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Light-assisted micronanoscale temperature control in a complex nanoparticle network has attracted a lot
of research interest. Many efforts have been put into the optical properties of nanoparticle networks, and
only a few investigations have reported its light-induced thermal behavior. We consider a two-dimensional
(2D) square-lattice nanoparticle ensemble made of typical metal Ag with a radius of 5 nm. The effect of
complex multiple scattering and thermal accumulation on light-induced thermal behavior in plasmonic resonance
frequency (around 383 nm) is analyzed through the Green’s function approach. The regime borders of both
multiple scattering and thermal accumulation effects on the photothermal behavior of the 2D square-lattice
nanoparticle ensemble are figured out clearly and quantitatively. The dimensionless parameter ϕ is defined as the
ratio of a full temperature increase to that without considering the multiple scattering or thermal accumulation to
quantify the multiple scattering and thermal accumulation effects on photothermal behavior. The more compact
the nanoparticle ensemble is, the stronger the multiple scattering effect on thermal behavior is. When the lattice
spacing increases to dozens times of the radius, the multiple scattering becomes insignificant. When ϕ ≈ 1
(lattice spacing increases to hundreds times of the radius), the thermal accumulation effects are weak and
can be neglected safely. The polarization-dependent distribution of the temperature increase of nanoparticles is
observed only in the compact nanoparticle ensemble, while for a dilute ensemble, such a polarization-dependent
temperature increase distribution can no longer be observed. This work may help with the understanding of the
light-induced thermal transport in the 2D particle ensemble.

DOI: 10.1103/PhysRevB.105.235431

I. INTRODUCTION

Nanoscale temperature control in complex plasmonic
nanoparticle ensembles has attracted a lot of interest in the
fields of physics [1–4], chemistry [5–8], and biology [9–11],
to name a few, in which light illumination is an efficient and
common ingredient. Such a light-assisted temperature control
approach has many applications, ranging from hyperthermia
therapy to additive manufacturing. Nanoparticles inside the
ensemble often obtain energy from the incident light and then
work as heat sources heating each other. Hence, the photother-
mal behavior of a nanoparticle ensemble is an optical-thermal
coupling process and should be analyzed from both the optical
(light absorption and scattering) and thermal (heat dissipation)
sides.

To understand the light-induced thermal behavior of
nanoparticle ensembles well, we should investigate the optical
properties of the nanoparticle ensembles first. Multiple scat-
tering (MS) in nanoparticle ensembles will inevitably affect
light absorption and, finally, will affect light-induced thermal
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behavior, which is named the multiple scattering effect. The
coupled dipole method (CDM) is a well-known tool used for
the investigation of the properties of small particles [12,13].
In the CDM, the effect of mutual multiple scattering in the
nanoparticle ensemble on light absorption is considered using
the external electric field experienced by each nanoparticle
rather than the direct incident field (i.e., illumination field).
When nanoparticles are far enough away from each other,
they can be treated as optically independent. That is, the ex-
ternal electric field experienced by nanoparticles can directly
be approximated to the incident field. Some other methods
(e.g., the finite-element method [14] and the finite-difference
time domain method [15], the generalized multiparticle Mie
method [16,17], and the boundary element method [18–20],
to name a few) can also be applied to investigate the optical
properties of nanoparticle ensembles.

Then, with the aforementioned methods in hand, the op-
tical properties of nanoparticle ensembles have been investi-
gated widely and have been reviewed in the literature [21–23].
Collective lattice resonance for disordered and quasirandom
ensembles [24] and ordered arrays [25–29] of nanoparticles
have been analyzed. The effect of the array structure on the
plasmonic resonance wavelength was analyzed theoretically
for silver nanoparticle ensembles [30], for which extinction
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TABLE I. Different configurations in the literature in the field
of the thermal behavior of a nanoparticle (NP) ensemble under
illumination.

Year Authors Configurations

2006 Govorov et al. [44] One NP, two NPs, 2D 4 × 4
square-lattice
NP ensembles

2009 Richardson et al. [39] Metal NP solution
2010 Baffou et al. [36] 2D square-lattice NP ensembles
2013 Baffou et al. [40] One-dimensional linear NP

chain, 2D square-lattice
NP ensembles

2018 Siahpoush et al. [43] 3D random NP ensembles
2019 Moularas et al. [42] Core-shell NP ensembles

spectra shift was reported. Evlyukhin et al. [31] and Zundel
and Manjavacas [32] systematically analyzed the finite-size
effect on the optical response for periodic arrays of nanostruc-
tures (e.g., nanoparticles and graphene nanodisks). In addition
to the above theoretical predictions, electromagnetic interac-
tions in plasmonic nanoparticle ensembles were investigated,
and the spectral shift was demonstrated experimentally [33].
The aforementioned investigations of the optical response of
nanoparticle ensembles provide fundamental knowledge from
the optical side to understand the photothermal behavior of
nanoparticle ensembles.

From the thermal side, light absorption by each nanoparti-
cle in the ensemble will heat the whole nanoparticle ensemble
cumulatively, namely, the accumulative (collective) heating
effect, which was predicted theoretically [34–38] and demon-
strated experimentally [39–42]. For a small particle (the
point dipole approximation is valid), a Green’s function ap-
proach combining the coupled dipole method with the thermal
Green’s function for light-induced thermal behavior modeling
of nanoparticle ensembles was proposed by Baffou et al. [36],
in which the steady-state temperature distribution throughout
arbitrary complex plasmonic systems can be calculated easily.

By means of the Green’s function approach, the effect of
plasmonic (optical) coupling on the photothermal behavior of
an ensemble with a three-dimensional (3D) random distribu-
tion of nanoparticles was analyzed by Siahpoush et al. [43].
They found that the multiple scattering can reduce the temper-
ature increase of nanoparticles compared to the case without
multiple scattering at the plasmonic resonance wavelength
of a single nanoparticle. Due to the thermal accumulation
(TA) effect, when calculating the temperature increase of
an arbitrary nanoparticle from a nanoparticle ensemble, we
often cannot simply treat the nanoparticle individually, as if
the rest of the nanoparticles do not exist [40,44]. Although
the multiple scattering and thermal accumulation effects on
the photothermal behavior of nanoparticle ensembles with
different configurations have already been investigated (as
summarized in Table I), no clear and quantitative regime bor-
ders of these two effects have been reported yet. A method to
figure out the regime of these two effects will greatly facilitate
the investigation of the photothermal behavior of nanoparticle
ensembles, which is the motivation of this work.

It should be noted that, due to the multiple scattering,
the light may attenuate along its propagation direction in
the 3D random nanoparticle ensemble, which can also re-
duce the temperature increase of nanoparticles. It is hard
to tell the effect of light attenuation on the temperature in-
crease from the multiple scattering effect on inhibition of
the temperature. In this work, to have a clear understanding
of the multiple scattering effect on photothermal behavior
without any interference from the light attenuation, we con-
sider two-dimensional nanoparticle ensembles, for which the
extension direction is perpendicular to the light propagation
direction. In addition, light absorption of the nanoparticle
ensemble is polarization dependent [14,22,45]. The effect of
light polarization on the photothermal behavior of an en-
semble composed of only a few or tens of nanoparticles
has been analyzed already [14,20,46,47]. As the number
of nanoparticles in the ensemble increases, the mutual in-
teraction between nanoparticles in the ensemble becomes
more and more complex, and it has remained unclear if the
light polarization effect on the photothermal behavior still
exists.

We address the aforementioned missing points in this
paper, investigating the photothermal behavior of two-
dimensional nanoparticle ensembles using the Green’s func-
tion approach [36]. This work is organized as follows. In
Sec. II, the coupled dipole method for light scattering and
the thermal Green’s function method for steady temperature
spatial distribution are presented briefly, considering the mu-
tual multiple scattering interaction and thermal accumulation
effect. In addition, the physical model of the two-dimensional
(2D) nanoparticle ensemble considered in this work is also
given. In Sec. III, a method to clearly and quantitatively fig-
ure out the regime borders of both the multiple scattering and
the thermal accumulation will be proposed as the focus of this
work. Effects of both the multiple scattering and the thermal
accumulation on photothermal behavior, as well as the relation
between the two effects, will be discussed.

II. THEORETICAL MODELS

In this section, we describe the physical system and the
theoretical models: (1) the coupled dipole method describing
the light scattering and absorption of nanoparticle ensembles
and (2) the thermal Green’s function method describing the
steady temperature spatial distribution for the nanoparticle
ensembles. The SI unit system is used.

A. Physical systems: 2D nanoparticle ensembles

We investigate the thermal behavior of the 2D nanoparticle
ensemble (N × N square-lattice ensemble) illuminated by an
incident light, as shown in Fig. 1. The size of the nanoparticle
is supposed to be small compared to the wavelength of the
incident light, which results in the validity of the point dipole
approximation of the nanoparticle. The incident light wave
vector is against the positive z-axis direction, and the polariza-
tion direction is parallel to the x axis. The ensemble is parallel
to the xoy plane. The lattice spacing is L. The nanoparticle
radius is a. When analyzing the relation between the multiple
scattering and collective effects on the light-induced thermal
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FIG. 1. Structure diagram of the two-dimensional N × N square-
lattice nanoparticle ensemble. The light-induced thermal behavior of
the ensemble is investigated. The lattice spacing is L. The nanopar-
ticle radius is a. A chain of nanoparticles near the x axis is extracted
out of the 2D square-lattice nanoparticle ensemble in the green frame
and is defined by y = L/2 and z = 0.

behavior of the ensemble, a chain of nanoparticles of inter-
est near the x axis is extracted out of the 2D square-lattice
nanoparticle ensemble in the green frame in Fig. 1 and is
defined by y = L/2 and z = 0. When analyzing the thermal
accumulation effect, the nanoparticle in the first sector closest
to the origin is assigned to be the central nanoparticle of
the ensemble. The central nanoparticle position is defined as
x = y = L/2.

B. Coupled dipole method

When the dipolar nanoparticle ensemble is illuminated by
an incident light characterized by the electric field amplitude
Einc(r), the multiple scattering between each nanoparticle

results in an external field Eext (r) experienced by each
nanoparticle, which is quite different from the incident one
and yields [13,32]

Eext (ri ) = Einc(ri ) + k2

ε0εm

Nt∑
j�=i

G(ri, rj ) · pj, (1)

where k = √
εmω/c is the wave vector in the host medium,

εm is the host medium relative permittivity, ε0 is vacuum
permittivity, Nt = N × N is the total number of nanoparticles
in the 2D square-lattice nanoparticle ensemble, G(ri, rj ) =
eikr

4πr [(1 + ikr−1
k2r2 )I3 + 3−3ikr−k2r2

k2r2 r̂ ⊗ r̂] is the electric Green’s
function connecting two nanoparticles at ri and rj, r is the
magnitude of the separation vector r = ri − rj, r̂ is the unit
vector r/r, I3 is the 3 × 3 identity matrix, and pj is the dipole
moment located at rj, which yields

pj = ε0εmαjEext (rj ), (2)

where αj is the polarizability of the jth particle considering
the radiation correction defined as

αj =
(

1

α0
j

− ik3

6π

)−1

, (3)

where α0
j is the Clausius-Mossotti polarizability defined

as [23,48]

α0
j = 4πa3 ε(ω) − εm

ε(ω) + 2εm
, (4)

where a is the nanoparticle radius. ε(ω) is the relative permit-
tivity of the nanoparticle. Then, the external field experienced
by all nanoparticles in the ensemble can be rearranged in a
compact and explicit way as follows:⎛

⎜⎜⎝
Eext (r1)
Eext (r2)

...

Eext (rNt )

⎞
⎟⎟⎠ = A−1

⎛
⎜⎜⎝

Einc(r1)
Einc(r2)

...

Einc(rNt )

⎞
⎟⎟⎠, (5)

where the 3N × 3N matrix is defined as

A = I3N − k2

⎛
⎜⎜⎜⎝

0 α2G12 · · · αN G1N

α1G21 0 . . .
...

...
...

. . . αN G(N−1)N

α1GN1 · · · αN−1GN (N−1) 0

⎞
⎟⎟⎟⎠, (6)

where Gij = G(ri, rj ) and I3N is the 3N × 3N identity matrix.

C. Thermal Green’s function method

In the following, it is supposed that the thermal conduc-
tivity of the nanoparticle is much higher than that of the
host medium. Under such an approximation, the temperature
can be considered uniform inside the nanoparticle [36]. For
the considered metal Ag nanoparticle ensembles embedded
in water, the thermal conductivity of the metal particle (Ag,
κparticle = 429 W m−1 K−1) is much higher than that of the
host medium (water, κ = 0.6 W m−1 K−1). The temperature
increase �Ti (relative to the ambient temperature) inside the
ith nanoparticle of the ensemble induced by the incident light

yields [36]

�Ti =
Nt∑

j=1

Gt (ri, rj )Qj, (7)

where Qj = 1
2σabsncε0|Eext (rj )|2, σabs = kIm(αj ) − k4

6π
|αj|2 is

the absorption cross section of the jth nanoparticle, and n =√
εm is the refractive index of the host medium. The thermal

Green’s function Gt (ri, rj ) with ri different from rj is a scalar
Green’s function G(r, rj ) at ri, which is associated with the
following Poisson equation with a Dirac source distribution
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δ(r − rj ) in an infinite isotropic medium:

∇ · [−κ∇T (r)] =
Nt∑

j=1

Qjδ(r − rj ). (8)

The scalar Green’s function G(r, rj ) is

G(r, rj ) = 1

4πκ|r − rj| , (9)

where κ is the thermal conductivity of the host medium.
Hence, for ri different from rj, Gt (ri, rj ) = 1/(4πκ|ri − rj|),
and for ri equal to rj, Gt (ri, ri ) = 1/(4πκa) [36].

It is worth mentioning that the thermal emission of the
particles may also affect the temperature increase �Ti. For
a nonabsorbing host medium, the net emitted power from
particle j to the thermal bath can be defined as Pj↔B =
σ̂absn

2σB(T 4
j − T 4

env) [49,50], where σ̂abs is the averaged ther-
mal absorption cross section, n = √

εm is the refractive index,
σB is the Stefan-Boltzmann constant, Tenv is the environment
temperature, and Tj is the temperature of particle j. For the
considered geometry where the power absorbed from the inci-
dent light is much more significant than the power exchanged
with the environment, Pj↔B can be neglected with respect to
Qj in Eq. (7).

Another important factor that may significantly influence
the temperature increase of nanoparticles is the thermal
boundary resistance around the particles (e.g., the internal
thermal resistance, the interfacial thermal resistance, and the
one caused by the molecular coating) [51–54], which is
well acknowledged to play a key role in nanoparticle-based
experiments influencing the heat transfer between the in-
ner plasmonic nanoparticle and the outer surrounding host
medium [55]. For the thermal boundary resistance (TBR)
caused by the molecular coating, it has been demonstrated
that this kind of TBR indeed can affect the temperature inside
the nanoparticle; however, such TBR would not change the
temperature distribution in the host medium [36]. In addition,
in Ref. [51], the authors demonstrated that the internal thermal
resistance for the silver nanoparticle embedded in the water
is negligible. As for the interfacial thermal resistance, we
analyzed its effect on the temperature by applying the spher-
ical heat transfer model and found that this kind of TBR has
an effect on the temperature similar to that of the molecular
coating, which will be discussed in the Appendix in detail.

Although different kinds of TBRs can exist at the water-
silver nanoparticle interface, all of these kinds of TBRs will
bring a jump in the temperature only inside the nanoparticles
and will not change the temperature outside the nanoparticles,
which is what usually matters when studying light-induced
phenomena. The temperature outside nanoparticles is de-
pendent on only the power Q released by the nanoparticle
absorbed from the incident light and the thermal conductivity
of the surrounding medium. That is to say, the temperature
in the surrounding medium is dependent only on the multiple
scattering and the thermal accumulation and will not change
regardless of whether there are TBRs or not. To analyze the
relation of the multiple scattering and the thermal accumula-
tion with the temperature in the surrounding medium, we use
a simple case that neglects the TBRs, which will not change

the main conclusions in this work concerning the multiple
scattering and thermal accumulation.

III. RESULTS AND DISCUSSION

The photothermal behavior of two-dimensional nanoparti-
cle ensembles is analyzed with particular focus on the multiple
scattering and thermal accumulation effects. Nanoparticle ra-
dius a is 5 nm (with a diameter of 10 nm). Nanoparticles are
composed of metal Ag. The bulk dielectric function of Ag
given in Ref. [56] is used in this work; it has been exper-
imentally demonstrated to be valid for the Ag nanoparticle
of the diameter down to at least 7 nm [57]. It is worth men-
tioning that it is easy to include the confinement effect in the
present theory only by changing the nanoparticle permittiv-
ity. The incident light wavelength is fixed at 383 nm, which
corresponds to the plasmonic resonance of a Ag nanoparti-
cle embedded in water with a relative permittivity of εm =
1.77 and thermal conductivity of κ = 0.6 W m−1 K−1. Al-
though we focus on only the multiple scattering effect at
resonance frequency in this work, it is noted that the ef-
fect of multiple scattering on the photothermal behavior is
wavelength dependent. We discuss the multiple scattering ef-
fect on photothermal behavior by considering only water as
a host medium in this work. As indicated by our previous
work [58], the relative permittivity of the host medium signifi-
cantly affects the nanoparticle polarizability, which is strongly
relevant to the temperature increase of nanoparticles deter-
mined by Eq. (7) combined with σabs = kIm(αj ) − k4

6π
|αj|2

and Qj = 1
2σabsncε0|Eext (rj )|2. Thus, by tailoring the host

medium relative permittivity, one may consequently control
the photothermal behavior of nanoparticles. The incident light
intensity I0 is 0.5 mW μm−2. The lattice spacing L is at least
3 times larger than the particle radius, which makes the dipole
approximation valid [59–61]. The dimensionless parameters
X and Y are defined as x/[L(N − 1)] and y/[L(N − 1)], re-
spectively.

A. Relation between the multiple scattering and thermal
accumulation effects

The light-induced thermal behavior of the nanoparticle
ensemble is affected by two main factors, i.e., (1) the mul-
tiple scattering effect [43] and (2) the thermal accumulation
effect [2,36]. We clarify the two factors briefly first and then
discuss the relation between them.

Multiple scattering effect. The multiple scattering effect
concerns the light scattering and absorption of the nanopar-
ticles. As mentioned in Sec. II B, the external field Eext (ri )
experienced by the ith nanoparticle at ri can be obtained by
Eq. (1), where the second term on the right side corresponds
to the multiple scattering. When the multiple scattering is
negligible, the external field Eext (ri ) is directly equal to the
illuminating incident field Einc(ri ) after neglecting the second
term on the right side in Eq. (1).

Thermal accumulation effect. The thermal accumulation ef-
fect concerns the thermal diffusion process in the nanoparticle
ensemble. As mentioned in Sec. II C, the temperature increase
�T experienced by the ith nanoparticle calculated by Eq. (7)
has two contributions: (1) its own heat generation �TS and
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(2) the heat generated by the other Nt − 1 nanoparticles �T ext

under illumination in the ensemble, which yield

�T = �TS + �T ext, (10)

where �TS = Gt (ri, ri )Qi is the temperature increase of
the ith nanoparticle due to its own heat generation and
�T ext = ∑

j�=i Gt (ri, rj )Qj is the temperature increase of the
ith nanoparticle due to the heat generated by the other Nt − 1
nanoparticles.

The thermal accumulation effect corresponds to the second
term on the right side of Eq. (10). When the thermal accumu-
lation effect is negligible, the second term on the right side of
Eq. (10) is negligible. Each nanoparticle in the nanoparticle
ensemble can be treated as an isolated hot spot.

To quantitatively analyze the multiple scattering and the
thermal accumulation effect, the parameter ϕ is defined as
follows:

ϕ = �T/�Tν=0 or S, (11)

where �Tν=0 or S correspond to the temperature increase with-
out the multiple scattering effect and the temperature increase
due to only its own heat generation, respectively. We show
the dependence of ϕ for both the multiple scattering effect
and thermal accumulation effect on two parameters: (1) the
dimensionless lattice spacing L/a and (2) the dimensionless
X in Fig. 2. We consider 14 × 14 square-lattice nanoparticle
ensembles. The blue dashed line corresponding to the di-
mensionless parameter defined in Ref. [2], ζ = L/(3aN ) = 1,
is added for reference. ζ � 1 indicates a negligible thermal
accumulation effect. ζ � 1 indicates a strong thermal accu-
mulation effect.

As shown in Fig. 2(a), regions with three different ϕ =
�T/�T0 can be clarified: ϕ < 1, ϕ ≈ 1, and ϕ > 1, respec-
tively. The multiple scattering significantly inhibits �T in the
region where ϕ = �T/�T0 < 1, where the lattice spacing is
relatively short and the nanoparticle ensemble is relatively
dense. The multiple scattering enhances �T in the region
ϕ = �T/�T0 > 1. We can see that the enhancement region
is right around the blue line. The multiple scattering effect is
negligible for most of the region, where ϕ = �T/�T0 ≈ 1.
We also observe that there are some separate regions where
the multiple scattering inhibits �T embedded in the region
where the multiple scattering is negligible. In a previous study,
the 3D random distribution was considered [43]. The authors
reported that the multiple scattering in the nanoparticle en-
sembles can significantly inhibit the photothermal behavior
without revealing the condition when such multiple scatter-
ing is negligible from the nanoparticle ensemble structure
point of view. As shown in Fig. 2(a), when the parameter ϕ

approaches 1, the multiple scattering starts to become less
important. When the lattice space L becomes comparable to
or even larger than tens of a, then multiple scattering inside
the nanoparticle ensembles consequently becomes negligible.

As shown in Fig. 2(b), ϕ = �T/�TS � 1 for the whole
region. The region ϕ = �T/�TS ≈ 1 is the region where
the thermal accumulation effect is negligible. The negligible
thermal accumulation effect region is consistent with the re-
gion ζ � 1. For the strong thermal accumulation effect region
(ζ � 1), we can see ϕ � 1; the thermal accumulation effect
is strongly in favor of �T . It is noted that the condition

FIG. 2. Dependence of the parameter ϕ on the lattice spacing
and dimensionless X . (a) We define a parameter ϕ = �T/�TS to
evaluate the thermal accumulation effect. �TS is the temperature
increase induced by its own heat generation. (b) We define a pa-
rameter ϕ = �T/�T0 to evaluate the multiple scattering effect. �T0

is the temperature increase without the multiple scattering effect.
The nanoparticle number is N = 14 for each lateral edge. The blue
dashed line corresponding to the dimensionless parameter defined in
Ref. [2], ζ = L/(3aN ) = 1, is added for reference.

ζ � 1 for the region with a negligible thermal accumulation
effect defined in Ref. [2] is not an explicit regime border
description. However, the condition that the dimensionless
parameter ϕ ≈ 1 clearly determines the regime border of the
thermal accumulation explicitly, where the lattice spacing is
around 600a. When the lattice spacing increases to 600a,
then each nanoparticle in the ensemble works as a hot spot
separately, without any influence from nearby nanoparticles,
and the thermal accumulation effect consequently becomes
negligible.

The multiple scattering effect can compete with the thermal
accumulation effect for dense nanoparticle ensembles and
can also cooperate with the thermal accumulation effect to
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FIG. 3. The temperature increase distribution for a 2D ensemble with several different lattice spacings (L = 3a, 10a, and 110a): (a)–(c) �T
with the multiple scattering effect and (d)-(f) �T without the multiple scattering effect. The number of nanoparticles for each lateral edge
N = 40. The dimensionless parameters are X = x/[L(N − 1)] and Y = y/[L(N − 1)].

enhance �T . For loose enough ensembles, both the multiple
scattering effect and the thermal accumulation effect are neg-
ligible, and the plasmonic nanoparticle can safely be treated
as an isolated hot spot.

B. Multiple scattering effect on photothermal behavior

In this section, the optical plasmonic coupling effects on
the photothermal behavior of the 2D finite-size square-lattice
nanoparticle ensemble are analyzed. It is worth mentioning
that the optical plasmonic coupling inhibits the temperature
increase of the 3D randomly distributed nanoparticle ensem-
ble [43].

The temperature increase distribution for the 2D en-
semble with several different lattice spacings is shown in
Fig. 3 (L = 3a, 10a, and 110a, respectively): Figs. 3(a)–3(c)
show the temperature increase distribution with the multiple

scattering effect, and Figs. 3(d)–3(f) show the temperature
increase distribution without the multiple scattering effect.
The nanoparticle number for each lateral edge N = 40.

For dense ensembles (L = 3a and 10a), the temperature
increase with multiple scattering shown in Figs. 3(a) and 3(b)
is much less than that without the multiple scattering shown in
Figs. 3(d) and 3(e), respectively. For the dilute ensemble (L =
110a), the temperature increase distribution with multiple
scattering shown in Fig. 3(c) is nearly the same as that without
the multiple scattering shown in Fig. 3(f). The strong multiple
scattering significantly inhibits the temperature increase of the
nanoparticles in the 2D square-lattice ensemble. When the
lattice spacing increases, the multiple scattering significantly
decreases, which accounts for the negligible inhibition of �T .

We extract a chain of nanoparticles of interest near the
x axis out of the 2D square-lattice nanoparticle ensemble,
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FIG. 4. Temperature increase along the chain of interest with
two different lattice spacings (L = 3a and 110a). The separation
distance between the neighboring peaks �X ≈ 0.02596 for the two
considered ensembles, which corresponds to �x ≈ L.

as shown in Fig. 1. The chain is defined by y = L/2 and
z = 0. The temperature increase along the nanoparticle chain
of interest with two different lattice spacings (L = 3a and
110a) is shown in Fig. 4. The dimensionless and real sep-
aration distances between the neighboring peaks shown in
Fig. 4 are �X ≈ 0.02596 and �x ≈ L for the two consid-
ered ensembles with two different lattice spacings (L = 3a
and 110a), respectively, which is consistent with the reported
results [40]. For the dense ensemble (L = 3a), we can observe
another obvious oscillation of the temperature increase near
the boundary along the x axis, as shown in Figs. 3(a) and 4.
For the dilute ensemble (L = 110a), the temperature increase
�T decreases monotonically in general from the center to the
boundary along the x axis. The strong multiple scattering in
the dense ensemble accounts for the oscillation of the tem-
perature increase �T from the center to the boundary of the
ensemble along the x axis.

As shown in Figs. 3(a)–3(c), the temperature increase
for the dense ensemble (L = 3a) is angle dependent (seen
from the ensemble center), which is quite different from the
angle-independent temperature increase for dilute ensembles
(L = 10a and 110a). For the dilute nanoparticle ensembles,
the multiple scattering becomes less important, and thus,
each particle works as a separate heat source for the tem-
perature increase, which results in the angle-independent
temperature distribution. The multiple scattering in the dense
particle ensemble is expected to be strong and polarization
dependent, which may account for the angle-dependent tem-
perature distribution. Hence, to some extent, we can tailor
the temperature increase distribution using light polarization.
However, it is worth mentioning that the light-induced heat
transfer behavior in the nanostructures (e.g., dense particle
ensembles) is not always polarization dependent. Recently,
polarization-independent isosbestic temperature increase be-
havior of nanostructures was proposed [45,47].

FIG. 5. Dependence of �T of the ensemble center on the
nanoparticle number N in each lateral edge: (a) with the multiple
scattering effect and (b) without the multiple scattering effect. Lat-
tice spacing L = 3a, 10a, 30a, and 3000a. Metal Ag is used. The
temperature increase �T = 9.8 K for the isolated single nanoparticle
is also added for reference.

C. Thermal accumulation effect

The dependence of �T of the center of the 2D
square-lattice ensemble on the nanoparticle number N in each
lateral edge is shown in Fig. 5 with the multiple scattering
effect [Fig. 5(a)] and without the multiple scattering effect
[Fig. 5(c). Four different lattice spacings are considered,
L = 3a, 10a, 30a, and 3000a. The temperature increase
�T = 9.8 K for the isolated single nanoparticle is also added
for reference.

For the compact ensembles (L = 3a and 10a), �T in-
creases nonlinearly with N . However, for the loose ensemble
(L = 30a), the linear dependence of �T on N can be
observed, which is consistent with the results reported in
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FIG. 6. Dependence of �T for the ensemble center on the lat-
tice spacing L/a. N = 2, 10, and 20. �T both with and without
multiple scattering effects are considered. From L = LMS, �T with
and without multiple scattering effect start to become identical.
From L = LTA, �T for ensembles composed of different numbers
of nanoparticles start to become identical.

Ref. [36]. For the compact ensemble (e.g., L = 3a), the tem-
perature increase �T for the central nanoparticle is even
less than that of the isolated single nanoparticle. For all the
considered ensembles with different lattice spacings, the tem-
perature increase �T without the multiple scattering effect
increases linearly with N , as shown in Fig. 5(b). The strong
multiple scattering for the compact ensembles accounts for the
nonlinear dependence of �T on N , as observed in Fig. 5(a).
For the extremely loose ensemble (L = 3000a), the multiple
scattering and thermal accumulation effects are negligible,
which accounts for the temperature increase �T for the cen-
tral nanoparticle being the same as that of the isolated single
nanoparticle.

From Figs. 5(a) and 5(b), in general, for an ensemble
composed of a certain number of nanoparticles, �T without
the multiple scattering effect increases monotonically with the
lattice spacing, while �T with the multiple scattering effect
increases at first and then decreases with the lattice spacing.
The dependence of �T for the ensemble center on the lattice
spacing L/a is shown in Fig. 6. Ensembles of three differ-
ent sizes are considered, N = 2, 10, and 20. �T both with
and without multiple scattering effects are considered. From
L = LMS (the multiple scattering length scale), �T with and
without the multiple scattering effect start to become identical,
where the multiple scattering is negligible. From L = LTA (the
thermal accumulation length scale), �T for ensembles com-
posed of different amounts of nanoparticles start to become
identical, where the thermal accumulation effect is negligi-
ble. The length LTA where the thermal accumulation effect is
negligible is much larger than the length LMS where multi-
ple scattering starts to be less important. When the thermal
accumulation effect is negligible, the multiple scattering also
cannot be observed. However, when the multiple scattering
effect is negligible, the thermal accumulation effect on the

photothermal behavior can exist if the lattice spacing L is not
large enough.

When considering the case with no multiple scattering ef-
fect, the temperature increase �T for the central nanoparticle
decreases monotonically with L/a. The pure thermal accumu-
lation effect accounts for the monotonic dependence of �T on
L/a. When considering the cases with the multiple scattering
effect, �T increases at first and then decreases with L/a, as
shown with the lines with symbols in Fig. 6. The thermal ac-
cumulation effect together with the multiple scattering effect
accounts for the nonmonotonic dependence of �T on L/a.

We can also notice that small oscillations of �T occur
at around few tens of L/a in Fig. 6. Note that a = 5 nm,
so the lattice spacings L corresponding to small oscillations
are comparable to or even larger than the considered wave-
length (383 nm). According to Zou and Schatz [62], for a
fixed wavelength, the extinction efficiency of two-dimensional
hexagonal arrays is not monotonously dependent on the
lattice spacing, as shown in Fig. 3 of Ref. [62]. Such non-
monotonously dependent optical properties may account for
the small oscillations of �T when increasing L/a for two-
dimensional nanoparticle arrays.

IV. CONCLUSION

Light-induced heat transfer of the two-dimensional
nanoparticle ensembles embedded in water was investigated
by means of the Green’s function approach with a focus on
proposing a clear regime map for both the multiple scattering
and the thermal accumulation. The dimensionless parameter
ϕ was defined to quantify the multiple scattering and col-
lective effects on photothermal behavior. For a 2D ordered
nanoparticle ensemble, similar to the 3D random nanoparticle
ensemble, multiple scattering can also inhibit the tempera-
ture increase �T of nanoparticles. The more compact the
nanoparticle ensemble is, the stronger the multiple scatter-
ing effect on thermal behavior is. When the lattice spacing
increases to dozens times of the radius, the multiple scattering
becomes insignificant. In addition, when ϕ ≈ 1 and lattice
spacing increases to hundreds times of the radius, the thermal
accumulation effects are weak and can be neglected safely.
The distribution of the temperature increase of nanoparti-
cles is polarization dependent, especially for the compact
nanoparticle ensemble. However, for a dilute ensemble, such a
polarization-dependent temperature increase distribution can-
not be observed. The temperature increase �T of the center of
the ensemble increases linearly with increasing the ensemble
size without considering multiple scattering. However, when
considering multiple scattering, for the compact ensemble,
�T increases nonlinearly with increasing the ensemble size.
For a fixed ensemble size, �T increases nonlinearly with
increasing the lattice spacing. This work may help with the
understanding of light-induced thermal transport in a 2D par-
ticle ensemble.
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APPENDIX: INFLUENCE OF THE INTERFACIAL
THERMAL RESISTANCE ON THE TEMPERATURE

PROFILE

We applied a spherical heat transfer model to investigate
the effect of the interfacial thermal resistance between a
nanoparticle and water on the temperature increase. Consider-
ing that the thermal conductivity of the nanoparticle κparticle �
κ (the conductivity of the surrounding medium), the tem-
perature inside the nanoparticle (r < a) is uniform, T0. The
general formula for the temperature outside the nanoparticle
(r > a) is T (r) = C1/r + C2, where the constants C1 and C2

can be obtained by applying the boundary conditions. The
interfacial thermal resistance is R. The power absorbed by the
nanoparticle with radius a from incident light is Q, which is
released to the surrounding medium. We have the following
boundary conditions:

T (r → ∞) = 0,

κ (
C1

r2
) = Q

4πr2
.

(A1)

We can find that C1 = Q
4πκ

and C2 = 0. Hence, the tempera-
ture outside the nanoparticle yields

T (r) = Q

4πκr
. (A2)

At the interface of the nanoparticle and water, we have the
following relation:

T0 − T (r)|r→a

R
= Q

4πa2
. (A3)

Therefore, the temperature inside the nanoparticle is

T0 = Q

4πa
+ QR

4πa2
. (A4)

The whole temperature profile yields

r < a, T0 = Q

4πa
+ QR

4πa2
,

r � a, T (r) = Q

4πκr
.

(A5)

From Eq. (A5) for the temperature profile of the whole do-
main, the interfacial thermal resistance R will not change the
temperature outside the nanoparticles (r � a), which usually
matters when studying the light-induced phenomena, similar
to what is observed for the coating-induced thermal resistance
reported in Ref. [36]. The interfacial thermal resistance R
may significantly affect the temperature inside the nanoparti-
cles, which will bring an additional temperature increase QR

4πa2

compared to the previous one by neglecting the interfacial
thermal resistance. Especially, for a small particle with a large
interfacial thermal resistance R, the temperature jump across
the nanoparticle-water interface will be significant.
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