropriately engineered, these systems support two inde-
pendent lattice resonances, each of them sustained by one of
the nanoparticles. These modes can be exploited to selectively
absorb the incident light in one of the nanoparticles without
exciting the other. Furthermore, since the spectral position of
the lattice resonance is determined by the period of the array,
it is possible to tune the absorption peak of the array to
wavelengths at which the nanoparticles would not absorb
individually. The enhanced absorption per nanoparticle,
together with the control and tunability provided by lattice
resonances, makes them a useful tool for applications in
thermoplasmonics. In particular, we anticipate that our results
are of great value for applications that depend nonlinearly on
the temperature increase. For instance, chemical reactions that
involve overcoming a potential barrier would benefit
exponentially from the greater temperature increase achieved
under pulsed illumination conditions for periodic arrays of
nanoparticles supporting lattice resonances. The results of our
work provide a strong theoretical understanding of the benefits
that lattice resonances can bring to thermoplasmonics.

■ METHODS
Optical Response of the Array. To describe the response

of an infinite array, we use the coupled dipole model.23,24,55−59

Within this approach, the dipole induced in the nanoparticle
located at position Ri can be written as pi = αEi + α∑j≠i Gijpj,
where Ei is the incident field at the position of the nanoparticle.
Moreover, = [ + ] | |×

| |nk e nG R R( ) /( )ij
ink

i j
R R2

3 3
2i j is

the dipole−dipole interaction tensor between nanoparticles
located at Ri and Rj, with ×3 3 being the 3 × 3 identity matrix.
We can use the Fourier transform, defined as

= ·d ep k p k( )i
a ik R

4 1BZ
i

2

2 for the induced dipole and
s i m i l a r l y f o r o t h e r q u a n t i t i e s , t o o b t a i n

= +p k E k k p k( ) ( ) ( ) ( ). I n t h i s e x p r e s s i o n ,

= ·k G( ) ej i ij
ik R R( )i j is the lattice sum, and Ẽ(k∥) are

the k∥ components of the electric field of the incident light
beam within the first Brillouin zone, as we discuss below. This
self-consistent system of equations can be solved as

=p k k E k( ) ( ) ( )

where = [ ]×k k( ) ( )1
3 3

1 is the polarizability of
the array. Therefore, the dipole induced in the nanoparticle
located at Ri is given by

= ·a ep k k E k
4

d ( ) ( )i
ik R

2

2 1BZ
i

(4)

which allows us to calculate the power absorbed by the
individual nanoparticles as
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Then, the power absorbed by the whole array is given by
P = ∑ i P i , w h i c h , u s i n g t h e e x p r e s s i o n

= +·e k k q( )i
i

a
k k R

q
( ) 4i

2

2 , yields eq 1. Notice
that q represents the reciprocal lattice vectors of the array,
defined as q = 2π[lx̂ + mŷ]/a, with l and m being integers.
Incident Field. We assume the arrays to be excited by a

mainly x-polarized beam of finite width and a Gaussian spatial

profile. The electric field of this beam at position Ri is given
by64

=
| |

·eE k E k1
4

d ( )i
nk

i

k

k R
2

i

where E(k∥) = Einc[x ̂ − zk̂x/kz] f(|k∥|), f(|k∥|) = 2πwinc
2

exp[−winc
2 |k∥|2/2], Einc is a constant, and winc is a parameter

that controls the width of the beam. Note that, for Ei to satisfy
Maxwell’s equations, E(k∥) · [k∥ + kzz]̂ = 0, where

= | |k n k kz
2 2 2 . This condition forces the electric field

to have a nonzero longitudinal component, although it is
mainly polarized along the x-axis.72 Moreover, while this
integral is restricted to the light cone, |k∥| ≤ nk, the integrals in
eqs 1 and 4 run over the first Brillouin zone of the array.
Therefore, we need to appropriately transform E(k∥). This can
be done by exploiting the periodicity of the array as Ẽ(k∥) =
∑qE(k∥ + q)/a2, with the sum running over all of the
reciprocal lattice vectors that satisfy |k∥ + q| ≤ nk.
As expected, taking the limit nkwinc ≫ 1 in any of the

expressions yields the results for a plane wave.
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Figure S1: Absorption spectra for arrays of gold nanoparticles with diameter D = 100 nm in
a uniform refractive index n = 1.33. As indicated by the legend, the different colors represent
different array periods. The solid curves show the results obtained using the coupled dipole
model (CDM), while the dashed ones correspond to rigorous solutions of Maxwell’s equations
obtained using a multiple elastic scattering of multipole expansions (MESME) approach.S1,S2

In all cases, the arrays are excited by a plane wave.
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Figure S2: Absorption spectra for arrays of gold nanoparticles with diameter D = 100 nm in
a uniform refractive index of n = 1.33. The arrays have period a = 250 nm (a), a = 300 nm
(b), a = 350 nm (c), a = 400 nm (d), a = 450 nm (e), a = 500 nm (f). As indicated by
the legends, the arrays are excited by a light beam with winc ranging from 4.5µm (darkest
curves) to 45.0µm (lightest curves). For comparison, we show the response of the arrays to
plane-wave excitation using dashed gray curves. As we discuss in the main paper, for the
arrays with a ≤ 400 nm, the absorbance is already indistinguishable from that of the plane-
wave for winc = 4.5µm. On the other hand, for a = 450 nm and a = 500 nm, winc = 9.0µm
and winc = 45.0µm, respectively, are needed to converge to the plane-wave limit.
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(S2) Garćıa de Abajo, F. J. Multiple scattering of radiation in clusters of dielectrics. Phys.

Rev. B 1999, 60, 6086–6102.

S4


