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ABSTRACT: Emergent from the discrete spatial periodicity of plasmonic arrays, surface
lattice resonances (SLRs) are characterized as dispersive, high-quality polaritonic modes that
can be selectively excited at specific points in their photonic band structure by plane-wave
light of varying frequency, polarization, and angle of incidence. Room-temperature Bose—
Einstein condensation of exciton polaritons, lasing, and nonlinear matter-wave physics have
all found origins in SLR systems, but to date, little attention has been paid to their thermal
behavior. Here, we combine analytical theory and numerical calculations to investigate the
photothermal properties of SLRs in periodic 1D and 2D arrays of plasmonic nanoparticles
coupled to each other and to the electromagnetic far-field via transverse radiation.
Specifically, we demonstrate how to create steady-state SLR thermal gradients spanning from
the nanoscale to hundreds of microns that are actively controllable using light in spite of heat
diffusion. We also demonstrate the surprising ability to localize thermal gradients at the lattice
edges in topologically non-trivial SLR dimer lattices, thereby establishing a class of extraordinary thermal responses that are
unconventional in ordinary materials. This work exposes a new direction in thermoplasmonics that has only just now begun to be
explored.
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1. INTRODUCTION from thermal coupling between all particles in the array. Yet it
is well-known that periodic arrays of plasmonic NPs can host
surface lattice resonances (SLRs) arising from hybridization of
the diffractive photonic modes inherited from the array

The ability to control heat flow and thus temperature at both
nano- (5100 nm) and micron- (~1—10 um) scale dimensions

has important implications for a host of applications, including T .
photothermal catalysis,'~* heat-assisted magnetic recording for periodicity™ with the LSPs supported by each NP in the

30-32
improved data storage,s’6 thermal encoding of encrypted array. Th? P .rospec.ts 9f SLR-based systems for photo-
data,”® bolometry,"™! photothermal cancer therapy, '3 thermal applications is intriguing. On the one hand,
and ’photothermal l;iosensors for COVID-19,"* among rilany optimization of such systems favors larger NP sizes to enable
others.'1® In each of these applications phot’othermal vontrol scattering-induced particle—particle coupling, which decreases
is derived from the interaction of Iiéht with noble metal the proportion of nonradiative decay to the overall LSP decay
nanoparticles (NPs) through excitation of their localized rate. At the same time, however, c.ollec.:tive diffractive coupl%ng
surface plasmon (LSP) resonances characterized by strong at the center and edges of the Brillouin zone creates standing
. — . I L waves within the lattice leading to strongly enhanced
optical extinction. Of this extinction, the nonradiative bsorpti t the SLR o5 Furth Bravai
component ultimately leads to both NP and local environment laatii(zzlz; lv(\)nfltha>l I(\EIP or zr:l?:gézlsl.m—wuz ::Itll(;ie’ oI::iIll)—ilii)arvfa(;i
heating due to thermal diffusion.'” Photothermal conversion e b . L oP p .
via LSP decay has been studied in detail at the sinole NP modes exhibiting hierarchical excitation and thermal spatial
level 1% ag vZell as in assemblies of near-field-cou legd NPs profiles on both the unit cell and array length scales. Careful
demonstrating temperature increases beyond thosepfoun d ir; tuning of intra- and inter-unit-cell interactions in non-Bravais
individual pa;gticles 20=22 Eurther ability to create and detect NP arrays can also, under suitable conditions, lead to the
modified thermal profiles where heat is preferentially deposited existence of topologically protected hybrid modes that are
into specific NPs within a nanoscale assembly through far-field -
optical excitation has also been predicted”” and experimentally Received:  July 24, 2022 (Pritonics
characterized”*** using photothermal heterodyne imaging.”*”’ Published: October 14, 2022
In 2013, Baffou et al.”® showed that 2D periodic arrays of
plasmonic NPs optically excited at the single particle LSP
energy exhibit distinct spatial thermal profiles resulting from
the interplay between heating via single particle absorption and
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Figure 1. Electromagnetic absorption by a 1D monomer array. (a) Array scheme indicating x-polarized incident radiation propagating along the y-
direction. (b) Normalized heat power absorption Q/Qygp spectra for individual Ag nanospheres in the dipole limit as a function of radius a. (c)
Normalized per-particle heat power absorption Q /Q, ¢, spectra for a 1D array of NPs with periodicity d = 415 nm as a function of radius a. The

vertical dashed gray line marks the position of the I point Rayleigh anomaly near 3.0 eV. (d) Q/Q, , for a 1D array of a = 45 nm Ag nanospheres

with periodicity d = 415 nm as a function of the Bloch vector k. All heat power spectra are normalized by the heat power absorbed by an a = 45
nm Ag sphere at the dipolar LSP energy Q; ¢p at the same incident field intensity. Color bar maxima values in panels (c,d) were selected for overall

plot visibility and are not the maximum values attained in the plotted domains. The maximum Q(k” =0, ®)/Qp value in both panels is ~4.1.

strongly localized to the array edges,”®’” which could
potentially be exploited to achieve thermal profiles that are
similarly biased toward the array edges.

Using analytical theory and numerical calculations, in this
article, we investigate steady-state photothermal heating in
diffractively coupled Bravais and non-Bravais plasmonic NP
arrays and show how the illumination conditions can be used
to actively tune thermal profiles at both nano- (<100 nm) and
micron- (~1—100 pm) scales. Particular attention is paid to
array band structures arising from discrete translational
symmetry to understand the role played by strong electro-
magnetic coupling during optical absorption. Nanoscale
control over thermal gradients within each unit cell is also
demonstrated by leveraging symmetry-dependent optical
selection rules for homodimer and heterodimer non-Bravais
unit cells. Finally, we raise the intriguing prospect of exploiting
topologically protected edge modes to localize photothermal
heating to finite array edges. Importantly, we employ a realistic
treatment of material losses and long-range particle—particle
coupling inherent to LSP-based systems. Taken together, this
work outlines a practical set of structure-function relationships
relevant to designing realistic plasmonic lattice systems for
chemical, biological, medical, engineering, and technological
applications.

2. PHOTOTHERMAL PROPERTIES OF 1D BRAVAIS
AND NON-BRAVAIS PLASMONIC LATTICES

2.1. Bravais Arrays. The emergence of SLRs in plasmonic
arrays requires NPs that are large enough to scatter
appreciably, thereby providing a mechanism to lock light
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into the lattice plane and induce long-range dipole—dipole
coupling spanning the entire lattice domain. Yet plasmonic
NPs also absorb optical energy, ultimately dissipating it to heat
and causing a temperature rise within the lattice and its
surrounding environment. By balancing these two contribu-
tions—scattering and absorption—here we demonstrate the
ability to create and manipulate long-range thermal gradients
in SLR arrays that are actively controllable in steady-state
through the variation of the parameters of the incident light
field (i.e., frequency, direction, and polarization) despite the
effects of heat diffusion.

Figure la illustrates a 1D plasmonic NP lattice composed of
a periodic array of Ag nanospheres, each modeled as an electric
dipole absorber/scatterer with dipole moment p; coupled to all
other nanosphere dipoles p; via the relay tensor ™’

ikR,

Gy r, ) = i L i
L, I, = — P 2
R, R, (R,
- i + : 2 1iijﬁij
kR, " (kR,) 0

where R, = IA{UR,.I- is the vector connecting dipoles i and j
separated by the distance R;; = Ir; r;l and
k = w/e/c=2nJe /A with background refractive index
€. Though we retain this e-dependence in all equations, we
use a background medium refractive index of unity in all
following calculations. In the matrix form, the coupled dipole
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equations for an N dipole system can be organized into the
linear system of equations*"**

A()P(w) = Ey(w) @)

with 3N X 3N matrix K(a)) consisting of 3 X 3 matrix blocks

Kij(a)) = a_l(w)ﬁ:j - 611(“)) connecting NPs i and j. Here,

a_l(a))ﬁtj = &_l(a))éij = a_l(a))'féij is a function of the
isotropic dipole polarizability a(w) = i(3/2k*)a;(®) derived
from the / = 1 Mie scattering coefficient a,(w). The purely off-
diagonal interaction matrix
Gy(w) = (K*/e)G(x, 1, )1
pole coupling, and P(@) and Eo(w) are 3N X 1 column vectors
containing the Cartesian components of the N-induced dipole
moments p;(w) and excitation field values Ey(r, ),
respectively, at positions ry, ..., ry.

We first consider an isolated Ag nanosphere with a dipolar
absorption Cross section
oy (@) = (47k/ V&) Ima(w) — (87k*/3e*)la(w)l>, which
dictates the heat power
Q(w) = o (w)], = 6,(w)(cvE /87)Ey(r, w)* absorbed
under incident plane wave intensity I,. Figure 1b shows
normalized heat power absorption Q/Qugp spectra as a
function of the NP radius a, where we choose Q¢p to be
the maximum heat power absorbed for an a = 45 nm NP under
identical I,. Note that this ratio of heat powers is proportional
to o(@) and does not depend on I;. Due to the onset of
dynamic depolarization and radiation damping arising from a
significant scattering contribution,” we see that Q/Qugp
increases initially for small radii, reaches a maximum at the
LSP resonance energy for a ~ 25 nm and then begins to
diminish. This behavior is well-known and underlies conven-
tional design principles for photothermal systems, which seek
to optimize the single-particle heat power.

In the case of periodic lattices, the absorption cross section
and heat power inherit the energy-momentum dispersion
dictated by the lattice’s discrete translation symmetry. In the
infinite lattice limit under plane wave illumination, the
magnitudes of the induced dipole moments at each site are
all equal but may adopt different directions and phase
relationships determined by the coupled dipole equations in
the reciprocal space”™

p(k”! (,U) = [a—l(w) - g(k“, (U)]_l'EO(k”, (,())

— J;) accounts for dipole—di-

()
which are derived from eq 2 together with the Bloch ansatz
p= p(kll)eik"fd. Here, k; is the Bloch wave vector contained
within the first Brillouin zone and
§(k”, w) = (K*/¢) Z}#O G(ry, 1;, )" is the field propa-
gator tensor accounting for diffractive coupling between
dipoles. Although this formalism is identical to that used in
ref 44, the field propagator in the present case is a poorly
convergent infinite series and special care is required to ensure

convergence.” The total local field at the position of each
dipole is then

E(k”, w) =i w)-[d (o) — g(k”, a))]_l-EO(a)), resulting

in the field enhancement

E(k”; w)
E,

1
L 1= ay(@)3y(ky, @) )
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for an incident field polarized along the B-direction (f = x, ¥, 2)
in a 1D array where the orthogonally polarized lattice modes
decouple. Field enhancement maxima occur for real-valued
frequencies nearby the complex poles of eq 4 dictated by the

condition aﬂ_ﬂl(a}) = S/;/;(k”, w) for w € C, which alters the
spectral position of the maximum heat power absorbed relative

to that of a single sphere. We capture this effect by defining an
array-modified per-particle absorption cross section

Gk @) = o () (IE(ky, @) /IE(k), )*) such that the
per-particle heat power
Q(ky, @) = 7, (ky, @)(cVe /87)Ey(k), )P in analogy to
the single particle heat power Q(w).

Figure lc presents Q(k” =0, w)/Q,p as a function of a

and 7w for a d = 415 nm periodicity 1D Ag NP array excited
by a plane wave at normal incidence with polarization
perpendicular to the periodicity direction as shown in Figure
la. The longitudinally polarized lattice dispersion (Supporting
Information) exhibits weaker coupling of the LSPs to the
photonic modes because the far-field radiation lobes of each
induced dipole are oriented perpendicular to the array axis,
inhibiting long-range coupling.*”*® The vertical dashed gray
line in Figure lc denotes the energy associated with the
Rayleigh anomaly hc/d marking the onset of the SLR
stemming from the dipolar LSP of each NP. Critically, for
NP radii well-beyond that which optimize the single-particle
absorption in Figure 1b, long-range diffractive coupling
enabled by strong scattering contributes to enhanced
absorption at the SLR mode energy. Thus, we define the
single NP heat power Qgp at a = 45 nm. Contributions to the
single-particle absorption from higher order multipoles as a
function of NP radius are shown in the Supporting Information
and demonstrate that the dipolar response dominates the
spectrum at a = 45 nm. This behavior contrasts sharply from
previous work on photothermal heating in NP arrays,””**
which considered smaller radii NPs optimized for single-
particle absorption and precluded observation of robust SLR
modes. Indeed, strongly enhanced photothermal conversion
based on SLR modes has been recently demonstrated
experimentally under normally incident excitation.”’ The
dependence of Q(kH, w)/ Q,¢p on the incident Bloch wave

vector k; for a 415 nm periodicity 1D array of a = 45 nm Ag
nanospheres is shown in Figure 1d, demonstrating the ability
to modulate photothermal heat absorption via the angle of
incidence of the excitation field.

Based upon the method of coupled dipoles, these
calculations incorporate both scattering and absorption
processes in the self-consistent determination of the lattice’s
optical responses. Thus, properties derived from absorption
such as the temperature of the lattice can be calculated from
knowledge of the heat power dissipated in each nanosphere.
For a finite system of point heat sources
Q (@) = g(w)(c/€ /87)IE(x, )P, the superposition prin-
ciple can be invoked to write the total temperature at a given
point r as a sum over discrete sources, each contributing a
factor of AT(r, w) = Q,(w)/4zklr — 1, where k is the thermal
conductivity of the surrounding medium and E(r, ) is the
total local field (incident plus that contributed by the other N
— 1 dipoles) at the position of the ith dipole. All thermal
calculations in this work employ the incident plane wave
intensity I, = 10 W/m? and a thermal conductivity k = 0.6 W
m~! K™! similar to water. Similar to previous work,”>™*° the
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effect of thermal radiation is neglected in our calculations, as its
contribution is negligible relative to thermal conduction. For
non-vanishing source radii within the uniform temperature
approximation,”®*’ the internal temperature increase of
nanosphere i due to nanosphere j is found by spatially
averaging the thermal field due to the nanosphere at r; over the
volume of the nanosphere at r. Under the uniform
temperature approximation, the total internal temperature

increase of nanosphere i is then

Q@)

4klr; —

Q(w)
st = & 1y
47K Y
j#i ()
where the first and second terms account for direct optical
absorption AT, and thermal coupling ATy, contributions to
the total internal temperature, respectively. Naturally, the ratio
of these two terms at a common frequency

-1

&= ﬂ - LZ 2
ATy, Q, poy Ir; — 6)

defines a unitless quantity of interest with { > 1 and { < 1
characterizing qualitatively different temperature profiles.”®
Specifically, the temperature increase is highly localized in the
vicinity of the particles for { > 1, while there is significant AT
in regions between particles for { < 1. Baffou showed™® that
the value of this ratio of thermal contributions in the central
unit cell of a finite array of N monomer unit cells can be
analytically approximated as

-1
(N=1)/2 l N d
~ 2alog N

2a
bop=|—

d i

i=1

(7)

when Q;= Qforalli=1,.., Nin eq 6. While this is expected to
be a good approximation for systems of small particles with
negligible scattering-induced particle—particle coupling, one
may anticipate Q; # Q; for all j, j in finite arrays with strong
particle—particle coupling. On the other hand, the Bloch ansatz
ensures Q. = Qj = Q for all j, j in the infinite lattice limit, but

this necessitates N — oo and causes {|, = 0 in eq 7, signaling
a breakdown of the model arising from the infinite total heat
delivered to the unbounded system. Together, these
observations motivate the examination of {; in realistic finite
lattice systems supporting SLRs.

To explore how the ratio of AT, to ATy, evolves for finite
arrays, we consider an 83 um array composed of 201 unit cells
with a = 45 nm Ag NPs and d = 415 nm periodicity. Figure 2a
shows the {; evolution as the number of NPs illuminated in the
array center at the SLR energy (~2.95 eV) is varied at normal
incidence. The ratio {, is calculated using the site space
coupled dipole method (eq 2) to evaluate eq 6 explicitly for
the central unit cell i = 0 (colored bullets) and compared
against the approximate expression eq 7 (dashed gray) with N
determined by the illumination width and the array periodicity
d. Figure 2a demonstrates that {;, ~ 1 for the SLR system
considered and that the contribution of ATy, to the total AT
does increase for the particle in the center of a partially
illuminated finite array as the illumination width increases. It is
also evident that the approximate expression in eq 7 accurately
predicts {, for the finite, partially illuminated system.
Nevertheless, eq 7 is of limited practical utility as it only
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Figure 2. Direct optical and thermal coupling contributions to
photothermal heating in finite 1D arrays. (a) Evolution of {, as the
width of the illuminated region at the center of an 83 ym finite array
is varied. The array parameters are identical to those of Figure 1d. The
dashed gray line is the analytic approximation in eq 7. (b) Total AT
(bullets) and AT, contribution (lines) for ky = 0 excitation at the
SLR energy near 2.95 eV as a function of illumination width. The
horizontal gray line indicates the value of AT, in the infinite lattice
limit, while the blue line shows AT for full illumination of the finite
array at the single LSP energy near 3.3 V. The incident laser intensity
is I = 10 W/m>

reports on the temperature increase contributions for the unit
cell at the center of the array.

Figure 2b presents the total AT (bullets) and associated
AT,y (lines) contribution at each particle site for k; = 0
excitation at the SLR energy as a function of illumination width
(color coded). The trace and bullet colors in panel (b) indicate
the illumination width and match the bullet colors used in
panel (a). The horizontal dashed gray line marks the value of
AT,y in the infinite lattice limit obtained using the reciprocal
space coupled dipole equations to evaluate Q(k; = 0, @) at

the SLR frequency. The nearly horizontal blue line indicates
AT at each NP when excited at the single-NP LSP energy. As
one might expect, the gray line is ~4X larger than the blue line
because Q / Q,¢p ~ 4 in Figure lc,d. Inspection of Figure 2b

shows that direct optical absorption heating dominates for
small illumination regions. When the illumination width
reaches 20 ym in this system, AT, has reached the infinite
lattice limit at the central unit cell, but rapidly falls off away
from the array center. As the illuminated width continues to
increase, AT, remains approximately equal to the infinite
lattice limit at the center of the array, but the number of unit
cells away from array center attaining this value also increases.
Ultimately, it is this saturation of AT, along with the increase
of the number of heated sites that increases ATy, and decreases
o in Figure 2a as the illumination width grows.

2.2. Non-Bravais Dimer Arrays. Further control over the
photothermal conversion process can be achieved through the
introduction of additional degrees of freedom associated with
the unit cell design. The non-Bravais dimer lattice, for example,
involves two sublattices (labeled A and B) with both intra- and
inter-sublattice couplings between the plasmonic dipoles on

https://doi.org/10.1021/acsphotonics.2c01155
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Figure 3. Non-Bravais dimer arrays with homo- and heterodimer unit cells. (a) Scheme of 1D dimer array with unit cell and dimer spacings d and ¢,
respectively, excited by a transversely polarized plane wave. (b) Energy ordering of hybridized transverse dipoles on sites A and B within each unit
cell. (c) Normalized per-NP heat power absorption Q /Q, ¢, spectra for the 1D array at the I point for homo- (red) and heterodimer (blue) unit

cells. (d,e) Q/ Q¢p as function of k; for arrays with homo- and heterodimer unit cells, respectively. In panels (c—e), d = 415 nm and ¢ = 120 nm.
The particle radii are a, = ay = 45 nm for the homodimer structure, while a5 = 40 nm and az = 50 nm for the heterodimer structure.
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Figure 4. Spatial photothermal profiles for 1D non-Bravais dimer arrays. (a,b) Show AT at each lattice site in the finite 83 ym array with homo-
and heterodimer unit cells, respectively, of Figure 3c—e illuminated at k; = 0. Blue (red) markers indicate the internal temperature increase at the A
(B) sites within each unit cell. Examples of the spatial profile of AT within specific unit cells at positions marked by vertical dashed gray lines are
included, where a, = ag = 45 nm and a, = 40 nm and ag = 45 nm for the homo- and heterodimer unit cells, respectively. The incident laser

intensity is Iy = 10° W/m2

each NP, which are governed by distances t and d, respectively;
see Figure 3a. In the site space, the coupled dipole equations
remain of the same form as those presented in eq 2 except for
the case of the heterodimer unit cell where dipoles on each
sublattice have different Mie polarizabilities depending upon
the radius and dielectric composition of each nanosphere. It is
because of their differing polarizabilities that the heterodimer
lattice hybridization (Figure 3b) produces two optically bright
SLRs, while only the in-phase LSP mode forms a bright SLR in
the case of the homodimer lattice. This difference is
highlighted in Figure 3¢, which shows Q(k;=0, ®)/Q,q,
spectra at the I' point for the homodimer (red) and
heterodimer (blue) lattices of Ag nanospheres with d = 415
nm and ¢ = 120 nm. The radii of the spherical NPs are a, = ag
= 45 nm for the homodimer, while a, = 40 nm and a5 = 45 nm

3660

for the heterodimer. Figure 3d,e displays the band dispersion
of the homodimer and heterodimer lattices excited by
transversely polarized plane waves. The asymmetry in incident
angle (or equivalently k) in the dispersion of the heterodimer
lattice is again due to the intrinsic asymmetry of the unit cell
itself, which will be exploited below to control the temperature
profile on the < 100 nm scale.

Based on these SLR absorption spectra, Figure 4a shows the
computed thermal profiles induced by normal incidence plane
wave excitation at varying energies corresponding to spectral
features in Figure 3d for the homodimer lattice at k = 0. When
excited near the isolated dimer LSP resonance (3.27 eV), sites
A and B have the same temperature (AT, = ATg); however, in
moving across the lattice, the temperature profile changes, with
dimers in the middle of the array hotter than those at the
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edges. Alternatively, at the lattice’s diffractive I" point
resonances (2.98 and 2.88 eV), our calculations indicate
significant and controllable temperature differences not only
within each unit cell (AT, # ATjy) but also across the entire
lattice (e.g, there are regions where AT, > ATy and others
with AT, < ATjy). Similar trends are noted in the heterodimer
case (Figure 4b), although here we find that the temperature of
one particle within the unit cell (either at site A or site B)
consistently exceeds the other for nearly all positions across the
lattice. Taken together, these results demonstrate the ability to
harness dispersive SLR modes to create non-uniform thermal
gradients spanning both intra-unit cell (< 100 nm) and lattice
(~100 pm) distances that are actively controllable via changes
in the incident angle, energy, and polarization state of light.

3. PHOTOTHERMAL PROPERTIES OF
EDGE-LOCALIZED MODES IN 1D AND 2D
NON-BRAVAIS HOMODIMER LATTICES

Beyond the SLR-enabled thermal profiles demonstrated in the
preceding section, here we introduce an entirely new class of
edge-localized temperature gradients created by tuning the
homodimer lattice toward a topologically non-trivial regime.
Considerable research effort has recently been expended to
understand the topological properties that can emerge from

: 39,50—58
arrays of plasmonic NPs*>">

operating in the visible and
infrared regions of the electromagnetic spectrum. However,
unlike the topological Hermitian model system of Su,
Schrieffer, and Heeger (SSH) describing 1D periodic arrays
with two sites (A and B) per unit cell and nearest-neighbor
coupling,”” Hamiltonians describing plasmonic arrays are
fundamentally non-Hermitian due to the radiative and
nonradiative damping of each NPp.59—¢2 Additionally, fre-
quency-dependent NP—NP interactions include vector-valued
near, intermediate, and far-field components that go beyond
the nearest neighbor scalar coupling assumed in the SSH
Hamiltonian.**
plasmonic lattices have been shown to possess topologically
protected edge modes exhibiting a bulk-edge correspond-
3062% meaning that properties of the infinite bulk predict

the existence (or lack thereof) of edge-localized states in any

Despite these added complexities, certain

finite segment of the bulk.
Fundamental to the existence of topologically protected
edge states are bulk topological invariants such as the complex-

valued Zak phase for one-dimensional systems®®

d Pi(kn) ﬁ

dk” Pﬁ(k”) ﬂA ”

n/d . ~ *
yﬂ = i[”/d [ﬂpi(kll) ﬂP;(kll)] (8)

here extended to accommodate uncoupled vector modes
polarized along 8 = «, y, z and constructed from components of
the left P"(kj, ®) and right P*(k), @) reciprocal space
eigenvectors. We consider a non-Bravais homodimer lattice
involving two sublattices (A and B) with both intra- and inter-
sublattice couplings between the plasmonic dipoles on each

NP. Using the Bloch ansatz pfsz(k”)eiknid and

pf = pB(kll)eik'Vd, the reciprocal space eigen problem is
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0 = Ak, w)-P(k), o)

@ (@) — S(ky, @) — Tyl @) p, (k)
a (@) — S(ky, ) || Ps(ky)
p, (k)

PB(k“)

= TBA(kHJ w)

o—1 0 .
) - g(ku; w)

0 &_l(w) (9)

where and

S(ky, @) = (K*/¢) Z]‘;EO G(jd, w)e"1/
Tis/salky @) = (K'/€) X, G(jd % t, @)e™ with j € Z in-
dexing the unit cells. Due to the large NP radii and transverse
coupling, the d Y w), g(kH, ), and TAB/BA(kH! ®) matrix
elements are nonlinear, transcendental functions of the
frequency @ and cannot be accurately linearized by evaluation
at the quasistatic LSP resonance frequency (@ = a)sp).66 Details
of how we solve this 6 X 6 nonlinear eigenproblem to obtain
eigenenergies and eigenvectors are discussed in the Methods
section.

Reference 67 shows that for a non-Hermition SSH model

with nearest-neighbor coupling, the complex Zak phase can be
expressed in the more compact form

— 1P p b ;
V5= [¢kH=X - ¢kH=—X]/2’ where ¢ku is the relative phase

between induced dipole moment components on sublattice
sites A and B for the right (or left) reciprocal space
eigenvectors at Bloch vector k. Although this simple method
of evaluating y; is strictly valid only in the case of nearest-
neighbor coupling, it has been used successfully to predict the
existence of topologically protected edge-localized modes in
longitudinally coupled 1D plasmonic arrays involving small
particles.’” It must be pointed out, however, that although
long-range dipolar coupling does not affect the quantization of
the Zak phase, it does break the underlying chiral symmetry
possessed by the corresponding nearest-neighbor coupling
model, which underlies the existence of the bulk-boundary
correspondence.’”®* Certain finite plasmonic arrays have been
identified, for example, that do not possess gapless, edge-
localized eigenvectors despite the corresponding bulk system
having a Zak phase of 7.°* Nevertheless, leveraging
topologically protected edge states to localize photothermal
heating to array edges remains an intriguing prospect.

We now investigate the photothermal properties of a new
1D homodimer lattice with d = 250 nm, ¢ = 100 nm, and a =
45 nm Ag spheres at each site. These parameters are chosen to
tune the bulk lattice into a non-trivial topological regime
characterized by a complex Zak phase y, = 7 (L = x, z because
both transverse modes are equivalent by symmetry) as
computed using our nonlinear reciprocal space eigensolver.
Figure Sa displays the normalized per-particle heat power
absorbed Q/Q, ¢, as a function of k (underlying color map)

of a lattice with 100 unit cells (N = 200 particles) having the
same periodicity as the bulk under plane wave illumination.
The optical polarization is again transverse to the lattice
direction, thereby stimulating only the transversely coupled
SLR modes associated with strong long-range interactions. The
overlaid empty white circles indicate the real parts of the
transverse eigenenergies determined using the reciprocal space
eigensolver, while the red bullets on the k < 0 region of Figure
Sa show the real parts of the transverse eigenenergies
calculated from diagonalization of the 10-unit cell finite lattice
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Figure S. 1D homodimer array response. (a) Normalized per-particle
heat power absorption Q / Q, ¢p Spectra as a function of ky for a 1D

homodimer array composed of a = 45 nm Ag nanospheres. The
sublattice periodicity d = 250 nm and the dimer gap t = 100 nm. The
red bullets represent the eigenenergies in the site space, while the
white and blue bullets depict the nonlinear and linearized
eigenenergies of the infinite lattice, respectively. (b) Q/Q,, spectra
for points in reciprocal space indicated by the legend above panel (a).
(c) Modulus of the induced plasmonic dipole moment on each
nanosphere normalized to the induced dipole moment of a single a =
4S5 nm Ag nanosphere. The inset shows the spatial photothermal
profile of the homodimer (blue trace) and monomer (black trace)
lattices at the X point. The incident laser intensity is I, = 10° W/m?.

system, both in the absence of external forcing (Methods). To
sort finite lattice eigenenergies in k; (red bullets), their spatial
mode frequencies are examined, allowing us to overlay them
on top of the kjresolved absorption spectra (Supporting
Information). Approximate reciprocal-space eigenenergies

obtained by linearizing the coupling tensors (S and T) at @
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= w

o in €q 9 are shown as blue bullets on the k; > 0 region of
Figure Sa for comparison.
Figure Sb displays Q/Q,, spectra for selected points in

reciprocal space, where the dip at 2.99 eV (dashed gray line) at
the X point denotes the presence of an SLR band gap where an
edge-localized mode might be expected®’ in finite segments of
the infinite system. However, despite the infinite system having
71 = 7, none of the finite system eigenvectors associated with
the red bullets in Figure Sa are found to be localized to the
array edges (Supporting Information), indicating this system is
in the regime where the bulk-boundary correspondence breaks
down.®* This is, perhaps, not surprising, because strong intra-
sublattice (i.e,, A—A and B—B) coupling drives the breakdown
of the bulk-boundary correspondence,””****~7* while SLRs
generally involve transverse modes associated with strong

intra-sublattice coupling characterized by §(k”, w).** Never-

theless, Figure Sc illustrates the existence of edge-localized
induced dipole moments in the optically excited system. The
induced dipole moments p are normalized to the induced
dipole moment p, of a single a = 45 nm Ag nanosphere excited
at the same energy. Recall that in the electric dipole
approximation p, = d(w)-E(r) and AT, o [E(r,)I%, the
induced dipole moment spatial distribution reports on the
direct optical heat power delivered to each lattice site. The
black line represents the dipolar profile of a 100 unit cell (200
particle) monomer lattice, that is, a 1D array of nanospheres
equally spaced with periodicity d = t = 250 nm. We find that
while all of the selected points in reciprocal space (colored
bullets above Figure 3a) exhibit dipole moment distributions
with some degree of edge localization, the X point profile
(blue) clearly shows the strongest edge-localization. The
persistence of edge-localization at other points in the reciprocal
space and at other energies is likely indicative of the non-
Hermitian skin effect.’®

Leveraging such induced dipole moment spatial profiles has
the potential to produce edge-localized thermal gradients
independent of whether the observed edge-localized induced
dipole moments are indicative of strict topological protection
or not. While previous work has examined radiative heat
transfer in plasmonic lattices tuned into the topological
regime,73 we are not aware of any studies exploring the
possibility of exploiting these systems to realize edge-localized
temperature profiles. The inset of Figure 5c shows such a
thermal profile, obtained by plane-wave excitation of the
homodimer lattice at the X point at 2.99 eV (blue) in
comparison to the monomer lattice (black) at the same point
in the Brillouin zone. The edges of the homodimer lattice have
a 3-fold temperature increase relative to the approximately
constant temperature within the lattice interior.

We next investigate the photothermal properties of a finite
2D homodimer lattice assembled by arranging side-by-side
copies of the topologically non-trivial 1D homodimer arrays
considered in Figure 5. Figure 6b shows the normalized per-
particle heat power absorption Q /Q, ¢, spectra as a function of

k, for x-polarized plane wave illumination. The finite lattice is
composed of 20 dimer unit cells oriented along the y-direction
which are replicated 20 times along the x-direction. Thus, the
x-polarized excitation couples to the transversely polarized
SLRs with respect to the dimer unit cell axis along ¥ and the
edge localization of AT intrinsic to each 1D component is
inherited by the 2D lattice. Figure 6c,d shows the 2D
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Figure 6. 2D homodimer unit cell array response. (a) Array scheme indicating the two excitation geometries considered. The 2D array is composed
from replicas of the 1D array from Figure 5 with d, = d, = 250 nm and £, = 100 nm. (b) Normalized per-particle heat power absorption Q/Q,,
spectra as a function of k, for a finite 20 X 20 unit cell patch of the 2D array. (c,d) Magnitude of the induced dipole moment on each nanosphere
normalized to the induced dipole moment of a single a = 45 nm Ag nanosphere at the points marked by red and green dots, respectively, in panel
(b). (e,f) Internal temperature increase corresponding to the preceding induced dipole moment plots. (g) Q / Q, ¢p as a function of k, for the 2D
dimer array. (h) Normalized magnitude of the induced dipole moment on each nanosphere at the point marked in blue in panel (g). (i) Spatial
map of the thermal profile corresponding to the induced dipole moment distribution in the preceding panel. The incident laser intensity is I, = 10°

W/m?2

polarizations induced at the X point at two different energies,
2.99 eV (red) and 3.13 eV (green). Each point is indicated by
a bullet in Figure 6b. Panel (c) possesses stronger edge-
localization of Ipl/Ip,l with AT, o Ipl* in comparison to panel
(d). Panels (e) and (f), which include thermal coupling
contributions ATy, account for conductive heat flow from the
surrounding NPs, leading to the largest ATy, contribution at
the array center. Nevertheless, some degree of edge localization
on the left lattice edge persists. By rotating the excitation field
so that its in-plane wave vector projects entirely along the x-
direction, Figure 6g shows Q/Q,¢, as a function of k,

generated under y-polarized plane-wave illumination of the
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same 2D homodimer lattice. Under this excitation geometry,
the longitudinally coupled dimer mode is excited within each
unit cell, setting up diffractive SLR coupling along the «-
direction. By exciting the lattice at the k, = #/dX point at 2.99
eV, Figure 6h shows a weakly edge-localized induced
polarization, with a modest and spatially delocalized thermal
profile (Figure 6i). Together, Figures S and 6 highlight the
potential of exploiting topologically protected edge modes to
spatially localize thermal profiles to finite 1D and 2D array
edges, thus establishing a new class of thermal responses that
differ significantly from our conventional experiences of heat
flow and associated temperature rise.
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4. CONCLUSIONS

Endowed with strong energy-momentum dispersion, broad
spatial delocalization, and high-quality factors, SLRs offer
unexplored potential for transducing optical energy into
tailored thermal gradient profiles that are robust in the steady
state, even in the presence of heat diffusion. Harnessing this
potential, we combine analytical theory and numerical
calculations to investigate the photothermal properties of
SLRs in a variety of diffractively coupled Bravais and non-
Bravais plasmonic NP lattices and demonstrate the ability to
exert control over their induced temperature field spanning
from nano- to micron-scale dimensions by varying the energy,
angle, and polarization of incident radiation. By examining the
photonic band structure and associated eigenmodes of an
infinite non-Bravais homodimer lattice tuned into its
topologically non-trivial regime, we additionally present
numerical evidence for the creation of thermal gradient
profiles that are localized to the edges of a finite patch of the
lattice, thus establishing a new class of thermal responses that
differ significantly from our conventional experiences of heat
flow and associated temperature rise.

Beyond changing the wavelength of incident light or the
lattice periodicity to influence SLR response, other approaches
can be implemented to control the thermal spatial distribution
within each unit cell as well as across the entire lattice domain.
For example, stretching/compressing the array or coupling
light to higher-order multipoles in each NP”*~7° represent two
additional strategies of practical utility. Employing more
complex non-Bravais unit cells such as plasmon
oligomers*®”’~”? represents another, indicating the high
degree of tunability offered by plasmon lattices for studying
photothermal conversion. Leveraging these properties, we
anticipate SLR arrays to provide a new platform for studying a
variety of photothermal applications in the catalytic, energy,
chemical, and biological sciences and engineering.

5. METHODS

5.1. Numerical Solution of the Nonlinear Eigenvalue
Problem. In the dipole limit, inspection of the coupled dipole
equations shows that the complex-valued eigenfrequencies of
the fully coupled (i.e., each dipole i interacts with every other
dipole j) finite 1D homodimer array are dictated by the

condition detA(w,) = 0, where the ijth block of the 3N x 3N

site-space matrix A(w) is given by

Ay(0) = a” ()T - Gy(w) (10)

for an N dipole system. The diagonal inverse polarizability
matrix @ ()l and purely off-diagonal particle—particle
coupling matrix ﬁ(w) are defined below eq 2 above. Written
in this form, it is clear that the system possesses an eigenvalue
a'(w,) when a complex-valued frequency @, can be found
such that detA(w,) = 0. In general, this constitutes a
generalized nonlinear eigenproblem and it is difficult to locate

such eigenfrequencies. Pocock et al.”’ addressed this challenge
by employing a linearization approximation that eliminates the
frequency dependence of (ﬁ(a)) by fixing G(w) = (H](a)sp),
where @, is the quasistatic LSP resonance frequency. This
simplification, along with the use of the quasistatic polar-
izability extended to include the leading order scattering
correction to a(®), both of which are suitable approximations
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given the small particle sizes and longitudinal coupling
considered in that work, greatly simplifies the identification
of eigenfrequencies. However, for the large particle radii and
the scattering-mediated diffractive coupling considered in our
work, the fully retarded a(®) is determined from the a,(w)
Mie scattering coeflicient, which does not have a simple @

dependence, and the full frequency dependence of (F](a)) must
be retained.

We proceed, therefore, by searching numerically for the
complex-valued eigenfrequencies @, that satisfy the eigenpro-

blem by being roots of the function f(w) = IdetA(w)l. This
converts the search for complex eigenfrequencies into a search

for minima (ie., roots) on the nonlinear IdetA(w)! surface.
Because the nonlinearity of the surface precludes the
application of common minimization techniques such as
gradient descent algorithms, we perform a grid search over
finite domains of real and imaginary frequency space to

identify minima of the IdetA ()| surface and the correspond-
ing eigenfrequencies @,. Due to the need to evaluate the sphere
polarizability inverse, and therefore the Ag dielectric function
e(w) at complex frequencies, an analytic Drude model is used.
Drude model parameters (e, = S, Aiy = 0.0387 eV, and haw, =
8.9 eV) were taken from ref 80. A representative example of
such an eigenfrequency search is shown in Figure 7.

max
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3 003 o
-+
S 004 i<
z . E
= .0.051 L ® —
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327 328 329 330 331 332 min
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Figure 7. Contour plot of IdetA (w)l, defined in eq 10, as a function of
the complex-valued energy Aw. The darkest points indicate locations

of the eigenenergies hw,, where |detX(wr)| ~ 0.

Eigenenergies 7iw, located using this approach for a finite 10
unit cell portion of the d = 250 nm, t = 100 nm homodimer
lattice are shown in Figure S5a superimposed over the
absorption dispersion diagram. The red and blue bullets in

Figure Sa are the values Re 7iw, determined using ﬁ(wr) and

G(w,,), respectively, during the minimization procedure. To

find the eigenvector associated with each ®,, the G(w,) matrix
is constructed and diagonalized numerically, yielding a new set
of eigenvalues {1,}. We select the eigenvector P,(w,)
corresponding to the numerically determined eigenvalue A,
closest to @' (w,). This procedure for calculating eigenvectors
is appropriate because [a ™' (w)], 6(0))] = 0, which is the case
for all monomer and homodimer lattices considered herein.
The same minimization procedure can be applied in the
reciprocal space to identify a set of eigenfrequencies and
associated eigenvectors at each value of k; for the infinite 1D
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homodimer array by locating @, such that Idetﬁl(k” , o)l = 0.
The reciprocal space coupling matrix in this case is

Alky, w) = a ()T = Gk, ), where

o §(k||; w)
g(kH; w) = - -
TBA(k”J w) S(k”» )

T‘AB(k”f w)

(11)

The white open circles in Figure 5a show Re 7w, versus k;
for the infinite 1D homodimer array calculated using this
reciprocal space eigensolver approach and exhibit close
agreement with the absorption spectra of the plane wave
forced system displayed as the underlying color map.
Reciprocal space eigenvectors

Pf(k”, ) = [pi(k“, ,) pg(k“, ®,)] can then be found
using the same procedure used to find eigenvectors for the
site space problem.

The reciprocal space eigenvectors are used to evaluate the

Zak phase 5= [d)k/; X~ d)k/; __x1/2, where qﬁk/“j is the relative
phase between the relevant induced dipole moment
components on sublattice sites A and B for the right (or
left) reciprocal space eigenvectors at Bloch vector kj. For
example, 7, for the transversely polarized case is evaluated
using

d)k’; = Arg{pA(k”)'i} - Arg{pB(k”)'ﬁ} (12)

at the +X points (k; = 7/d).
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