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Through the use of experimental and numerical techniques, we study coherent networks of plas-
monic phase-correlated dipole domains that can spread coherent properties along ultralong distances. The
phase-correlated domains occur in regions containing closely packed metallic nanoparticles with random
positions, shapes, and sizes. We demonstrate that when such regions are periodically arranged, form-
ing two-dimensional arrays, optical diffraction can coherently excite and align the plasmonic dipoles of
the nanoparticles within each region, forming delocalized collective plasmon resonances associated with
the in-phase coupling of the dipoles. We study the impact of the number of metallic nanoparticles in
each region, determining the limit at which it becomes a phase-correlated dipole domain and establishes
coherent interdomain coupling. Our results show how such a coupling can form coherent networks of
packages of delocalized states with the same phase information. Au nanoislands with different packings,
sizes, and shapes are considered as experimental models to explore phase-correlated dipole domains and
interdomain coupling. The conditions in which the coherent interdomain coupling occurs via parallel or
orthogonal hybridization of the Rayleigh anomaly with the delocalized plasmon resonances supported by
the domains are explored. The outcomes offer alternative techniques for coherent transport of energy and
information, in which phase-correlated dipole domains serve as units with large coherent spatial extension.
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L. INTRODUCTION

The transport of electromagnetic energy via localized
surface-plasmon resonances (LSPRs) in chains of closely
packed metallic nanoparticles (MNPs) has been studied
extensively [1-5]. Such a process occurs below the diffrac-
tion limit and can convert the optical mode into nonra-
diating surface plasmons, enhancing the energy-transport
range [6,7]. A prime advantage of such structures is their
ability to transport energy around the corners, offering flex-
ible interconnects [4,8]. Chains of MNPs can also be used
for sensing applications, taking advantage of the plasmonic
shift associated with the variations of the spacing between
the MNPs [9]. Moreover, recent reports have investigated
the near field associated with transverse plasmonic wave
propagation in a chain of elliptical gold nanocylinders fed
by a silicon refractive waveguide at optical telecommuni-
cation wavelengths [10]. The reports also include study
of radiation and retardation effects in one-dimensional
plasmonic systems with nontrivial topologies [11]. These
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investigations expand the horizon for propagation of pulse-
like energy propagation through one-dimensional arrays of
dipoles with branches and gates [12].

In a recent report, we experimentally investigated the
optics of periodic arrays of regions that contained densely
packed Au nanoislands (NISs) with a random distribution
of sizes and positions [13]. We demonstrated the condi-
tions in which such arrays can support a unique form of
surface lattice resonances (SLRs). Such resonances are
formed via hybridization of the LSPRs of the NISs with the
diffraction modes of the arrays at certain frequencies [14—
16]. The presence of such resonances offers the conditions
in which the plasmonic dipoles of the NISs are coherently
excited and coupled to the diffractive modes of the lat-
tice or Rayleigh anomaly (RA). SLRs are known to have
applications ranging from biological and chemical sensing
[17-25] to excitonic laser systems [26—28], optical filters
[29], control of the emission of quantum emitters [26,28],
perfect absorbers [30], and quantum information [31].

By means of experimental measurements and simula-
tion, we study the formation of phase-correlated dipole
domains (PCDDs) in periodic arrays of unit regions (URs)
containing different random distributions of Au NISs
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(Fig. 1). PCDDs happen when the NISs are coupled to each
other, in phase, via the stimulated plasmonic dipoles that
are coherently excited and aligned by the optical diffrac-
tion modes of the arrays. Under these conditions, each
UR [Figs. 1(b)-1(e)] accommodates coherent near-field
coupling between NISs at frequencies that are quite dif-
ferent from those of the LSPRs of the NISs, supporting
unique collective resonances. The PCDDs studied in this
paper offer unique photonic-plasmonic scenarios in which
the coherent nature of the lattice modes of the arrays
is used to significantly enhance inter-NIS coupling. We
study the impact the number of nanoparticles per each
UR, determining the limit that allows PCDDs and their
optical coupling with the neighboring domains to hap-
pen. The results demonstrate the conditions in which the
interdomain coupling occurs efficiently via their diffractive
coupling to RAs, offering a coherent network of PCDDs.
URs with different plasmonic architectures [Fig. 1(b)—1(e)]
are considered as experimental models to explore PCDDs
and their coherent coupling. These architectures determine
the conditions in which the interdomain coupling occurs
via parallel or orthogonal hybridization with the RA. We
explore how the near-field coupling within each UR plays
a key role in the formation of PCDDs and the long coherent
networks of these domains.

The outcomes of this paper may offer alternative tech-
niques for ultrafast coherent transport of energy and infor-
mation. In particular, knowledge of the optimal plasmonic
architectures for URs that can lead to efficient interdo-
main coupling will be particularly useful for investigation
of the transport processes, in which instead of individ-
ual nanoparticles, one considers PCDDs [32]. Addition-
ally, the prospect of coherent coupling of a large ensem-
ble of plasmonic dipoles can set up a unique horizon
for plasmonic-photonic processes and applications. These
include enhanced optical absorption and cross sections of
dipoles [31] and two-dimensional atomic lattices [33].

II. EXPERIMENTAL AND SIMULATION
METHODOLOGIES

For the experimental part, e-beam lithography using a
Zeiss LEO 1550 scanning electron microscope (SEM) is
utilized to fabricate four types of samples (samples 1-4).

Unit regions

This technique is used to construct a template (lattice), as
shown in Fig. 1(a). This template contains a layer of resist
on glass, with open regions with nominal lateral dimen-
sions of L ~ 800 and W ~ 200 nm. These regions serve
as URs. The lattice constants of the template along the x
axis and y axis, a, and a,, are also considered to be 1000
and 500 nm, respectively [Fig. 1(a)]. After this, we use a
thermal evaporator (CVC Vacuum Evaporation System) to
deposit thin layers of Au with a mass thicknesses between
5 and 10 nm on the top. The structures are then placed in
a lift-off solution for about 10 h and washed thoroughly.
This is followed by thermal annealing at 500 C for 30 min.
The plasmonic architectures of the URs of samples 1—4 are
shown in Figs. 1(b)—1(e), respectively. In the case of sam-
ple 1, the NISs are small and closely packed [Fig. 1(b)]. In
the case of sample 2, the NISs are relatively larger but their
numbers per UR are much less [Fig. 1(c)]. In the case of
sample 3, the URs contain larger NISs that are connected
to each other [Fig. 1(d)]. Figure 1(e) shows a plasmonic
architecture that lacks discrete NISs. A transmission setup
equipped with a sensitive spectrometer (Ocean Optics TE-
cooled QE-pro) is used to measure the extinction spectra
of these samples. This is done when the superstrate is air
(nsup=1) or methanol (ng, ~ 1.33). The incident light is
considered to be polarized along either the x axis (x-pol)
or y axis (y-pol) of the URs [Fig. 1(a)].

To investigate the concept of the PCDD and coher-
ent inter-PCDD coupling numerically, we use the finite-
difference time-domain (FDTD) method to explore the
optical mode properties of periodic arrays of URs
[Fig. 1(a)] with plasmonic architectures similar to those
shown in Figs. 1(b)-1(e). For this, we consider that the
URs are represented by regions of length L, width W,
and height A. Similar to the experimental part [Fig. 1(a)],
these regions are periodically arranged, forming a two-
dimensional lattice with ¢, =1 um and a, = 0.5 um.
Each region is considered to contain a given number of
Au nanospheres (N) with random locations. The range of
radii of such nanospheres (r) is chosen such that they form
URs with overall features similar to those considered in
Figs. 1(b)—1(e). This part of the investigation is done using
Lumerical’s DEVICE SUITE FOR PHOTONIC MULTIPHYSICS
SIMULATION (2020a version). The random positions of the
nanospheres in the URs is decided by this software under

FIG. 1. (a) The template of the
periodic array of unit regions (URs).
(b)—(e) Top-view SEM images of the
Au plasmonic architectures consid-
ered for the URs. The scale bars in
these figures are 250 nm.
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the condition of no overlap, i.e., isolated nanospheres, or
with limited overlap. The simulation technique is also used
to study the impact of variation of the number of Au of
nanospheres per UR [Figs. 2(a)-2(f)]. To be consistent
with the experimental results, the simulations are carried
out considering L = 800 and W = 200 nm. The heights
(H) of such URs, however, are varied to study the impact
of close packing of the nanospheres.

III. COHERENT COUPLING OF MNPs:
PHASE-CORRELATED DIPOLE DOMAINS

We start our investigation by considering the simu-
lation results for the periodic structures as shown in
Figs. 2(a)-2(f). Here, the number of nanospheres per UR
(N) is considered to be 1 (a), 4 (b), 10 (c), 20 (d), 30 (e),
and 38 (f). We assume the radii of such nanospheres (7) to
be 30 nm and the height of the URs (H) containing such
MNPs to be 50 nm. The results of the simulation, when
the incident-light polarization is along the x axis (x-pol),
are shown in Figs. 2(g) and 2(h). In the case of Fig. 2(g),
the refractive index of the superstrate (7yp) is 1 and for the
case of Fig. 2(h) it is 1.5. When N = 1, we can see for-
mation of a single peak at about 510 nm in (g) and 557
nm in (h). The difference can simply be associated with
the increase of the refractive index of the superstrate in
(h). For the case of ng,, = 1 (g), as the number of MNPs
is increased, the peak is slightly red shifted. This is an
indication of the rise of plasmonic inter-MNP plasmonic
coupling. For the case of ng, = 1.5 (h), however, as N
increases the 560 nm peak is blue shifted, reaching 551 nm
when N = 30. The most distinct feature seen in Fig. 2(h),
however, happens at the longer-wavelength range. For the
case of N =4, we can see formation of a small peak at
about 745 nm. As N increases to 10, this peak becomes
stronger and is shifted to 751 nm. For the case of N = 20,
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FIG. 3. The extinction spectra of the periodic structures con-

sidered in Figs. 2(c)-2(f) when the incident light is polarized
along the y axis (y-pol) and ng,p=1.5.

we see a very sharp peak with a full width at half maxi-
mum (FWHM) of about 20 nm at 757 nm. As the number
of MNPs increases further, however, this peak becomes
broader and is red shifted. For the case of N = 38, the peak
happens at 800 nm and its FWHM becomes more than 200
nm. The longer-wavelength peak seen in Fig. 2(h) does not
happen when the incident light becomes polarized along
the y axis (Fig. 3).

To further study the impact of N, in Fig. 4 we study
the modal field-enhancement factor in two adjacent URs
at 557 nm (a)(e) and 751 nm (a’)He’) for the case of
Fig. 2(h). For both wavelengths, the results for N =1
show the interaction of individual MNPs with the incident
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(a)(f) Periodic arrays of URs with 1, 4, 10, 20, 30, and 38 MNPs per UR, respectively. (g),(h) Simulation results for the

extinction spectra associated with (a)~(f) when ng,, = 1 (g) or 1.5 (h). The incident-field polarization is considered to be along the x
axis (x-pol). N in the legends refer to the number of MNPs per UR. The number close to each curve in (h) refers to its corresponding N.
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FIG. 4. The field-enhancement profiles for N = 1, 4, 10, 20, and 30 at (a)«e) 557 nm and (a’)~«e’) 751 nm in the x-y plane,
respectively. Here, ng,, = 1.5 and the incident light is polarized along the x axis (x-pol). The wavelengths here are associated with the

main peaks seen Fig. 2(h).

light [Figs. 4(a) and 4(a’)]. The patterns in (a) show natu-
ral dipolarlike resonance of the MNPs. In the case of (a’),
however, the field pattern is different and much weaker.
This can be associated with the fact that at 557 nm, the
natural LSPRs of the MNPs are excited, while 751 nm
is far from such resonances. For N =4 at 557 nm, we
can only see some inter-MNP coupling between the MNPs
that are close to each other [Fig. 4(b)]. At 751 nm, how-
ever, we can see stronger near fields, with some—albeit
weak—indication of optical coupling between the MNPs
between the adjacent URs along the x axis [Fig. 4(b’)].
For the case of N = 10, the situation at 557 nm does
not change significantly, i.e., it shows coupling between
MNPs that fall randomly close to each other [Fig. 4(c)].
At 751 nm, however, we can see a significant stimu-
lated inter-MNP plasmonic coupling, converting each UR
into a PCDD. For such a N (N = 10), these domains are
effectively coupled to their nearest neighboring PCDDs
optically along the x axis [Fig. 4(c’)]. This situation is
further enhanced for the case of N = 20, in which the
PCDDs become larger as more MNPs in the URs are
coherently coupled to each other [Fig. 4(d”)]. For the case

of N =30, however, the optical coupling between the
PCDDs becomes weaker, as each PCDD contains more
extensive inter-MNP plasmonic coupling [Fig. 4(e’)]. At
557 nm, for the cases of both N =20 and N = 30, we
mostly see inter-MNP plasmonic coupling, with much
less strength than the corresponding cases at 751 nm. No
inter-UR coupling or lattice modes can be seen at 557 nm.

The results shown in Fig. 2(h) suggest that for N = 4,
10, and 20, the peaks at approximately 751 nm are quite
narrow. For N = 30 and 38, they become broader. Such
an effect in Figs. 4(b’)4(e’) can be seen as a transition
from more strongly coupled PCDDs [Figs. 4(c’) and 4(d”)]
to more localized ones [Fig. 4(e’)]. This can be seen fur-
ther if we inspect the mode profiles in the x-z plane that
passes through the middle of the URs [Fig. 1(a)]. At 557
nm, as shown in Figs. 5(a)-5(c), no significant optical field
exists. At 751 nm, in the cases of N = 10 and 20, however,
there is a clear optical field along the x axis, connecting
the neighboring PCDDs [Figs. 5(a’)-5(b”)]. For the case
of N = 38, however, this field is much weaker [Fig. 5(c’)].
Note that for x-pol polarization, the PCDDs are coupled
together in parallel, i.e., the polarization of the incident

034018-4



COHERENT NETWORKS OF PLASMONIC DIPOLE DOMAINS. ..

PHYS. REV. APPLIED 15, 034018 (2021)

557 nm

-400 0 400 -400 0 400

x (hm)
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in two adjacent URs.

light is along the optical field coupling the PCDDs. Con-
sidering the wavelength of the RA, i.e., Axa = (n/m)a (n
1S ngyp O ngyp, m is the diffraction order and a is the lattice
constant), we expect, for a = a, and ng, = 1.5, Aga to be
approximately 1.47 um for m = 1 and Agy = 735 nm for
m = 2. For the case of N = 38, this process happens while
it is convoluted by the extensive plasmonic inter-MNP
coupling in each PCDD. In fact, as seen in the following,
as the density of MNPs in each UR becomes larger, the
optical coupling process flips from parallel coupling with
m = 2 to orthogonal coupling with m = 1.

IV. LATTICE-INDUCED COUPLING OF
METALLIC NANOPARTICLES WITH RANDOM
SIZES

Up to now, we have considered Au nanospheres that
have the same sizes. In many practical cases, MNPs have
random sizes and shapes. This is particularly the case of
the URs containing NISs that are experimentally studied
in this paper. In this section, we start with a random distri-
bution of nanospheres with a minimum radius (7y;,) of 5
nm and a maximum radius (7max) of 20 nm. The length (L)
and width (W) of each UR containing such nanospheres are
considered to be 800 and 200 nm, respectively, while their
heights (H) are varied. For a given number of nanospheres
per UR (&), variation of H changes the spacing between
the nanospheres. In each case, however, the position of the
nanospheres remains random, determined by the software
used for the numerical calculations. a, and a, are also con-
sidered to be 1 and 0.5 um, as in the cases considered in

N W B

_

N =38

-400 0 400 -400 0 400

x (nm)

The field-enhancement profiles in the x-z plane for (a),(a’) N = 10, (b),(b’) N = 20, and (c),(c') N = 38 at 557 and 751 nm

Fig. 2, and ngyp 1s 1.5. Figure 6(a) shows an enlarged view
of the size distribution of the MNPs in a UR. We also con-
sider that the incident light is polarized along the x axis
(x-pol).

The results for the case when H = 100 nm are shown
in Fig. 6(a’) (solid line). They show a broad peak at about
555 nm and a sharp one at about 752 nm. For this case,
we set the number of MNPs in each UR to be 200. If we
keep N = 200 but reduce H to 50 nm, i.e., we reduce the
volume of each UR by a half, the results are changed to
some extent. As seen in this figure (dashed line), under
this condition the broad peak is red shifted by about 7 nm.
The narrow peak is reduced in height and becomes broader.
This shows the impact of density of the MNPs, highlight-
ing the effect of inter-MNP coupling on the hybridization
of PCDDs with the RA. This can be seen further if we con-
sider H = 100 but increase the number of MNPs to 600
[Fig. 6(a’), dashed-solid line]. This represents a case simi-
lar to that shown in Fig. 2(h) with N = 38, showing partial
disentanglement of the PCDDs from the parallel diffractive
modes. Note that the maximum sizes of the NISs in the
case of samples 1 and 2 are about 50—100 nm. In the simu-
lation, for better consistency of the LSPRs, we require the
projected sizes of the nanospheres in the plane of the arrays
to be similar to these sizes. This condition is reflected in the
values of H considered in this paper.

To further study the impact of the MNP size distribu-
tion, we consider three more distinct cases. In one case,
7min = 20 and 7p,x = 30 nm [Fig. 6(b)]. In the second
case, we consider 7y, = 30 and ry.x = 100 nm, depict-
ing a much wider size distribution [Fig. 6(c)]. For the

034018-5



SEYED M. SADEGHI and RITHVIK R. GUTHA PHYS. REV. APPLIED 15, 034018 (2021)

[——N=200, H= 0.8 1.0
Cvnew | @) [ () —el| - (C) —xpoll o (d)
0.6 N =600, H =100 0.6 {[——y-pol ; \ /\ ——xpol | - Ny ——y-pol | N\
\ | \
5 x-pol /r‘\\\ ’,' Y 0.6 /l 0.8 \ | \\ B
S ; - 3 N N\ - | _ &
g 0.4 ~ \\ \A\ { \\ // i, / ‘WL\/, // \\ . / ,/' \\ /\(/
- ! N N | \
i NN \| 04 \ad N | o8 \\J \
\ R !N d
0.2 ' AN N Y \
0.2 0.4
600 800 1000 600 800 1000 600 800 1000 600 800 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

FIG. 6. Enlarged views of the URs containing an ensemble of MNPs with random sizes between () rmin = 5 and 7 = 20 nm,
(b) 7min = 20 and 7y = 30 nm, (¢) 7min = 30 and ryax = 100 nm, and (d) 7min = 20 and 7y = 80 nm with allowed overlap. (a’)
The extinction spectra of (a) when N = 200 and A = 100 nm (solid line), N = 200 and H = 50 nm (dashed line), and N = 600 and
H = 100 nm (dashed-dotted line). (b’)«d’) The simulation results for the extinction spectra of (b)~(d) for x-pol (dashed lines) and

y-pol (solid lines), respectively.

third case, we consider rnin = 20 and rmax = 80 nm but spectra associated with each of these cases for x-pol
also allow overlap between the MNPs [Fig. 6(d)]. The and y-pol. For x-pol, the structure shown in Fig. 6(b)
results presented in Figs. 6(b’)—6(d’) show the extinction  supports a broad peak at about 580 nm and a sharper
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FIG. 7. The field-enhancement profiles of two adjacent URs of the periodic structure shown in Fig. 6(b) at (a)(c) 570 nm and
(a’)~«c’) 797 nm. Here, (a) and (a’) refer to the mode in the x-y plane, (b) and (b’) to the mode in the x-z plane, and (c) and (¢’) to the
mode in the y-z plane. The incident field is considered to be polarized along the x axis (x-pol).
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The field-enhancement profiles of two adjacent URs of the periodic structure shown in Fig. 6(d) at (a)~(c) 530 and (a’)(c’)

803 nm. Here, the incident field is considered to be polarized along the y axis (y-pol).

one at 800 nm (dashed line). Once the incident light
becomes polarized along the y axis (y-pol), however, the
peak at 800 nm mostly disappears (solid line). For the
structure shown in Fig. 6(c), more or less similar fea-
tures are generated [Fig. 6(c’)]. Here, however, for x-pol,
the shorter-wavelength peak becomes narrower, while the
longer-wavelength peak becomes quite broad while under-
going some red shifting (dashed line). For the case of the
structure shown in Fig. 6(d), we observe a dramatic change

400

FIG. 9.

0

X (nm)

[Fig. 6(d’)]. Here, for x-pol, no distinct peak with high
amplitude is formed (dashed line). For y-pol, however, the
features include a peak at 530 nm and another one at 808
nm (solid line). In other words, it seems that the features
seen for the x-pol in Figs. 6(b’) and 6(c’) now occur for
the y-pol. This suggests how the lack of isolated MNPs
changes the nature of optical coupling of plasmon modes.

Figure 7 shows the field-enhancement mode profiles
associated with the x-pol cases in Fig. 6(b’) at 570 and

(c)

833

400 400

x (nm)

The field-enhancement profiles in a UR of the periodic structure shown in Fig. 6(d) in (a)—(c) the x-y plane and (a’')(c’) the

x-z plane: (a),(a") at 570 nm; (b),(b’) at 727 nm; (c¢),(c) at 833 nm. Here, the incident field is considered to be polarized along the x

axis (x-pol).
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797 nm, i.e., its two main peaks. Here, we consider the
modes in the x-y [(a) and (a’)], x-z [(b) and (b’)], y-
z planes [(c) and (c’)]. A clear distinction between the
modes at (a){c) 570 nm and (a’)«c’) 797 nm is the
presence of the strong inter-NIS coupling in the latter,
i.e., the formation of PCDDs. Figure 7(b’) also shows the
coupling of such domains with the neighboring ones at
797 nm via the lattice optical mode. Figure 7(c’) shows
a cross view of the overlap between lattice modes with
the MNPs. This figure also shows the formation of field
concentration regions parallel to this mode, mostly in the
superstrate.

To explore the polarization-reversed optical responses
of'the structure in Fig. 6(d), we study its field-enhancement
profiles when the incident light is polarized along the y
axis (y-pol). As shown in Fig. §, this is done for the two
main wavelengths, (a)«(c) 530 nm and (a’}+c’) 803 nm.
The results show that the peak seen in Fig. 6(d’) at 530
nm is mostly related to the edge modes of the structure.
At 803 nm, however, the structure supports a much higher
field enhancement [Figs. 8(a’)-8(c’)]. The profiles in the
x-z and y-z planes in these figures show that in these
cases, the field concentration and the coupling of plas-
monic modes with the photonic mode mostly occurs in
the superstrate [Fig. 8(b’)]. These results suggest that the
y-pol response seen in Fig. 6(d’) is due to orthogonal cou-
pling of the plasmon field with the first-order diffraction
mode of the lattices. This highlights the formation of SLRs
similar to those normally seen when the metallic nanoan-
tennas have sufficient polarizability [34,35]. Note that for
x-pol, as shown in Fig. 9, the amount of the field in the

superstrate is much weaker and plasmonic coupling occurs
mostly between the neighboring URs.

V. EXPERIMENTAL RESULTS

To experimentally test the results presented in the pre-
ceding section, we study the optical responses of samples
1-4 with the URs as seen in Figs. 1(b)—1(e), respectively.
The array arrangement of these structures is shown in
Figs. 10(a)-10(d). The case of Fig. 10(a) nearly depicts the
situation considered in Fig. 6(b). The case of Fig. 10(b)
offers a situation similar to that of Fig. 6(c). In these two
cases, the islands are mostly separated from each other.
In the case of Fig. 10(a), the NISs are small and tightly
packed [Fig. 1(b)], while in the case of Fig. 10(b), they
are large and well separated from each other [Fig. 1(¢c)].
Figure 10(c), with a UR as shown in Fig. 1(d), mimics the
case shown in Fig. 6(d), in which the NISs are intercon-
nected. The case of Fig. 10(d) offers a similar situation but
the amounts of packing and interconnection of the NIS are
more substantial [Fig. 1(e)].

The results of the experimental measurements are shown
in Figs. 10(a’)-10(d’) when ng, ~ 1.33, i.e., the super-
strate is methanol. The results in Fig. 10(a’) (sample 1)
show that for y-pol, we see a single peak at about 600 nm.
When polarization of the incident light is switched to x-pol,
however, a doublet with one peak at 600 nm and the other
at about 706 nm is formed. For the case of sample 2, simi-
lar features can be seen, although here the doublet is much
more pronounced [Fig. 10(b’)]. In fact, here the longer-
wavelength peak occurs at about 780 nm. Comparison of
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=
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FIG. 10. (a)«(d) Top-view SEM images of the array structures with the URs shown in Figs. 1(b)—1(e), respectively. (a')(d") Extinc-

tion spectra of samples 1—4 [(a)~d)] when the incident light is polarized along the y axis (solid lines) and the x axis (dashed lines) and
the refractive index of the superstrate is about 1.33. The red horizontal scale bar on the top of (a) is 1 um.
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the results for the structures shown in Figs. 4(b) and 4(c)
offers a similar picture. In the case of Fig. 6(b), the second
peak for x-pol occurs at about 800 nm [Fig. 6(b’)]. In the
structure of Fig. 6(c), which has a wider MNP size distri-
bution, the longer-wavelength peak is broader and is red
shifted [Fig. 6(c”)].

For the case of sample 3, in which the NISs are large
and connected to each other [Fig. 10(c)], the results in
Fig. 10(c’) show the polarization-reversal process. Here,
for x-pol, the prominent feature includes a peak at about
600 nm. For y-pol, however, a distinct peak is formed
at about 854 nm. These results are consistent with those
shown for the structure in Fig. 6(d), in which we pre-
dict a reversal of the polarization response of the array
[Fig. 6(d’)]. A similar situation is repeated for sample
4 [Fig. 10(d)]. The surface morphology of this sample
shows that the URs for this sample do not have distinct
NISs [Fig. 1(e)]. The extinction spectra of this sample
[Fig. 10(d’)] are similar to those in Fig. 10(c’). The main
difference is the width of the extinction peak, which is
broader in the case of sample 4. Considering the results
presented in Fig. 8, we believe that the longer-wavelength
peaks in Figs. 11(c’) and 11(d’) are associated with SLRs
caused by orthogonal hybridization of plasmonic reso-
nances of URs with the RA.

The results for sample 1 [Fig. 10(a’)] suggest that the
peak at 706 nm is associated with the formation of PCDDs
and inter-PCDD coupling. These can be conferred consid-
ering the results shown in Figs. 7(a’)-7(c’). The nature of
inter-PCDD coupling via lattice modes can be seen in the
mode profiles shown in Fig. 7(b’). Figure 10(b’) suggests
that large NISs can act as more efficient plasmonic relays
that transform a UR into a PCDD. The prime impact of
this in Fig. 10(b’) is the relatively sharp peak generated at
780 nm. To see this further, in Fig. 11 we show the field-
enhancement profile in the (al) x-y and (a2) x-z planes
at 909 nm for the structure shown in Fig. 6(c). At this
wavelength, as shown in Fig. 6(c’), the extinction spectrum
supports a strong peak for x-pol. Figure 11 shows the con-
siderable role that MNPs play as efficient interconnecting
plasmonic antennas for effective formation of PCDDs.

Note that the optical responses of samples 1 and 2 for
y-pol are very similar to those of NISs without any peri-
odicity. To see this, in Figs. 11(b) and 11(c) we present
surface morphologies of the reference samples that are
similar to those of the URs of sample 2 [Fig. 10(b)] and
sample 4 [Fig. 10(d)], but without any array structure.
Figure 11(d) shows the extinction spectra of these sam-
ples. For the case of Fig. 11(b), we see a peak at about
567 nm, very similar to that seen for the y-pol of sample 2

FIG. 11. (al),(a2) The res-
ults of simulations for the
case of the structure shown in
Fig. 6(c) in the x-y and x-
z planes, respectively. (b),(c)
SEM images of the structures
that support the same sur-
face morphology as those in
samples 2 and 4 but with-
out any periodicity. The solid
and dashed lines in (d) show
the extinction spectra associ-
ated with (b) and (c), respec-
tively.

sample 2 uni (d)
04+ — —sample 4 uni

Extinction (arb. units)

600
Wavelength (nm)

800 1000
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(Fig. 10(b’), solid line). For the case of the structure
shown in Fig. 11(c), however, we mostly see a continuous
rise toward the infrared range (dashed line). This feature
matches well with the results seen in Figs. 7(c’) and 7(d”)
for x-pol.

VI. CONCLUSIONS

We study the optics of periodic arrays of metallic nanos-
tructure units with distinct plasmonic architectures. These
units support different regimes of plasmonic coherent cou-
pling of NISs. We use such structures to study the forma-
tion of phase-correlated dipole domains, in which coherent
intra-UR coupling between MNPs forms collective reso-
nances. We demonstrate how such coupling is driven by
the lattice-enhanced plasmonic modes of the MNPs at fre-
quencies that are quite different from the intrinsic LSPRs of
the MNPs. We study the coherent coupling of PCDDs and
the formation of collective states associated with SLRs.
The results show the optimized structure for PCDDs and
efficient inter-PCDDs. The experimental results confirm
the key predictions of the numerical results.
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