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Abstract: Photonic edge states provide a novel platform to
control and enhance light–matter interactions. Recently,
it becomes increasing popular to generate such localized
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states using the bulk-edge correspondence of topological
photonic crystals. While the topological approach is ele-
gant, the design and fabrication of these complexphotonic
topological crystals is tedious. Here, we report a simple
and effective strategy to construct and steer photonic
edge state in a plasmonic meta-array, which just requires
a small number of plasmonic nanoparticles to form a
simple lattice. To demonstrate the idea, different lattice
configurations, including square, triangular, and honey-
comb lattices of meta-arrays, are fabricated and measured
by using an ultrahigh spatial resolution photoemission
electron microscopy. The properties of edge states depend
on the geometric details such as the row and column
number of the lattice, as well as the gap distance between
the particles. Moreover, numerical simulations show that
the excited edge states can be used for the generation of
the quantum entanglement. This work not only provides a
new platform for the study of nanoscale photonic devices,
but also open a new way for the fundamental study of
nanophotonics based on edge states.

Keywords: edge state; lasers; nanoscale; photoemission
electronmicroscopy; plasmonic array; quantum entangle-
ment.

1 Introduction

Edge state is an important concept in the physical systems.
The responses of a system to the external environment
are usually dominated by the system edges which are
the boundary between the bulk and the external world
and as such, edge modes have special importance. Their
transport is characterized by small total loss, strong field
enhancement, and it is usually easier to regulate its
couplingwith other systems. The study of edge states has a
long history in the field of surface science, and there have
been reporteddifferentmethods to realize edgemodes. The
mostmathematically elegantway to create edge states is to
use topological materials [1–4], with the advantages of the
robustness, anti-backscatteringand low loss transmission.
In photonics, there are a large number of theoretical [5–8]
and experimental [9–13] researches to support the edge
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states in topological systems by using dielectric [9, 14,
15], metal [16–23] and gain materials [24–29] in different
dimensions [30–33]. The edge states in nonlinear optics
[34–38], non-Hermitian systems [39–42], and the coupling
systems between plasmonics and graphene [43–46] can
also be realized through topological metasurfaces. How-
ever, topological photonic materials usually have complex
structures and they generally require large areas in order
to have a well-defined bulk, which bring challenges to the
sample fabrication and the reduction of integrated chips.
It also requires typical excitation methods and external
conditions, such as magneto-optical materials and quan-
tum gain materials which need to be excited under the
magnetic field. Edge modes of course do not require a
topological reason to exist. It is well known that many
truncated photonic crystals carry edge states [47–53],
but this kind of edge states have specific requirements
for the truncated boundary configurations. In addition,
some heterostructures can also exhibit edge states where
the localized modes appear. However, the design and
fabrication of the heterostructures are difficult because of
the splicing the multiple different structures or materials
[54–56]. Consequently, it is highly desirable for practical
applications if compact nanostructures that are easy to
fabricate can support edge resonances that can be easily
excited [20, 57–61]. Fortunately,plasmonicnanoarrayscan
have all the above advantages. Both 1D and 2D plasmonic
crystal structures have been studied and used as highly
transmissive polarization-independent subtractive color
filters [62], nanolasers [63–67] and molecular emission
enhancement device [68–70], as well as the devices in
quantumsystems [70–75]. Compactplasmonicnanoarrays
have the potential to support edge states, and these
structures are easy to fabricate and be excited, as well
as to be integrated.

Here, we report a strategy to construct and steer
photonic edge eigenmodes in a structurally ordered or
random plasmonic meta-array with a compact size under
linear polarized-incident excitation. The system is flexible
to design and easy to fabricate. This kind of photonic
edge states exist in fairly small plasmonic clusters and
are hence different from the topological edge states which
depend on a system big enough to define bulk topological
invariants. Our system has two edges that are parallel
to the polarization direction of optical-localized states,
and the interior excitation is suppressed with no optical
response. The cluster is compact and the row or column
numbers usually do not exceed 4, which means that band
theory is not relevant in our studies. Moreover, the lattice
constant of this plasmonic meta-array requires no more

than twice the lattice unit diameter. That means the gaps
between each plasmonic particles are extremely small,
and the suppression effect of the interior is strong. These
two factors ensure the appearance of edge eigenmodes in
theplasmonicmeta-arraysunder linear polarized-incident
excitation. If the polarization direction of the incident
light is changed, the excited edge-states positions of the
meta-arrays are also changed. It is robust in the sense that
the edge state still exists even when one of the edge disks
is missing. Furthermore, by analyzing the dephasing time
of these edge states in gradual-changed lattice numbers
of meta-arrays, it is found that the dephasing time will
increase with the decrease of lattice constant, and with
the increase of the lattice number that are parallel to
the polarized direction. This phenomenon confirms the
above required two factors. Plasmonic meta-arrays with
different underlying lattice structures, including square,
triangular, and honeycomb lattices, can all support edge
states that are all verified through experiments by using
an ultrahigh spatial resolution photoemission electron
microscopy (PEEM), which indicates that our strategy
is generally applicable. PEEM instruments can help us
measure the plasmonic hot spots and confirm the spatial
positions of themeasured structures at the same time. This
is also a noncontact measurement, which can show the
responses of the structure itself to the external light field
without disturbance or interference. Last but not least,
simulations also indicate that the excited edge state can
be an entangled-quantum emitter, which shows that the
meta-array can be used not only in the classical but also
the quantum applications. This work not only provides a
new platform for the study of nanoscale photonic devices
based on edge states of eigenmodes, but also open a new
way for the fundamental study in nanophotonics.

In order to show the simplicity of the designed
structures, we first consider a random cluster consisting
of plasmonic units of different shapes and gaps between
every two units as shown pictorially in Figure 1(a). The
direction of red arrow along the z axis indicates the
propagation direction of the linear polarized incident
plane-wave, normally and uniformly exciting the whole
cluster. The polarization of the incident light is parallel
to the axis x (XP), as indicated by a two-way arrow.
The simulated electric field distribution under XP excita-
tion by finite-difference time-domain method (Lumerical
FDTD Solutions) is shown in Figure 1(b). The upper and
lower edges, parallel to the incident-polarized direction,
have obvious optical-field enhancement, and the optical
responses of the internal units are small. In order to
accurately describe the suppression of excitation in the
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Figure 1: Schematic illustration of random plasmonic meta-array and the experimental setup.
(a) Picture of a random array of plasmonic particles with different shapes and gaps between each of particles. The direction of the red arrow,
along the z-axis, indicates the propagation direction of linear polarized incident plane-wave. The two-way red arrow indicates the direction
of XP light. (b) Simulated electric field distribution under XP excitation (by FDTD method). The yellow dashed rectangle represents part of the
area of edge and the grey dashed rectangle represents part of the interior. The simulated suppression ratio is 27.7. (c) Schematics of the
experimental instruments of PEEM. The blue arrow indicates the direction of the incident laser and the grey arrows indicate the direction of
collected electrons escaping from the sample surface. The sample composed of gold disks is fabricated by EBL on the ITO substrate. The
gaps G between the nearest disks are 20 nm, and the diameter of each disk is fixed 120 nm in our experiments.

interior, we define a suppression ratio as the ratio of
the near-field enhancement density of region produced
by the edge units to the near-field enhancement density
of region produced by the bulk units. The higher the
suppression ratio value, the better the suppression effect.
In Figure 1(b), the yellow dashed rectangle represents a
part of the edge and the grey dashed rectangle represents
anarea in thebulk. In this case, the suppression ratio is 27.7
at the excited wavelength of 720 nm, indicating that there
are eigenmodes localized near the edge in this random
meta-array. The detailed suppression ratio calculation
method is given in Supplementary Materials (SM) I.

2 Analysis of C4R4 and C5R4 arrays
In order to analyze this type of edge state that can be found
easily in a small cluster, we consider a simple and ordered
structure. While we select square lattices because they
are convenient to fabricate and to do experiments, other
lattice types and configurations can also illustrate this
phenomenon, which will be discussed in detail later. As

showninFigure 1(c), thesamplesareallmeasuredbyPEEM
instruments with ultra-high time and spatial resolution to
obtain the near-field mode distributions. The blue arrow
indicates the direction of the incident femtosecond laser
with pulse width of 100 fs and the grey arrows indicate the
collected direction of electrons escaping from the sample
surface. The plasmonic meta-array is constructed by a
square latticeofgolddiskswithafixeddiameterDof 120nm
and thickness of 30 nm. The lattice constant is 140 nm, as a
consequence, the gaps G between every two nearest disks
are 20 nmwhich are extremely small. A series of plasmonic
meta-arrays with different column numbers, row numbers
and lattice types are fabricated by using electron beam
lithography (EBL) on the indium tin oxide (ITO) substrates,
and gold disk are grown by using helicon sputtering.
Taking the meta-arrays with column (C) number of 4 and
row (R) number of 4 (C4R4) as an example, an edge state
is excited under XP excitation. The simulated electric field
distribution of C4R4 array is shown in Figure 2(a), and the
experimental near-field image of the edge state is shown
in Figure 2(b). In this case, only the edge disks along
the polarized direction of incident light have plasmonic



3498 | Q. Yan et al.: Edge states in plasmonic meta-arrays

Figure 2: Near-field images of square-lattice simulated and experimental results.
(a) Simulated electric field distribution of C4R4 meta-arrays under XP excitation. The columns and rows are number by C1 to C4 and R1 to R4.
(b) The experimental near-field image of the edge state in C4R4 meta-arrays under XP excitation. The field of view is 5 um and the excitation
wavelength is 715 nm. (c) Simulated real and imaginary parts of surface charge distributions of edge state for C4R4 meta-arrays under XP
incidence. The dashed red rectangle marks the large quadrupole mode excitation of the four interior disks. The dashed black circles show
the dipole-mode direction is not completely parallel to the polarization direction. (d, e) Simulated electric field distributions under XP and YP
excitation for C5R4 arrays. (f, g). Corresponding experimental near-field imaging of edge state and bulk state under XP and YP excitation. The
field of view is 5 um and the excitation wavelength is 720 nm and 700 nm, respectively.

resonance responses, that is, the rows R1 and R4, while
the plasmonic resonance responses are suppressed in
the rows R2 and R3. The experimental field of view is 5
um and its excitation wavelength is 715 nm which is at
the meta-array plasmonic resonant peak wavelength. In
addition, the suppression ratio is calculated in simulation
as 41.46 and in experiment as 6.14. The difference comes
from the limitation of experimental conditions, such as the
photoemission from the ITO substrates and the scattering
light from other excited defect points.

Furthermore, the simulated real and imaginary parts
of surface charge distributions of the edge state in trivial
plasmonic C4R4 meta-arrays under XP excitation are also
analyzedas shown inFigure 2(c), sameas the experimental
configurations. It is clear that in the real part of the surface
charge distributions, the disks in the rows of R1 and R4
showthedipolemodeand there is strongcoupling strength
among these disks and the dipoles of each disk oscillates
in phase along the edge. In the rows R2 and R3, each disk
exhibits a dipole mode, but neighboring disks have the
opposite charge distributions. In the interior, the excited
charge of every four disks exhibits a large quadrupole
mode that is marked by dashed red rectangle; we call this
the “high-order-like” mode. In the imaginary part of the
surface charge distributions, the intensities on the rows R1
and R4 are higher than the interior, and every disk shows
a dipole mode. If we carefully observe the surface charge

distributions of the real and imaginary parts of this whole
cluster, nearly every disk has an oblique dipole mode, and
the dipole-mode direction is not completely parallel to
the polarization direction of incident light as marked by
dashed black circles in Figure 2(c). Therefore, the dipole
moment of a disk should be calculated by multiplying the
polarizabilitybycomposing the total electricfields induced
by other dipoles in these plasmonic meta-arrays, and the
x- and y-polarized modes are coupled.

The edge states also exist in the meta-arrays with
column number of 5 and row number of 4 (C5R4) under
XP excitation. The simulated electric field distribution and
experimental near-field image are shown inFigure 2(d), (f).
The rowsofR1 andR4haveplasmonic resonance response,
while the response is very weak in rows R2 and R3. The
experimental field of view is 5 um and its excitation
wavelength is 720 nm at the resonant peak wavelength.
The suppression ratio is calculated in simulation as 82.68
and in experiment as 6.21. However, when the polarization
direction of incident light is rotated by 90◦ (the polarized
light parallel to the axis y (YP) excitation), the edge states
on the R1 and R4 cannot be excited completely and the
disks in the central column is strongly excited as shown
in Figure 2(e), (g). In this case, the columns of C1, C3,
and C5 have the plasmonic resonance responses, while
they are suppressed in the columns of C2 and C4. The
experimental field of view is 5 um and its resonant peak
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wavelength is 700 nm which has a blue shift than that
under XP excitation. The surface charge distributions of
C5R4 meta-arrays under XP and YP excitation are also
provided in theSM II, thequadrupolemodeof disks appear
as predicted in the C4R4 meta-array. We infer that the
eigenmodes that are localized in the interior of the cluster
have charge distributions that is like quadruple modes,
and hence they cannot be excited easily using plane wave
excitation at normal incidence.

The plasmonic clusters are so small that it seems
reasonable to treat it as a thin plate of continuousmaterial
by using effective-medium theory. However, as the cluster
of nanoparticles is just one layer thick and the eigenfield
extends into the vacuum, it is not so easy to define a
thickness of the effectivemedium plate for the sake of field
averaging when we do the effective medium parameter
extraction. In order to understand qualitatively the forma-
tion of this kind of edge state, we consider coupled-dipole
equations that can describe the response of these meta-
arrays and obtain the eigenvalues of the corresponding
response matrix and their mode distributions. Dipole
approximationwithquasi-static approximation in the tight
binding model is applied to find the Hamiltonians. The
Eqs. (1) and (2) represent the dipole moment Pn at Rn of a
disk and dipole–dipole interaction coefficient G0(Rnm)Pm,
respectively [76]

Pn = 𝛼E
∑
m≠n

G0(Rn − Rm)Pm (1)

G0(Rnm)Pm = 1
Rnm3

[
3R̂nm

(
R̂nm ⋅ Pm

)
− Pm

]
(2)

where the 𝛼E is an electric polarizability of the disks as
𝛼E = 4𝜋𝜀0r3 (𝜀− 𝜀g)∕(𝜀+ 2𝜀g). The 𝜀g is the background
permittivity as 1, and the 𝜀 is the permittivity of disks
calculated by the Drude model with simulated plasmonic
frequency 𝜔p of 2𝜋 × 4.16e14 rad/s. Rnm is a magnitude of
Rnm and R̂nm is a unit row vector of Rnm [77]. We consider
not only the nearest-neighbor interaction, but also the
total electric fields induced by other dipoles, and obtain
the energy eigenvalues in Figure 3 of C4R4 (purples) and
C5R4 (blues and oranges) meta-arrays under XP and YP
excitation. Detailed description can be found in the SM III.
We further show the normalized mode distribution of
different eigenmodes including the edge mode. The mode
9 in purple represents the edge state and the mode11 in
purple represents the corner state in C4R4 meta-arrays
under XP or YP excitation. The mode 5 in blue represents
the edge state in C5R4 meta-arrays under XP excitation
and the mode 10 in orange represents the bulk state in
C5R4 meta-arrays under YP excitation. They are all con-
sistent with experimental near-field images and simulated
mode distributions. We note that the calculations can be
performed without the quasi-static approximation. In that
case, the mode distributions will not be affected, but the
imaginary part of the eigenvalues will emerge which is
correlated with the radiative widths that appear in the
spectra. Since this work focuses on mode distribution,
we therefore ignore the radiation loss and the retardation
effect and use the quasi-static approximation.

Through the above analysis, we see that the exper-
imentally observed edge state is one of the eigenmodes
in this meta-array. Such edge modes are ubiquitous in

Figure 3: Calculated the eigenvalues of the C4R4 (purples) and C4R5 (blues and oranges) arrays under XP and YP excitation using the model
in the text. The normalized electric field distribution of edge state (mode 9 in purple and mode 5 in blue), corner state (mode 11 in purple) and
bulk state (mode 10 in orange).
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small clusters that can described by dipolar interaction.
Indeed, we found numerically that the existence of this
kind of edge states does not depend that much on the
material of the disk. For instance, when the metallic gold
is replaced by the dielectric silicon, the edge states are
still found to exist. In addition, there are lots of other
eigenmodes in both simulated and calculated results,
which their resonant wavelengths are near that in the edge
mode. However, during the experimental measurements,
the only observablemode is the edgemode through tuning
the excitation laser wavelength from 690 to 900 nm.
We further analyze this phenomenon and find that the
edge-state mode distribution dominates the plasmonic
resonance due to the normal incident excitation, and the
other modes are difficult to excite under this mode of
excitation. Therefore, the generation of the expected edge
modes can be controlled by properly coupling them to the
specific form of the external incident light. This is also
verified by FDTD simulation which can refer to SM IV, and
it is found that the edge-mode near-field intensity is much
greater than that of other eigenmodes under the normal
incident excitation. In the following section, we will give
quantitative limiting parameters for the generation of edge
states.

3 Influence of the structural details
of meta-arrays on edge states

Though this kind of edge state can easily be found in small
clusters, there are still some influencing factors that will
determine thedetails.Wechoosesomeexamples toanalyze
the influence of column and row numbers, as well as the
interparticle gap size, on the edge states in the near and
far fields by experiments. Three different meta-arrays with
the same row number of R4 and different column numbers
from C1 to C3 are fabricated by EBL andmeasured by using
PEEM instruments as shown in the Figure 4(a). The scale
bars represent 200 nm. As the C4R4 and C5R4 arrays have
beenanalyzedabove,weonlyshowthenear-field imagesof
C1R4,C2R4,andC3R4meta-arraysunderXPexcitation. It is
found that when the column number is 1, there is still edge
state in the near field with the resonant peak wavelength
of 720 nm, and its far-field extinction has one resonant
peak wavelength of around 720 nm, which corresponds
to the transverse mode of plasmonic resonance. With we
increase the column number, the edge-states resonant
peak wavelengths of different meta-arrays in the near field
does not change and they stay at 720 nm. However, if the
column number is larger than 1, there will be two peaks in

the far-field extinction spectra with the meta-arrays from
C2R4 toC5R4, as shown inFigure 4(c)with solid color lines.
In addition, we simulated the change on the dephasing
time of edge states as the column number increases in
Figure 4(e). The dephasing time here refers to amplitude
intensity decay of plasmonic modes. We monitored the
curves of decay near the edge, fitted the curves and get the
simulated dephasing time of the edge states. The results
show that the dephasing time will gradually increase, and
a sharp change will occur between the column number of
2 and 3, and then it reaches saturation. Increasing column
number has little effect on the dephasing time after the
column number is more than 3. Further increasing the size
of metal meat-arrays can bring higher localized intensity
of edge states, at the expense of a higher loss of the system.
From the perspective of mode hybridization, when the
column number is one or two, we observe simple dipole
mode of longitudinal or transverse mode between disks;
while when the column number is more than 3, high-order
coupled modes will appear and this cause the increase of
thedephasing time.Moreover, the suppression ratio values
are obtained as 3.21, 3.76, and 6.01 from experimental
results, and 3.38, 4.03, and 14.36 from FDTD simulation
results for C1R4, C2R4, and C3R4 meta-arrays. The details
can refer to SM V.

By rotating the sample 90◦, different row numbers
fromR1 toR3 ofmeta-arrayswith the same columnnumber
of 4 can be obtained. Under the same XP excitation,
the experimental near-field results are shown in the
Figure 4(b), and the scale bars represent 200 nm. In the
case of C4R1 and C4R2 meta-arrays, there is no edge state
but we observe excitations in the interior at the resonant
peak wavelength of 720 nm. In the case of C4R3 and C4R4
(Figure 2(b)), the edge states reappear at the resonant
peak wavelength of 720 nm. However, in the case of
C4R5 (Figure 2(g)), there is also no edge state but bulk
states at the resonant peak wavelength of 720 nm. This
shows that the row number largely determines whether
there can be edge states or not. The far-field extinction
spectra are also shown in the Figure 4(c) with dashed color
lines, and there are always two peaks except the C4R4
meta-arrays (Figure 4(d)). Although there are two peaks in
the spectra, the edge state only corresponds to the peak
with the shorter wavelength. The other peak with longer
wavelength corresponds to the bulk state that can couple
with far field radiation. It is believed that the symmetry of
the finite meta-arrays will affect the shape of the far-field
spectra. If the meta-arrays have equal column and row
numbers, the extinction spectra will show symmetrical
distributions with only one peak shown in Figure 4(d),
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Figure 4: Near-field images and far-field spectra of plasmonic meta-arrays with different numbers of column and row.
(a, b) Columns-dependence and rows-dependence of the near-field mode distribution of meta-arrays under XP excitation. The scale bar
represented by a short white line in each figure represents 200 nm. The dashed cyan circles represent the spatial location of meta-arrays.
The excitation wavelength is 720 nm at their peak wavelength. (c) Columns-dependence and rows-dependence of extinction in square
lattices under XP excitation with wavelength range from 450 nm to 955 nm, marked by solid color lines and dashed color lines respectively.
(d) Size-dependence of extinction in square lattices under XP light with wavelength range from 450 nm to 955 nm. The dashed black line
indicates the single peak wavelength around 700 nm. (e) Simulated fitting curves of the dephasing time of each edge state in square-lattice
meta-arrays with increasing column number from C1 to C5 while keeping the row number at 4. The dashed claret lines indicate the values of
dephasing times.

marked by dashed black line. All these experimental
results are consistent with the simulation and theoretical
calculation results.

Due to the small gaps of each disk of 20 nm in the
experiments, we further study the gap-size influence on
the generation of the edge state. The gap size here refers to
the distance from disk boundary to disk boundary. We use
C4R4 meta-arrays as an example to analyze, and change

the gap size as 10 nm, 30 nm, 50 nm, and 80 nm by
FDTD simulations. Although edge states still exist, the
suppression ratio decreases as 50.31, 5.09, 2.75, and 1.92.
In addition, the simulated edge-state dephasing time also
gradually decrease with the increase of gap size as shown
in SM V. However, when we continue to increase the
gap size to 120 nm (now the lattice constant is 240 nm,
twice of the disk diameter size), the suppression ratio
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decreases to 1.35, which means that the edge state is not
well defined. Gap size influences the coupling strength
between disks. The results indicate that it requires strong
near-field coupling strength to generate the edge state, and
the coupling strength of disks is an important factor. From
the above analysis, we can conclude that edge eigenmodes
can exist in small meta-arrays with a strong coupling
between the plasmonic particles in the array.

4 Edge states in different lattice
types

Edge states in different symmetric lattices are also mea-
sured and it is verified that the edge states are indeed
ubiquitous, independent of details. We fabricated trian-
gular and honeycomb-lattice meta-arrays with four rows
and each row has four gold disks. The diameter of each
disk remains 120 nm and the lattice constant remains
140 nm with the nearest gap size of 20 nm. As shown in
Figure 5(a), (b), the SEM images, experimental near-field
images and simulated electric field distributions under
XP and YP excitation are demonstrated. The excitation

wavelength is 715 nm at the resonant peak wavelength,
and the scale bars represent 200 nmwith the experimental
field of view of 5 um. The experimental images show that
edge states are observed under XP excitation independent
of whether the underlying structures are triangular or hon-
eycomb. The suppression ratios in experimental results
are 9.0 in triangular lattice and 7.28 in honeycomb lattice,
and the simulated ratios are 10.35 and 8.72, respectively.
While under YP light excitation with samewavelength, we
observed the responses in the interior instead of edges.
The edge states will appear at a longer wavelength of
about 900 nm according to the FDTD simulations under
YP excitation. However, as a result of the limitation
of experimental excitation-laser central wavelength, the
excitation power cannot reach the requirements and the
field-enhancement intensity of the edge state under YP
excitation is low, the edge states cannot be observed in
experiments. The spectra of far field and near field under
XP and YP excitation in honeycomb lattice are given in
Figure 5(c), (d), respectively. It shows that in the far field,
the peakwavelength under YP excitation is a little red shift
than the peak wavelength under XP excitation, and in the
near field, the two peak wavelengths keep the same. Due

Figure 5: Experimental and simulated results of triangular and honeycomb lattice.
(a, b) SEM images of the plasmonic meta-arrays with triangular and honeycomb lattices. Experimental near-field images and simulated
electric field distributions are shown for XP (left panels) and YP (right panels) excitations. The excitation wavelengths are 715 nm at their
peak wavelength, and the scale bar represented by a short white line in each figure represents 200 nm. (c, d) Spectra of far field and near
field under XP and YP excitation in the honeycomb lattice respectively. The wavelength range of the figures is from 450 nm to 955 nm. The red
two-way arrow indicates the XP light and the blue two-way arrow indicates the YP light.
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to the appearance of the similar edge states in different
lattice types as that in square lattice, it illustrates that the
edge states of eigenmode are generally applicable under
polarization steering.

5 Generation of quantum
entanglement in the meta-arrays

In addition, we find by simulation that the existence of the
edge states is not compromised by structural modification
such as missing disks or added obstacles on the edge,
which indicates that this kind of edge states are robust
to structural perturbation. The detailed results are in the
SM VI. To go a step further, we consider that this unique
edge states can help protect the correlation or entangle-
ment of quantum pairs as well. Here we show a 4-qubit
quantum entanglement. Through FDTD simulations, we
put one dipole on the top row with XP light in the C4R4
meta-arrays to excite the edge state, and set the qubits at
the middle of the top and bottom row, far left and right
column. The qubits Q1, Q2, Q3, and Q4 are numbered as
shown in Figure 6(a). Consider each qubit has two states,
and |eggg > represents the state with first qubit is excited
and others are at ground state. The rest can be done in
the same manner. The dynamic evolution of the system is
determined by the master equation:

𝜕𝜌

𝜕t = −i𝜔0
∑
j

[
Szj , 𝜌

]
− i

∑
i, j
Ωi j

[
S+i S

−
j , 𝜌

]

−
∑
i, j
𝛾i j

[
S+i S

−
j 𝜌− 2S−j 𝜌S

+
i + 𝜌S+i S

−
j

]
(3)

where i, j = 1, 2, 3, 4. 𝜔0 is the transition frequency of all
qubits. 𝜌 is the density matrix. S+i = |ei >< gi|, S−i = |gei|
are the ladder operators. Szi = 1∕2 (|ei >< ei|− |gi ><
gi|) is the z-component of 1/2-pseudospin operators.
Then we can obtain the coupling coefficient between
qubits with imaginary part 𝛾 ij and the negative real
partΩij.

𝛾i j =
1
𝜀0

Im
(
𝜔2
0

c2ℏpi ⋅ 𝔾(ri, rj, 𝜔0) ⋅ p∗j
)

(4)

Ωi j = − 1
𝜀0

Re
(
𝜔2
0

c2ℏpi ⋅ 𝔾(ri, rj, 𝜔0) ⋅ p∗j
)

(5)

where the p is the dipole moment and 𝔾(ri, rj, 𝜔0) is the
Green function,

[
∇×∇ ×−𝜔2

0
c2 𝜀(ri, 𝜔0)

]
𝔾
(
ri, rj, 𝜔0

)
= 𝛿(ri − rj) (6)

To quantitative describe the entanglement between
the 4 qubits, we calculate the concurrence function. The
detailed derivation process is in the SM VII, and the
calculated results of concurrence function C(t) is shown in
Figure 6(b). Since the maximum value of the concurrence
function is more than 0.1 instead of zero, it proves that the
4-qubits have entanglement. Moreover, the entanglement
degree between Q1 and Q2 is larger than the entanglement
degree between Q1 and Q3 from Figure 6(b). The emission
of light from an excited qubit on the edge row can be
coupled far away to the qubit on the opposite-edge row
due to the edge-state properties of these meta-arrays. The
quantum entanglement generation through edge states
implies that our platform has potential in the research of
quantum information and quantum communication.

Figure 6: Schematic of the generation of
quantum entanglement source.
(a) Schematic diagram of the quantum
entanglement with XP-dipole light. Four
quantum dots are put in the middle of the
four edges and number by Q1, Q2, Q3 and
Q4 respectively. (b). Calculated total con-
currence function (black), the concurrence
function between Q1 and Q2 (purple) and
the concurrence function between Q1 and Q3
(orange).
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6 Conclusions
In thiswork,we showed that eigenmodes that are localized
on the edges are ubiquitous in small plasmonic clusters,
and these edge modes can be selectively excited by
choosing the polarization of the incident field. This kind
of plasmonic arrays can be very compact with a lattice
of just a few rows and columns. They are small enough
so that the bulk-edge correspondence of topological band
theory is irrelevant but are big enough to distinguish
between boundary and interior excitation; and they are
macroscopic in the sense that classical electromagnetism
provides an adequate description of themode localization.
When the normal incident light wavelength corresponds
to the plasmonic resonant wavelength, the edge states will
be excited, with strong field localization in the gaps of the
edge particles. The small lattice numbers and narrow gap
sizes are required to support the high suppression-ratio
edge states, and which edge states will be excited depend
on the incident polarization direction. We found that
the excited edge states decay quickly into the interior
as the gap sizes increase. We also experimentally found
that the row number and the column number of the
meta-arrays have influence on the edge-states and their
excitation. In addition, the edge states are found to exist in
different lattice typeswith small rowand columnnumbers.
Numerical simulations show that the edge states can
generate and protect the quantum entanglement because
of the robustness.

The small plasmonic clusters can be applied to many
photonic devices with different functions. Due to the
compact size and strong field distribution at the edges
of the plasmonic systems, it can be used as ultrasmall
light source emitters. For example, by covering the present
plasmon configurationwith nonlinearmaterials to achieve
nonlinear modulation, nonlinear light sources or entan-
gled quantum light sources can be obtained. Since the
configuration is robust, the light sources will be efficient.
Moreover, it canalsobeusedasahigh-precisionplasmonic
antenna, which can help send and receive signals. Simi-
larly,byusing thepolarizationmultiplexingcharacteristics
of the structures, multichannel ultrafast response optical
switches or triggers in integrated optical chips can be
realized. Different polarized lights can control the switch-
ing conditions of different channels. Furthermore, if the
edge states of the configurations are carefully designed
and connected to other edge states in different sites,
the optical logic operation functions are realizable. In
addition, because the interior excitations of the structures
are suppressed and the boundaries are excited, it can also

beusedasadeviceprotector.As longas this small structure
is added where the device would not like to be excited
by the pump light, it can ensure that the device will not
respond to the external light field. This work provides a
very simple way to realize edge states and can promote the
applicationsofplasmonics inareaswhereenergyandwave
localization are useful, and has the potential in the future
research of integrated optics from classical to quantum
systems.

7 Methods

7.1 Simulation

Weused commercial software (Lumerical FDTD solutions) to simulate
the far-field and near-field characteristics of plasmonic meta-arrays
with finite-difference time-domain (FDTD) method. The optical prop-
erties of Au inmeta-arrayswere obtained from Johnson-Christymodel
and the refractive index of ITOwas set to 1.6. In the simulationmodel,
the ITO was set as substrate, and the diameter of Au nanoparticle
was 120 nm with the height of 30 nm. The plane wave excited the
simulation region with linear polarization and the simulation region
was meshed uniformly a 3 nm mesh size with periodic boundary
conditions. We also used commercial software (MATLAB R2015a) to
calculate the mode eigenvalues of different meta-arrays under the
tight-binding model.

7.2 Fabrication and characterization of plasmonic
meta-arrays

We cleaned the 150 nm-ITO-coated silica glass substrates by sequen-
tial ultrasonication for 5 min in acetone, methanol, and ultrapure
water. A copolymer resist (ZEP520A, Zeon Chemicals) diluted with
a ZEP thinner (1:1) is spin coated onto the substrates at 1000 rpm
for 10 s and 4000 rpm for 60 s, and the substrates are prebaked
at 180 ◦C for 2 min. The wet etching process is used for fabricating
the nanopatterns followed by electron-beam lithography (ELS-F125,
Elionix) with an electron current of 50 pA at 125 kV, developing
with ZED-N50 for 48 s, depositing titanium (Ti) of 2 nm and Au
film of 30 nm by helicon sputtering (MPS-4000C1/HC1, ULVAC), and
lift-offwith ZDMACand cleaningbyultrasonication.After fabrication,
photonicmultichannel analyzer (PMA C7473, Hamamatsu Photonics)
equipped with an optical microscope (BX-51 (Olympus)) is used
for measuring the far-field spectra and the field-emission scanning
electron microscopy (Helios NanoLab 600i) is used for observing the
surface morphology of nanopatterns.

7.3 PEEM measurement

The PEEM measurements were performed with a PEEM microscope
(AC-PEEM III, Elmitec GmbH) equippedwith one UV light source (cut-
off energy∼4.9 eV) and two laser sources. One laser source (Tsunami,
Spectra-Physics) has pulse duration of approximately 100 fs, is
wavelength tunable from690 to 1040nmata repetition rateof 77MHz,
and was used for wavelength-dependent PEEM measurements. Both
lasers illuminated the sample surface at normal incidence, and a 𝜆/2
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waveplate was used to control the laser polarization. We measured
the plasmonic near-field mode distribution under linear polarized
incident light.

Supporting information
Additional simulated and experimental results, including
the suppression ratio, different mode-distribution inten-
sity, dephasing time, and the robustness of the meta-
arrays.Calculatedresults, including themethodsofsolving
the eigenvalues and the entangled quantum generation
(PDF).
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