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We report on the first experimental observation of topo-  communication structures robust against disofdéf

logical edge states in zigzag chains of plasmonic nanodisks  In this Letter, we provide the first experimental verificatio

We demonstrate that such edge states can be selectively ex- of the existence of topological edge states realized intbe >

cited with the linear polarization of the incident light, and  wavelength regime for a zigzag chain of gold nanodisks i . uc

visualize them directly by near-field scanning optical mi-  visible spectral range (see Fig. 1). The nontrivial topé:_

croscopy. Our work provides experimental verification of  cal properties of such a type of topological edge states € . . .

a novel paradigm for manipulating light at the nanoscale illustrated in the framework of the coupled-dipole approa.

in topologically nontrivial structures. tion.1® Below, we first recall the simplified model of Re”™ 22
and then compare it with the experiment for realistic stites

The study of nontrivial topological properties of matterais and discuss its limitations.

new and exciting area of research in condensed matter [shysic By retaining the nearest neighbour coupling only, the zigza

focusing on the realization of exotic electronic Statesafp+' chain of p|asm0nic elements can be written in the form _. ... .
plications in new and advanced technologtene of the rec- interacting sublattices,

ognized topologically nontrivial phases of electronic teats

associated with the quantum Hall effect when a magnetic field 1 - B B (0)

applied to a two-dimensional system of free electrons tgeak a P = UPR+Vpri+E @
the time-reversal symmetA/A similar quantum spin Hall ef- 15 A (0)

fect relies on spin-orbit coupling Recently, similar concepts a o= Up +Vpﬁ+1 +E

penetrated into the field of opti¢sVarious suggestions are
based on explicit breaking of the time-reversal symmetry b
applying a periodic modulation to the structireglatively
weak magnetooptic effecand engineering photonic crys-
tals and metamaterials with built-in synthetic magnetitdfie
and spin-orbit interactions® The first demonstrations efec-
tromagnetic edge stategere achieved in the samples with the
characteristic period of several centimeters operatingdib
frequencies™!! Recently, the topological states of light were
demonstrated at the optical frequencies in the couplezbsili
waveguide arrays with the sizes of tens of micrét$:14The
waveguide-baséd and photonic crystal-based structut®s
have an inherent limitation: the minimal size of their build
ing blocks should be larger than the light wavelength. Fur
ther reduction of the structure size would allow deterntiais
coupling between the optical topological states and qumantu
excitations of the matter. This can be used for the develop
ment of optically controlled on-chip quantum computing and

« E-mail: andrey.miroshnichenko@anu.edu.au Fig. 1 Schematic illustration of an edge state in the zigzag chiin o
&|TMO University, St. Petersburg 197101, Russia plasmonic nanodisks with odd number of nanoparticles esdit ¢
b Nonlinear Physics Centre, Australian National UniversCT 2601, Aus-  linearly polarized light (the arrow shows the polarizatitirection).
tralia The inset shows the SEM image of the fabricated zigzag cHain

¢ loffe Physical-Technical Institute, Russian Academy @&rses, St. Peters-

old nanodisks with the scale bar representing 200 nm.
burg 194021, Russia; E-mail: a.poddubny@phoi.ifmo.ru g P g
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a Heretg intra andtg jnter are the coupling constants between
\ t” t|| / / / the disks inside the same and different unit cells, respagfi
Depending on the unit cell choice and on the relation be. veen
0 @ tJ_/ £ 7 the couplings, the Zak phase is equal to either zero &vher
y\/x( the first (last) two disks of the finite chain belong to the ¢
unit cell, i.e. the unit cell is chosen in such way that it 'd
. , broken by the edge, the non-zero value of the Zak phase . \eans
b x-polarized edge state c y-polarized edge state the presence of the edge mode at
%, AN L, (4)
a
A B A B A4 A B A B A4

corresponding to the single disk resonance.
Fig. 2 Schematic illustration of (a) polarization-dependentrast The polarization of these edge states is illustrated in Ein
neighbor coupling between the dipole modes in the plasmonic For odd number of disks the finite-extent chain hasxan
zigzag and (b), (cx andy-polarized edge states. The lettérandB  polarized mode localized at the left edge (see Fig. 2b) axd an
Iabel_the_two sub lattices, the arrows show the edge state y-polarized mode at the right one (see Fig. 2c). Krendy
polarization. modes are degenerate, their frequency corresponds tat 1€ s'
gle disk resonance, Eq. (4). Such states with zero enerav ue-
tuning from the resonance are the hallmark of Su-Sct...>*er
Heeger model. This model also describes the origir _. uie
Kitaev's edge states formation of in the quantum wire placed
ontopofa superconductdf.Hence, the spatial distribution of
the Kitaev’s states is very similar to the considered plasr o

wheren is the disk numbenyx is the in-plane dipole polariz-
ability of the single disk, an€® is the electric field of the
normally incident wave, where the indicAsandB stand for
two sublattices. Each bond angle is formed by three conse
utive disks, being equal ta/2. We consider only the plas- : X )
monic excitations polarized in they plane; the bonds be- edg(? modes. Contrary to ourclassmaln bosonic systemfthc N}
tween disks are aligned alomgandy axes (see Fig. 2a). The taeys edge sta_ltes for the quantum wire have the statisf ¢;
interaction matricet) andV are diagonal and characterized ngqranafermmns. Therg hav<_e beer_l a numberofgpzré)posu.o 3°
by two dipole-dipole coupling constaritly = t; = 2/a% and mimic the Majorana fermions in optical syster%ﬁsz. “70u |
Uy=t, — _1/a° (see Fig. 2a), whera is the distance be- system could probably be used for that only in the strc .y,

tween the adjacent disk centers. The matris obtained from nonlinear quantum regime of fermionized photdfis-ow

. . . . ever, its essential feature, revealed already in the cere™’
the matrixU by interchanging the diagonal elementg, = t; : ; . . :
andVi, —t, . classical regime, is the possibility to resonantly excithes

. . left or right edge of the zigzag chain with odd number of r ar.
In the nearest-neighbor approximation tiandy polar- odisks simply by switching the corresponding linear paa.-
ized modes in Eq. (1) are decoupled. Note here, that fo Py by 9 P 9 paa.

each polarization the problem reduces to Su-Schrieffergide {|on d|re_ct|on of the incident plane W‘f’“E’O- For even nurg .
0 . ber of disks the structure supports simultaneously botke ~~
modeF? that has been first developed for the polyacetylene . o . ) ;
i : ) . tates, which are in this case co-polarized and excitedtivith
and then applied to various dimer lattices of photons an ;
124 1s ; - . same amplitude.
cold atoms? It is known to possess nontrivial topologi- .
: i . . In order to demonstrate the effect experimentally, we havc
cal phase® and has been used in optics for classical simula-_, . : : :
! . . ) . fabricated a zigzag chain of seven gold nanodisks on a glass
tions of Majorana dynamic& Particularly, for each polariza-

tion there exist two bulk Bloch bands with the dispersion IawSUb.Strate using the electron bea}m I|thograph¥. The disig e
1/a = £t +t,6X|, whereK is the dimensionless Bloch vec- a diameter of 250 nm and a height of approximately 40 1.1,

. . . ; . while the distance between adjacent disk edges was equai (0
tor. Their topologically nontrivial properties can be #tvated : ) .
100 nm (see the scanning electron microscopy (SEM) i i11y2
by means of the Zak phase

in the inset of Fig. 1). The electron exposure was carrieu cut
s on the 120 nm PMMA layer covered with thin 10 nm Au le yer
Mg=—i \/‘dK<LIJK’c|aK|LIJK’c>’ (2) for charge draining. After the gold layer was removed aid
n the exposed electron resist was developed, the Cr/Au a e s
were thermally evaporated with 3 nm and 40 nm thicknesses,

for the bulk Bloch excitationgik ¢ for both bands respectively and the procedure was finalized with lift-off.
The structure is illuminated from the substrate side v, a
_)T It intral > [tointer] 3) weakly focused linearly polarized laser beam as it is sk ...
° 0, otherwise in Fig. 1. The central wavelength of the excitation was -
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the spots are slightly shifted from the disk centers, whieh a
denoted by the respective digits (see Supplementary Fig. S2
for the exact positions of the disks). We associate this. e
with strong probe-sample interaction. The resonant pla# v
structures appearing dark in the near-field maps were a'
ported in works by Denkovet al. and Okamotet al.313?

By switching between two orthogonal polarizations oi the

E/x y\E incident wave, we can excite either the left edge [disk #1 in
c d Fig. 3a] or the right edge [disk #7 in Fig. 3b] of the cl ain
o-dnk 1 i o-dk i in agreement with Fig. 2. The effect also has clear rescn=nt
= 1 .—"\JT‘\ i behavior, which is illustrated in Figs. 3(c,d). The liness
5 124 ',/" : /— : spectral dependence of the signal obtained from the disks #1
z E E and #7 normalized to the average signal from the two centr: |
g L1 o e - ! disks (#3 and #5) in the top row of the chain for two respec-
A o — ‘o—?\\n PR tive polarizations. The absolute intensity for each disk ol

T T
620 660 7

=g
(=}

A (nm)

740

tained by integrating the near-field signal over the brigith.>
corresponding to the respective disk. The pronouncedrs < ..

maxima for the disks #1 and #7 in tlxeandy polarizations,
respectively, are in agreement with the analytical préath

the edge state excitation at the condition Eq. (4). The N©Z ..
maps for all presented wavelengths can be found in suppic-
mentary.

To analyze the experimental results in more detar wo
perform the full-wave numerical simulation, summarizew.. ...
Fig. 4. The calculations were performed using the frequ zi1c
domain solver of the CST Microwave Studp2014 software.
The zigzag chain was excited by a linearly polarizea , "= .
tinuously tuned around the resonance of the individual,diskwave.
and the near-field patterns of the plasmonic modes induced Panel (a) in Fig. 4 presents the calculated absorptio: -~ -
in the structure were measured by an aperture-type nedr-fiekcattering cross sections for a zigzag structure in freees” 1
scanning optical microscope (NSOM, AIST-NT) in the collec- The scattering spectrum is dominated by the dipole res@ = .
tion mode. In order to tune the excitation wavelength withinpeak at the wavelength~ 700 nm, which is strongly broa-!-
all the visible spectral range, we employed a supercontinuu ened due to the radiative losses. At the same time, the a. == p
source (Fianium WhiteLase SC400-6) combined with the tuntion spectrum has also a sharp resonant feature at the -ve ‘e-
able filter (Fianium SuperChrom¥) yielding a beam with  length A ~ 600 nm, corresponding to the quadrupole 1 =~
the spectral width of approximately 10 nm. After the filtgrin nance. This is the resonance of the double-degenerate ~ 2r
the beam was polarized with a Glan-Taylor prism and weaklypolarization 2 —y? and Xy) quadrupole mode, thatisn  di
focused on the sample surface by a achromatic doublet lengctly excited for a single disk at normal light incidencéis
(focal distancef = 5 cm) to a spot with the diameter of ap- quadrupole mode becomes optically active due to the symme-
proximately 15um. The near-field signal was collected with try reduction in the zigzag chain (see Supplementary Iné .1
tapered aluminium-coated fiber probe with an aperture diamtion for more details). While the quadrupole resonance ts ..u
eter of approximately 150 nm. The scanning process was peresolved in the far-field scattering spectra, it is quite dmtig 1.
formed in constant-height mode (height 100 nm above the in the near-field excitation.
substrate surface) by using capacitive sensor feedbagk 100 |n the NSOM experiment, however, the optical propeitics
Due to relatively fast scanning rate, the drifting betwee® t of the chain are significantly influenced by the substrat. an |
probe and the sample while measuring a single near-field maghe near-field probe. To account for these factors in the sinu
was negligible. lations, the CST model was extended by adding the sut st a e

Fig. 3 presents our main results: map of the near field at thavith a refractive index of 1.5, while the presence of the fica
A =700 nm wavelength. As predicted by the analytical modelfield probe was modelled by a perfectly conducting (F =C
the distribution exhibits hot spots at the edges of the sirec  layer placed at a distance of 100 nm from the substrate (sc - .n
which is the signature of the excitation of different edgés o Supplementary for more details). The maps of magneti ...d
the structure depending on the polarization. The positidns electric components of the near field of the structure urtd-

Fig. 3 Experimental observation of topological edge states at the
nanoscalea,b, Near-field patterns of the polarization-sensitive
localized plasmonic modes measured at the 100 nm distamce fr
the substrate surface for 700 nm excitation wavelength-f¢e) and
y- (b) polarizations. The scale bars represent 500 qyah.Spectral
dependence of the normalized intensity of the hot spots
corresponding to the 1-st and 7-th disks fefc) andy- (d)
polarizations of the incident wave.
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Fig. 4 Numerical simulations of gold nanodisks zigzag. (a)
Calculated absorptiorog,g and scatteringdsca) cross sections of
the 7-disk structure, undgrpolarized excitation in free space.
Vertical arrows show the positions of the dipole- and
guadrupole-like resonances. (b) Spectral dependence of th
normalized magnetic field intensity at 50 nm above the cenfter
disk #1, illustrating the excitation of the edge state. Tisets show
the two-dimensional maps of the amplitudes of magnetic and
electric near fields at a distance of 50 nm above the disks. (c)
Spectral dependence of the relative intensity of the hat spo
corresponding to the disk #1 in the numerically reconséuict
near-field signal maps. The inset shows the two-dimensimagl of
the reconstructed near-field signal at a wavelength of 70@vitm
the scale bar representing 500 nm.

PEC layer forA = 700 nm are shown in the inset of Fig. 4b.
The green curve in the main part of Fig. 4b shows the magnetic
field intensity 50 nm above the center of disk #1 normali- .u w
the mean magnetic field intensity above disks #3 and #5
indicates that the most clear way to demonstrate the edyg
would be to directly measure the near magnetic field, v©
the edge state is manifested by a resonantly excited hc - snot
above one of the edge disks.

The actual signal collected by the near-field probe, ow
ever, can depend on both electric and magnetic ffiéiswell
as on the probe shape and permittivity, and it is also 1 v
enced by the probe-sample interaction which can be stronn in
the case of plasmonic structurésin order to reconstruct the
measured near-field signal, we perform the rigorous pragedu
based on the convolution of the calculated fields with théy ro
response function (see Supplementary for a detailed dietiva
based on the reciprocity theorer#f) The reconstructed ne u -
field map for the wavelength= 700 nm is shown in the inset
of Fig. 4c. The comparison with experimental near-fielc -::aus
does not show one-to-one correspondence (side-by-sif~ _.in
parison between all experimental and reconstructed nesai-i
signal maps can be found in Supplementary Fig. S2), with
bright spots shifted in different directions with respextiue
disks positions. This inconsistency can be explained b, .e
inaccuracies of the probe model we use, which does n'.. & -
count for the size of a real probe, its specific shape and ¢ " zr
complex interactions, such as excitation of surface pi=
polariton on the probe coating, multiple scattering, ettich
are too difficult to be fully included in the simulation.

However, a careful analysis of the spectral dependen~ »f
the intensities of bright spots observed in experimenta : r
numerically reconstructed near-field maps proves that th ¢
cases they characterize the edge state excitation. The iz. =/
Fig. 4c shows the spectral dependence of the signal ob*air ~d
from the disk #1 normalized to the average signal fron th
two central disks (#3 and #5) foepolarization. In exactlv
the same way as for the experimental curves in Fig. 3 <, he
absolute intensity for each disk is obtained by integratirey
near-field signal over the bright spot corresponding to &ie r
spective disk. Both experimental (Fig. 3c,d) and nume.i '
(Fig. 4c) curves closely follow the spectral dependencée. .
magnetic field localization shown in Fig. 4b, confirminyg uia.
bright spots in the experimental and numerically recomssr
near-field maps indeed characterize the excitation of tige ev.
state in the zigzag chain.

The comparison of the scattering and absorption Spcc-
tra (Fig. 4a) with experimental (Fig. 3c,d) and nume ¢ 1
(Fig. 4b,c) near field spectra unambiguously supports ou: &t
tribution of the resonantly excited edge states to the € poi
resonance of individual disks, with possible admixtureha -
quadrupole mode. The coupled-dipoles model associaté . ...
the Su-Schrieffer-Heeger model, Eqg. (1), does not tal” "

s
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the features of the actual sample into account. The partict4
ular simplifications include neglected Ohmic and radiation
losses, long-range interactidAand quadrupole modes. Nev- 1
ertheless, the main model prediction, the frequency-Setec
polarization-controlled excitation of the edge modesswout

to be quite robust.

To summarize, we have visualized nanoscale topologicat’
edge states of plasmons by means of the near-field scanniqg
optical microscopy. The studied nanostructure, a zigzagch
of plasmonic nanodisks, presents a classical counterfidue o
Kitaev's model for the Majorana fermions in the quantum wire 20
above the superconductor. We have exploited the polavizati
degree of freedom of light to realize a resonant selective ex?
citation of the edge disks. This uncovers the potential ef th ,,
plasmonic disk chains for a variety of compact nanodevicess
such as polarization-tunable nanoantennas and light senso
and even richer physics can be sought for in the nonlinea?4
and/or few-photon regimes.

5

25

26
Acknowledgement

27
We thank A. Khanikaev and |. Shadrivov for useful comments2s

and suggestions. The work of I.S.S., I.S.M., A.N.P., and

A.K.S. was supported by Ministry of Education and Science?®
of the Russian Federation (projects GOSZADANIE 2014/190,4,
Zadanie No. 3.561.2014/K, No. 3.1231.2014/K, and project

14.584.21.0009 10) and the Russian Foundation for Basic Rex1
search. ANP acknowledges the support of the RF President
Grant No. MK-6029.2014.2. The work of AEM was sup- 32

ported by the Australian Research Council. 33

References 34

1 B.A.Bernevig, T.L. Hughes and S.-C. Zhang, Science, 2804,1757— 35

1761.

2 D. J. Thouless, M. Kohmoto, M. P. Nightingale and M. den Ng$ys.

Rev. Lett., 198249, 405-408.

C. L. Kane and E. J. Mele, Phys. Rev. Lett., 2005,146802.

L. Lu, J. D. Joannopoulos and M. Soljacic, Nat Photon, 281821-829.

K. Fang, Z. Yu and S. Fan, Nature Photonics, 2@ 282-787.

F. D. M. Haldane and S. Raghu, Phys. Rev. Lett., 2008, 013904.

A. B. Khanikaev, S. Hossein Mousavi, W.-K. Tse, M. Kargaria. H.

MacDonald and G. Shvets, Nature Materials, 2Q13,233-239.

8 M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D. Pséy)
F. Dreisow, S. Nolte, M. Segev and A. Szameit, Nature, 2@98, 196—
200.

9 Z. Wang, Y. Chong, J. D. Joannopoulos and M. Soljacicuhgt2009,

461, 772-775.

W. Tan, Y. Sun, H. Chen and S.-Q. Shen, Scientific Repofi$4,24,

3842.

W.-J. Chen, S.-J. Jiang, X.-D. Chen, B. Zhu, L. Zhou, JBé&hg and

C. T. Chan, Nat Commun, 2018, 5782.

Y. E. Kraus and O. Zilberberg, Phys. Rev. Lett., 2000, 116404.

M. Verbin, O. Zilberberg, Y. E. Kraus, Y. Lahini and Y. Séitberg, Phys.

Rev. Lett., 2013110 076403.

~NOo ok~ w

10

11

12
13

6 T. Jacgmin, I.

M. Hafezi, S. Mittal, J. Fan, A. Migdall and J. M. Taylor, tNee Photon-
ics, 2013,7, 1001.

T. Ma, A. B. Khanikaev, S. H. Mousavi and G. Shvets, ArXipri’
2014.

Carusotto, |. Sagnes, M. Abbarchi, D. Ssiikg\
G. Malpuech, E. Galopin, A. Lemaitre, J. Bloch and A. Amoy®tRev.
Lett., 2014,112 116402.

M. Hafezi, E. A. Demler, M. D. Lukin and J. M. Taylor, Natupysic:
2011,7, 907-912.

T. C. H. Liew and V. Savona, New Journal of Physics, 2A5302501%
A. Poddubny, A. Miroshnichenko, A. Slobozhanyuk and ¥:dkiar, ACL
Photonics, 20141, 101-105.

A. J. Heeger, S. Kivelson, J. R. Schrieffer and W. P. Su, Red. Phys .
1988,60, 781-850.

1 I. L. Garanovich, A. A. Sukhorukov and Y. S. Kivshar, Phigev. Lett.,

2008,100, 203904.

H. Schomerus, Opt. Lett., 20133, 1912-1914.

X. Li, E. Zhao and W. Vincent Liu, Nature Communication§13, 4,
1523.

M. Atala, M. Aidelsburger, J. T. Barreiro, D. Abanin, T.t&gawe
E. Demler and I. Bloch, Nature Physics, 2093795-800.

S.-Q. Shen, Topological Insulators. Dirac Equation ind@@msed Matt~ =
Springer, Heidelberg, 2013.

R. Keil, C. Noh, A. Rai, S. Stitzer, S. Nolte, D. G. Angégaénd A. S
meit, ArXiv e-prints, 2014.

A. Y. Kitaev, Physics-Uspekhi, 20044, 131.

B. M. Rodriguez-Lara and H. M. Moya-Cessa, Phys. Rev.0442
015803.

C. Noh, B. M. Rodriguez-Lara and D. G. Angelakis, Phys. Re2013,
87, 040102.

|. Carusotto, D. Gerace, H. E. Tureci, S. De Liberato, QitiCanua
A. Imamoglu, Phys. Rev. Lett., 200203 033601.

D. Denkova, N. Verellen, A. V. Silhanek, P. Van Dorpe andW.
Moshchalkov, Small, 2014,0, 1959-1966.

H. Okamoto and K. Imura, The Journal of Physical Chemikaiters,
2013,4, 2230-2241.

B. le Feber, N. M. Rotenberg, D. Beggs and L. Kuipers, Natét 201«
8, 43-46.

J. Porto, R. Carminati and J.-J. Greffet, Journal of AggbRhysics, 20( ),
88, 4845-4850.

A. Poshakinskiy, A. Poddubny, L. Pilozzi and E. IvchenRbys. Re'
Lett., 2014,112 107403.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [voll, 1-5 |5



