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Abstract: We report handedness-sensitive surface plasmon polariton (SPP)
emission in mirror-symmetric ensembles of elliptical nanoholes made in a
thin gold film. It is found by means of rigorous calculations and scanning
near-field optical microscopy that SPP excitation direction depends on the
direction of circularly polarized illumination E-vector rotation. An
analytical model based on anisotropic polarizability of each nanohole is
presented. Both the experimental and calculated results are in agreement
with Curie’s principle, and contribute to better understanding of symmetry
in plasmonics.
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1. Introduction

Surface plasmon-polaritons (SPPs) are two-dimensional waves bound to metal-dielectric
interface [1] capable of optical energy localization and transfer at unprecedentedly low scales
[2-5] as well as creation of highly-efficient polarization-sensitive metasurfaces [6]. In order to
be able to address plasmonic signal correctly, it is important to have an ability of controlling
the direction of SPP emission. For this purpose one can use different degrees of freedom of
light, which excites SPP, and, particularly, its polarization state. It was shown that plasmonic
emission direction and/or amplitude could be controlled by polarization at flat metal surfaces,
protrusions and apertures of different shapes [7-9], as well as at isolated plasmonic objects
[10]. In previous works the important role of symmetry of the plasmon-emitting structures
and its connection to light polarization was pointed out. Although, handedness-sensitive—i.e.
sensitive to whether impinging light is right-hand or left-hand circularly polarized—SPP
launching was only observed in structures possessing planar chirality [9]. In this paper we
present a novel 3A-sized nanohole-based quasi-planar device which, even though possessing
mirror symmetry, is a source of handedness-sensitive SPPs. The results are obtained
numerically, experimentally and analytically. The observed effect rises from interference
between SPPs launched from different point-like sources and is perfectly following the
Curie’s symmetry principle.

2. Sample design and fabrication

For handedness-sensitive emission of SPPs, an ensemble of elliptical nanoholes perforated in
a thin gold film is considered. The samples under study comprise three elliptical nanoholes in
the corners of an equilateral triangle. The major axis of the ellipse pointing to the center of the
triangle as depicted in Fig. 1(a).

A single nanohole illuminated by a linearly polarized plane wave from one side of the film
is capable of becoming a source of SPPs on the other side of the film. The mean SPP
propagation direction coincides with the direction of the illuminating wave E -vector [11,12].
Additionally, the amplitude of the SPP launched this way is proportional to overall
transmission efficiency of the nanohole at the polarization and wavelength being used. In case
of elliptical subwavelength nanoholes the transmission coefficient is larger for light polarized
along the minor ellipse axis than for one polarized along the major one due to extended cutoff
wavelength of such a waveguide [13, 14]. The spectrum of such a nanohole contains a shape
resonance which was proved analytically [13] and experimentally [15, 16]. At this wavelength
the nanohole is an efficient source of SPPs for light polarized along the minor axis of the
ellipse and faintly emits SPPs for light polarized along the major axis.

Described ensemble of three nanoholes acts like a triple SPP source where each of the
sources is a point-like polarization-sensitive SPP emitter. If the ensemble is illuminated by a
circularly polarized plane wave the ellipses emit SPP with different phase shift because the
effective SPP emission takes place only when E-field is perpendicular to the ellipse’s major
axis. In other words, ellipses turn on and off in a consequence. The direction of the
consequence coincides with that of the circularly polarized wave E-field rotation direction.
The phase delay between the sources if defined by handedness of the illumination and
governs the interference pattern of surface plasmons.

For experimental observation of handedness-sensitive SPP emission a set of nanohole
ensembles were fabricated by means of focused ion-beam (FIB) lithography on a 80-nm-thick
thermally sputtered golden film on a glass substrate. FEI Nova 200 dual beam system with

#163820 - $15.00 USD  Received 28 Feb 2012; revised 19 Apr 2012; accepted 19 Apr 2012; published 23 Apr 2012
(C) 2012 OSA 7 May 2012/ Vol. 20, No. 10/ OPTICS EXPRESS 10539



fabrication resolution about 30 nm was used. Major axis of the holes b and the distance from
the holes to the center of ensemble d was varied. 20 samples were fabricated with designed
hole-to-center distance values of d = 50 nm, 100 nm, 200 nm, 300 nm and 500 nm, and major
axis length values of b = 200 nm, 300 nm, 400 nm and 500 nm. The actual dimensions of the
sample underwent severe deviations from the dimensions of the design file. Figure 1(a) shows
a scanning electron microscope image of a typical sample with actual dimensions a = 100 nm,
b =300 nm, d = 250 nm. The imperfections of the shape and dimensions of the apertures are a
result of high thickness of the film subject to FIB lithography and the polycrystalline structure
of the film.

(a)
- &

Fig. 1. a) A scanning electron micrograph of an elliptical nanohole ensemble sample milled in
a gold film by focused ion beam. The dimensions notation is as follows: a stands for minor
ellipse axis length, b is for major ellipse axis length, d is for distance between the inner edges
of the ellipses and the center of the ensemble and t is for the thickness of the film. b)-c) Finite
element simulations of the logarithmic-scale electromagnetic field intensity at a subwavelength
height from the elliptical nanohole ensemble with a =100 nm, b = 300 nm, d = 250 nm and
t = 150 nm illuminated by left-hand (b) and right-hand (c) circularly polarized light at A = 820
nm. Handedness-sensitive emission of SPPs, which direction and boundaries are marked with
arrows and dashed lines, respectively, is observed.

3. Numerical simulation results

Handedness-sensitive  SPP emission was verified by finite element method rigorous
calculations (COMSOL Multiphysics v4 RF Module, Electromagnetic Waves interface) as
shown in Figs. 1(b), 1(c). Computational cell was chosen to be a cylinder with 2 um radius,
300 nm height and perfectly matched layer (PML) as boundary conditions from all sides of
the cell. The PML was defined as a generic type PML with the thickness of a wavelength
being used. It was covered with scattering boundaries from outside and the swept meshing
technique was chosen with the direction from inner to outer boundaries of PML with the 5-
layer distribution. Such definition of the boundary conditions excluded spurious reflections
back to the computational cell. Delaunay meshing technique was used to avoid cell shape
reflection in the mesh of the film boundaries. The structure was excited by a monochromatic
circularly polarized plane wave analytically defined in the whole computational volume; the
wavelength A = 820 nm was chosen to match the approximate position of the shape resonance
of individual nanoholes, which was estimated using known expressions [13,14]. The problem
was solved for the scattered evanescent fields which rise from the presence of golden
scatterers [17] at the distance of 10 nm from the sample surface. Figures 1(b) and 1(c) show
the electromagnetic field intensity at this distance from the elliptical nanohole ensemble with
a =100 nm, b = 300 nm, d = 250 nm and a film thickness of 150 nm illuminated by the left-
hand and right-hand circularly polarized light, respectively. Emission of SPPs is observed at
different angles for different incident light polarizations, which is denoted with arrows and
dashed lines for the sake of clarity. Thus, the evidence of handedness-sensitive SPP emission
is provided.

4. Scanning near-field optical microscopy results

A schematic of the scanning near-field optical microscopy (SNOM) setup used to study
handedness-sensitive SPP emission in elliptical nanohole ensembles experimentally is shown
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in Fig. 2. A commercial Veeco Aurora-3 transmission collection-mode SNOM with tapered
optical fiber tip was used. Tip produced by Veeco with an average aperture of 50-80 nm was
placed at 10 nm-vicinity of the sample by a feedback-looped sample piezo-stage.

The sample was illuminated by chopped CW light with 10 mW of average optical power
before the chopper at the wavelength A = 647 nm (Coherent Innova 70C-Spectrum) focused
by an objective lens with NA = 0.65 to the laser beam spot with the diameter of 50pum. The
wavelength was chosen from all the wavelengths available from the source to be as close to
the shape resonance of the nanoholes as possible. Ellipticity of the incident wave polarization
state was measured by a thin-film polarizer to be approximately 90% in the sample plane; the
imperfection of the polarization state is explained by the silver mirror used to deflect the beam
to the site of the microscope objective. Optical signal was collected by a photomultiplier tube
(PMT) and passed through a low-noise preamplifier to a lock-in amplifier. The magnitude
signal from the lock-in amplifier was used as an input to the SNOM controller.

Chopper Polarizer M4

e

CW, 10 mW, 2=647 nm Objective
Sample on NA=0.65
XYZ piezo-stage 4
: . x|y| g SNOM tip
Lock-in SNOM z Tuning fork
amplifier conroller
PC PMT

Fig. 2. A SNOM setup for experimental observation of handedness-sensitive SPP emission

Figure 3 shows optical near-field signal as measured with the SNOM in the vicinity of a
nanohole ensemble sample with left-handed and right-handed circularly polarized backside
illumination. The sample with the following dimensions was studied: a = 100 nm, b = 500
nm, d = 250 nm. Other samples did not give satisfactory results which is discussed in Sec. 6.
Several visually determined SPP propagation directions are observed in Figs. 3(b), 3(c). The
directions marked with the solid arrows denote ones that depend on the handedness of the
used illumination. Intensity of SPPs is switched from one direction to another by changing the
impinging light polarization from left-hand circularly polarized to right-hand circularly
polarized. There are also several directions which appear in both right- and left-hand
circularly polarized illumination; these are marked with the dashed arrows.

(a)

Fig. 3. a) A shear-force topography image of an elliptical nanohole ensemble sample. As
extracted from scanning electron microscopy sample dimensions are: a = 100 nm, b =500 nm,
d =250 nm. b), ¢) SNOM images of the sample taken with backside left-hand and right-hand
circularly polarized light illumination, respectively. SPP waves considered as handedness
sensitive ones are marked with solid arrows. The dashed arrows denote the SPP directions
either present for both polarizations either rising from the imperfection of the sample.
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5. Analytical model for handedness-sensitive electromagnetic response of an ensemble of
dipoles

In this section we provide a proof of the handedness-sensitive electromagnetic response of the
nanoholes by considering them as three anisotropic dipoles d;, i = 1, 2, 3 with polarizability
only along their respective axes, that is the polarizability tensor for i-th dipole will have the
form:

af =avnnf, (1)

where n®, i =1, 2, 3 are unit vectors from the center of the dipole ensemble to the i-th dipole,
k and | denote Cartesian coordinates, V is the nanohole volume and & is a dimensionless
parameter which depends on the hole shape, material of the of film and illumination
wavelength. To have a very rough idea about the dependence of & on these parameters, one
can approximate the holes by spheroids with c as a long semiaxis and a as a short semiaxis. In
this case we have

E= i (5(0))—1)(1—5) o & (—250 +(§02 —1)|n((§0 _,_1)/(50 _1)))

()7 (G 2ran(@GD)

where &(®) =&, / € (@) is relative permittivity of holes and & =c/c?-a’ is a

geometric parameter.
If one assumes that all dipoles are in plane z = 0, the coordinates of their centers are:

r* =h[0,1,0];
[ h[«/§/ 2,—0.5,0]; ®)
r® =h[-3/2,-05,0],

where h = d + b/2. To describe the interaction between the dipoles and external field Eq, we
use retarded Green function Gy(r, r’, ®) in free space, which is the solution of Maxwell
equation:

2 2
Vx(Vxéo(r,r',w))—(%) GAo(r,r’,a))=47z£%j i5(r-r), 4)
and has the following form [18]:
, snn, -6 1 ik | [e"r
Go,i'j(r,r,w)={(5ij—ninj)+ |22 J[ ]J|r—r’|’ ®)

Ir—r/’ -]

where n = (r—r')/[r—r'| is a unit vector directed from the point r to r’. Now the dipole
momenta of all nanoholes can be found by solving the following system of linear equations:

d, :o?l(E0 +G, (1, —1,,@)d, +G, (1, —r3,w)d3);
dz:dZ(EO+GO(r2—rl,w)d1+éo(r2—r3,w)d3); (6)
d, =4, (EO +G, (1, 1, @)d, + G, (1, - rz,a))dz).

In these equations the terms with retarded Green functions describe the dipole interactions

between the holes. Multiplying these equations by n® and making use of Eq. (1) one can
obtain:
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d, =¢&v (n(l) E, +nYG, (1, -1,,@)n?d, +n"G, (I, -, w) n(s)dg);

=&V (n(z) E, +n?G, (r,-r,0) nd, +n®G, (r, -1, o) n(a)dB); @

2

d, =&v (n(s) E, +n%G, (I, -1, 0)n”d, +n®G (r, -, a))n(l)dl).

where d; are the amplitudes of the dipoles, d, = d,n"" .
Due to the system symmetry the following restrictions apply:
nYG, (r,—r,,0)n® =n¥G, (r, —r,,0)n® =n®G, (r, -1,,0)n® =¢;
d, +d,+d,; =0.
Finally, the solution is obtained:

(®)

=&V hog,, ©)
1+cev

The total electric field from all the dipoles and the external field is expressed as follows:
1 A LA A~ LA .
E(r)=E +M(G0 (r-r,)a,+G, (r-r,®)d, +G,(r -rs,a))ag)Eo (10)

Total electric field intensities for incident left-hand Eq = [1,—i, 0] exp(ikz) and right-hand
Eo = [1, i, 0] exp(ikz) circularly polarized waves was calculated; their difference is shown in
Fig. 4 for 2zh/ A2 = 1 as a function of x and y. It is seen that intensities of the electric field for
right- and left-hand circular polarizations are different and handedness-sensitive pattern on the
E-field intensity is present in this system. From mathematical point of view, it results from
tensorial and complex nature of Green functions in Eq. (10). It is important to mention that
the absolute value of the intensity difference reaches its maximum value for 2zh/ A ~1. For
27h/ ). << 1 the planar distribution is similar to shown in Fig. 4 but its absolute value is (kh)?
times less. It is due to the fact that for small systems the fields could be considered quasistatic
with the same phase for every point of the system. On the other hand, for 2zh/ 4 >> 1 the
interaction between holes becomes small. Thus, the model provides the qualitative description
of the handedness-sensitive electromagnetic response of mirror-symmetric dipole ensembles.

0.5

2mx/2

Fig. 4. The distribution of difference of intensities for right- and left-hand circularly polarized
illumination in plane of holes (z = 0) under 2zzh/ A =1 condition. Black ellipses denote the
nanoholes position.

6. Discussion: Curie’s principle for surface plasmons

Numerical, experimental and analytical results indicate the mirror symmetry breaking in the
optical near-field by surface plasmons. This is in perfect agreement with Curie’s symmetry

#163820 - $15.00 USD  Received 28 Feb 2012; revised 19 Apr 2012; accepted 19 Apr 2012; published 23 Apr 2012
(C) 2012 OSA 7 May 2012/ Vol. 20, No. 10/ OPTICS EXPRESS 10543



principle which states that a medium under an external influence exhibits only those
symmetry elements that are common to the medium without the influence and the influence
without the medium [19]. Since the perfect nanohole ensemble belongs to p3m planar
symmetry group and circularly polarized light could be associated with peo symmetry, the
resulting electromagnetic field distribution is of p3 symmetry.

5.8

Fig. 5. Finite element simulations of the elliptical nanohole ensemble with a = 100 nm, b = 500
nm and d = 250 nm illuminated by the left-hand (a) and right-hand (b) circularly polarized light
at A = 650 nm which corresponds to experimental situation. Large arrows indicate SPP waves,
which are switched with illumination polarization change, and small arrows indicate ones that
do not.

As it could be seen from SNOM measurements the effect is very sensitive to the sample
quality and dimensions. Only one of 20 fabricated nanohole ensembles with different a, b and
d values was able to give pronounced evidence of handedness-sensitive SPP emission.
IHlumination wavelength is also crucial. It is seen in Fig. 5 by means of finite element
calculations that effect is less pronounced in the experimentally studied sample than in the
initially supposed one because one does not excite the shape resonance effectively using the
wavelength A = 647 nm. The performance of the device could be optimized by picking the
proper size of the apertures, which governs the shape resonance position, and distance
between them, which governs the interference of SPPs at a fixed wavelength. The provided
data and the model are believed to confirm that mirror-symmetric plasmonic nanostructures
are capable of handedness-sensitive SPP emission.

7. Conclusions

Handedness-sensitive surface plasmon polariton emission from mirror-symmetric elliptical
nanohole ensembles was observed. It was shown using and scanning near-field optical
microscopy and numerical calculations that direction of surface plasmons launched by the
sample could be switched by changing illumination polarization from left- to right-hand
circularly polarized. The established effect is supported by an analytical model and could find
practical applications in new plasmonic circuitry devices.
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