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Near-Field Asymmetries in Plasmonic Resonators

Vladimir Aksyuk,? Basudev Lahiri,*® Glenn Holland,? and Andrea Centrone®*

Surface-enhanced infrared absorption (SEIRA) spectroscopy exploits the locally enhanced field
surrounding plasmonic metamaterials to increase the sensitivity of infrared spectroscopy. Light
polarization and incident angle are important factors for exciting plasmonic nanostructures;
however, such angle dependence is often ignored in SEIRA experiments, typically carried out
with Cassegrain objectives. Here, the photothermal induced resonance technique and numerical
simulations are used to map the distribution and intensity of SEIRA hot-spots surrounding gold
asymmetric split ring resonators (ASRRS) as a function of light polarization and incidence angle.
Results show asymmetric near-field SEIRA enhancements as a function of the incident
illumination direction which, in analogy with the symmetry-breaking occurring in asymmetric
transmission, we refer to as symmetry-breaking absorption. Numerical calculations reveal that
the symmetry-breaking absorption in ASRRs originates in the angle-dependent interference
between the electric and magnetic excitation channels of the resonators’ dark-mode.
Consequently, to maximize the SEIRA intensity, ASRRs should be illuminated from the
dielectric side at an angle that maximizes the constructive interference of the two excitation
channels (35° for the structures studied here), in place of the Cassegrain objectives. These results
are can be generalized to all structures characterized by plasmonic excitations that give raise to

a surface-normal magnetic moment and that possess an electric dipole.

Introduction

The collective oscillation of conduction electrons in plasmonic
materials allows engineering both their resonant optical response
from the visible to THz and to couple propagating light with
nanoscale volumes of matter (hot-spots). These characteristic
properties of plasmonic devices enable new applications in fields
like therapeutics,® 2 energy,® and sensing.* ® For example, such
locally enhanced light-matter interactions are exploited by
surface-enhanced Raman’®® and surface-enhanced infrared
absorption* %14 (SEIRA) spectroscopies for sensitive chemical
detection. A particularly interesting structure is the Asymmetric
Split Ring Resonator (ASRR),*>18 which is composed of two
arcs of different length sharing a common center of curvature.
ASRRs have plasmonic resonances that are tunable in the IR
spectral range, as a function of the diameter of the resonator, and
therefore they are promising for SEIRA applications. It is well
known that the light polarization?® 15 16.18 and incident angle*®-??
strongly influence the plasmonic response of ASRRs and other
plasmonic materials; however, such angle dependence is not
usually considered in SEIRA experiments. For example, the
Cassegrain objectives'’® commonly used in IR microscopes
illuminate the sample and collect light with a rotationally
symmetric angular range close to normal incidence.

This journal is © The Royal Society of Chemistry 2013

In this work, the photothermal induced resonance (PTIR)
technique!® 23-28 and numerical analysis are used to study the
near-field SEIRA enhancement in poly(methyl methacrylate)
(PMMA) films coating gold ASRR structures illuminated
through a dielectric substrate at + 45° with respect to the plane
of the resonators. PTIR,0:24.25.27.29-31 s an emerging technique
that, by combing the lateral resolution of Atomic Force
Microscopy (AFM) and chemical specificity of IR spectroscopy,
enables IR analysis at the nanoscale. PTIR images and spectra
revealed different (i.e. symmetry-breaking) near-field SEIRA
enhancements for illumination angles + 45° with respect to the
surface normal (i.e. the optical axis of the resonators). In analogy
with symmetry-breaking “asymmetric transmission”, we refer to
this effect as symmetry-breaking absorption.

One ASRR plasmonic mode where the electric dipoles of the
two arcs have opposite phase is referred to as the “dark mode”3?
because in a perfectly symmetric structure the arc dipoles would
cancel each other and suppress the electric dipolar coupling with
radiation and the related radiation loss. However, due to the
circular displacement currents, this mode has a large magnetic
dipole moment that radiates strongly at non-normal incidence
angles. Therefore at non-normal incidence the ASRR’s dark
mode couples to incident light via dipolar interaction with both
its electric moment (which is not completely suppressed by
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symmetry) and the large magnetic moment. The numerical
calculations reported below show that the experimentally
observed symmetry-breaking absorption in these structures is
caused by the angle-dependent interference between their dark
mode’s electric and magnetic excitation channels.

Based on these observations we suggest that for symmetric and
slightly asymmetric SRRs the best excitation efficiency in SEIRA
experiments occurs with s-polarized (TE) light incident from the
dielectric side at angles far from surface normal and specifically for
the angle which maximizes the constructive interference of the
plasmonic excitation. This can be practically realized using a
dielectric prism, as in this work, or with an attenuated total reflection
(ATR) objective, in place of the most commonly used Cassegrain
objectives. Furthermore, although the optical effects studied in this
work are reciprocal, i.e. they do not violate the time-reversal property
of the linear Maxwell’s equations, we reason that the symmetry-
breaking absorption observed here could be exploited to realize ultra-
thin non-reciprocal reflectors and optical diodes by coating plasmonic
resonators with a thin film of a nonlinear material.

Results

In this work gold ASRR arrays were fabricated directly on Zinc
Selenide (ZnSe) optical prisms using a combination of Electron
Beam Lithography and lift-off techniques (Figure S1 of the
supporting information).® The nanofabrication on these unusual
substrates was made possible by custom adaptor pieces described
previously.?* The ASRRs samples studied here (Figure S2) have
thickness of 150 nm + 10 nm, an external diameter of 2.0 um +
0.1 pm, an internal diameter of 0.95 pm + 0.10 pm as
determined by AFM, unless otherwise noted. All uncertainties in
the manuscript represent a single standard deviation.

Sample-1 (Figure S2a) is a square array consisting of gold
resonators all with the same orientation and was used as a
reference. Sample-2 (figure S2b) and sample 3 (Figure S2c) were
obtained by repeating a unit cell of 4 ASRRs each rotated in
plane by 90°. These latter arrays enable studying the dependence
of the SEIRA enhancement on the angle of incidence (+ 45°) and
on the direction of linearly polarized light in the sample plane
with respect to the resonators’ orientation in a single PTIR
experiment. Sample-3 is similar to Sample-2 but it was fabricated
with a unit cell rotated by 90° relative to the one of Sample-2 and
with a pitch between the resonators of 10.0 um £ 0.1 pum (Figure
S2c¢).

In this paper we denote with 9 the light incident angle with
respect to the normal of the sample plane. The sample is
illuminated from the air side in FTIR experiments (Figure 1) and
from the dielectric side in PTIR experiments (Figure 2,3) and in
the numerical simulations (Figure 4, 5). The PTIR experiments
were carried out at a fixed angle (45°). Since Sample-2 and
Sample-3 have resonators with different orientations with respect
to the incoming beam, to facilitate the comparison with the
simulations it is convenient to refer to 9 = +45° (with positive
sign) for the illumination of a resonator from the short arc side
and to 9 = -45° (with negative sign) for the illumination of a
resonator from the long arc side.

2 |[Nanoscale., 20xx, 00, 1-3

The plasmonic modes of metallic structures in close proximity
couple via near-field interactions and their optical properties are
well described by the plasmon hybridization model.33 34 The
fundamental plasmonic modes of two similar structure arcs in
close proximity hybridize, forming symmetric and
antisymmetric normal modes (see figure 1d). The symmetric
“bright” mode has a large net electric dipole because the two arcs
have in-phase electric polarization vectors, which lead to strong
interaction with incident light. The lower-energy antisymmetric
“dark” mode,® has, instead, the arcs’ electric polarization
vectors in approximately opposite phase in the two arcs (figure
1d). Since both the bright- and dark-mode have similar energies,
near normal incidence both can be excited simultaneously (e.g.
Figure S5b, Figure S6). However, because the dark mode has a
higher quality factor and a strong magnetic dipolar coupling, it
is excited much more strongly than the bright mode when
illuminated at 45° incidence from dielectric side as in PTIR
experiments (Figure 5a,b, Figure S5a, Figure S6). Therefore the
dark mode dominates the overall structure response and will be
the main focus of our discussion.

The effect of linearly polarized light on the resonators’
response was studied first by recording the far-field FTIR with a
Cassegrain objective which illuminates the samples from the air
side from all directions with a range of incidence angles from
sample surface normal (15° < § < 30°, Figure 1). The IR spectra
of sample-1 show that the excitation of the ASRRs’ plasmonic
resonances is strongly polarization dependent, as expected.% 15
In particular, for the electric field polarization parallel to the long
direction of the arcs (hereafter parallel polarization, blue arrow
in figure 1b), the reflectivity is higher than for bare ZnSe (used
as reference) and presents a narrow Fano resonance on top of a
broader background, which is attributed to the interference of the
dark-mode with the bright mode and background reflection. 015
16.18 The reflectivity for perpendicular polarization (red arrow in
figure 2b) is much weaker and lacks spectral features. For
perpendicular polarization the electric dipolar coupling with
radiation is forbidden by symmetry and magnetic coupling for
dark mode is very weak for angles close to the surface normal,
air side. Sample-2 shows the same response for both parallel and
perpendicular polarization. In particular, it retains the Fano
resonance stemming from the dark-mode, albeit with smaller
modulation contrast on top of an overall reduced reflectivity
compared to sample-1. This is consistent with a combination of
broad scattering from structures unfavorably oriented with
respect to the light polarization (identified by red arrows in
Figurelc), and a weaker response due to fewer structures
oriented parallel to the incident field, compared to sample-1
(identified by blue arrow in Figure 1c). Additionally, we
hypothesize that the different orientation of the resonators with
respect to their first neighbors may results in a disruption of
nearest-neighbor coupling and loss of the scattering
enhancement via the coherent array effect® 1% 12 in sample-2.

Few optical and electronic microscopy techniques are capable
to provide high resolution maps of the plasmonic excitation in
nanomaterials and have been the subject of a recent review.3> For
example scattering scanning near-field optical microscopy (s-

This journal is © The Royal Society of Chemistry 2012

Page 2 of 13



Page 3 of 13

SNOM) has been extensively applied to map the electric-field
surrounding plasmonic nanostructures.* 3640 In general,
however, s-SNOM requires a tip-specific modelling* % to
accurately describe the tip-sample-substrate interactions in the
near-field for extracting quantitative information. In fact, the s-
SNOM signal is a function, of the sample complex refractive
index (i.e. of sample absorption and scattering), but also of the
tip-sample relative size,*® thus resulting in spectral lineshapes
that may not correlate with far-field IR spectra** and may show
Fano-shaped resonances.3® This effect is particular severe for
samples with strong IR absorption peaks or in the case of SEIRA,
where the high sensitivity is linked to strong absorption and is
typically accompanied by Fano distortions'’, which can
complicate chemical identification. To the best of our
knowledge, no near-field spectra of SEIRA hot-spots have been
recorded with s-SNOM.

PTIR,10. 24, 25, 29, 30 3lso known as AFM-IR,27 3L 45 js an
emerging technique that combines the lateral resolution of
Atomic Force Microscopy (AFM) and chemical specificity of IR
spectroscopy enabling chemical imaging well beyond the
diffraction limit of IR light. PTIR was applied for nanoscale
characterization of bacteria,?”> 3! polymers,2*26 inorganic
nanoparticles,?> 46 organic nanocrystals,?® metal-organic
framework materials*” and cells.3% 48 Notably, the PTIR signal is
proportional to the absorbed energy?* (not scattering) and the
PTIR spectra are directly comparable with IR spectral libraries, 28
allowing for materials identification and enabling the acquisition
of near-field spectra that are free of Fano distortions for both
SEIRA hot spots®® and plasmonic excitations.*® For example,
recently we used the PTIR technique to map and quantify SEIRA
near-field hot-spots in gold ASRR arrays (made with resonators
all with the same orientation) as a function of light polarization
and resonator size.1°

PTIR samples are placed on an optically transparent prism and
are illuminated at 3 = 45° with a tunable IR pulsed laser through
total internal reflection (Figure 2a). The absorption of a laser
pulse by the sample induces heating, sample expansion, and
mechanical excitation of the AFM cantilever that is in contact
with the sample and is monitored by a four-quadrant detector.
After moving the AFM tip to the location of interest, a local
infrared spectrum is obtained by plotting the maximum
amplitude of the tip deflection as a function of the optical
frequency. PTIR maps are obtained by illuminating the sample
at a constant frequency while scanning the AFM tip.10 24 25, 31
The typical laser spot size at the sample is = 30 um, but the AFM
tip functions as a “spatial filter” allowing the extraction of
spectroscopic information with nanoscale spatial resolution, well
beyond the diffraction limit of IR light.1% 24 26.27 A polarization
control module consisting, of three motorized mirrors, is used to
obtain the desired light polarization at the sample.0 45

After recording the FTIR spectra all resonators were coated
with a 200 nm PMMA film, used to probe the near-field
absorption enhancement in the PTIR experiments.'® Figure 2b, ¢
shows the AFM height and PTIR images recorded in
correspondence of PMMA CHs wagging mode®® absorption at
1191 cm™ (8.40 um) for sample-2. The ASRRs structures buried
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under the PMMA layers are barely visible in the height images
(fig. 4a); nevertheless, the PTIR absorption images prominently
show hot-spots in the near-field (fig. 4b). Since the PTIR signal
intensity is proportional to the local absorbed energy,?* the PTIR
maps directly show the absorption enhancement in the near-
field.0

In the PTIR experiments the laser light is incident on the
ASRRs at 45° angle (figure 2a) and has the electric field vector
in the resonators plane. Within a single PTIR image field,
sample-2 has resonators with four different orientations relative
to the incident beam. The incident electric field is parallel to the
arcs for half of the resonators and perpendicular to the other half
(fig 2d inset). Naively, one could expect that only the resonators
excited by light with parallel polarization will be efficiently
excited. As expected, the resonators excited with perpendicular
light polarization show very weak hot spots. However, the data
reveals that the near-field hot-spot intensities for the resonators
excited with parallel polarization (for example the two leftmost
resonators in the highlighted box in figure 2b) are very different.
While the light polarization is parallel for both the top-left and
the bottom-left resonators in figure 2c, per our convention the
resonators are effectively illuminated 9 = + 45° and 8 = - 45°,
respectively, because they are rotated by 180° with respect to
each other.

To experimentally quantify the asymmetry, near-field PTIR
spectra (Figure 4d) were taken from the hot-spots locations of
the two resonators and compared to the PMMA spectra obtained
away from the array (used as reference). Based on the spectra
intensity, the near field maximum enhancement (at 1180 cm™?)
normalized to the PMMA reference is estimated to be 7.8 £ 0.2
and 2.6 = 0.1 for the hot spots identified by the red and blue “+”in
figure 4c, respectively. As we describe below, the near-field
response of the resonators is dominated by the narrow dark-
mode. The bright-mode instead does not concentrate the field in
the hot-spot nearly as efficiently as the dark-mode but provides
a fairly strong far-field scattering signal. Consequently, the
spectral region with the largest SEIRA enhancement depends
mostly on the spectral overlap between the PMMA absorption
peaks and the dark-mode excitation. By analyzing closely spaced
ASRRs any possible effect of beam inhomogeneity is
minimized, however, the near field interactions between
neighboring structures may not be negligible (see supplemental
discussion 1 in the supporting information and figure S3).

The 10 pum pitch between resonators in sample-3 minimizes the
interaction between adjacent resonators and allows studying the
SEIRA enhancement in single resonators, confirming (Figure 3)
the observations on the denser sample-2. In addition to the hot-
spots in proximity of the arc termination, the PTIR image in
figure 3b shows enhanced absorption to the right of the two
bottom resonators, revealing a standing wave interference
pattern due to the interference of the incident light with the light
scattered directionally by the resonators. While PTIR doesn’t
measure scattering directly, the scattered light is detected here
indirectly (for the first time with this technique) by measuring
the absorption in the dielectric film. The spatially oscillating
pattern observed to the right of the resonators in the experiment
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is also found in the results of the numerical simulations (see
below, supplementary Figure S4).

To understand the physics behind the experimentally observed
symmetry-breaking absorption, a frequency domain finite
element method was used to calculate full vector time-harmonic
electromagnetic fields in and around a single gold ASRR similar
to sample-3. The resonator in the simulation was placed on a
ZnSe surface, covered by a PMMA film and illuminated by a
plane wave from inside ZnSe. Since PTIR can measure the
SEIRA enhancement only if absorption in the dielectric is not
negligible, the experiments were recorded at wavelengths
corresponding to strong PMMA absorption peaks. However,
numerically we have modeled the electromagnetic fields for a
broader range of frequencies and incidence angles (Figure 4a,
b). Specifically, in case of parallel polarization, the calculations
were carried out for a range of incident angles (- 60° < 9 < 60°,
see Figure 4a) while for perpendicular polarization the
calculation were carried out only for 9 = 45° (figure 4b). Indices
of refraction of 2.4 and 1.4 for ZnSe and PMMA, were used
respectively and a wavelength-dependent, complex index of
refraction was used for Au.5! While in these calculations the
absorption in the PMMA layer was neglected to focus on the
plasmonic effects, numerical results can still be used to
qualitatively model the PTIR experiments because the PTIR
signal is proportional to the field energy density in the dielectric
layer (obtained in the calculations) times the PMMA absorption
coefficient.

Figure 4 shows that the model qualitatively reproduces the
observed near-field SEIRA enhancement pattern of the PTIR
experiments for 3 = 45° for both parallel (Figure 4a) and
perpendicular (Figure 4b) polarizations. The simulation show
two strong hot-spots in the resonator’s gaps for parallel
polarization but only one hot-spot for perpendicular polarization
(with two weaker spots outside the resonator, in accord with
experiments). The supplementary discussion 2 of the Sl provide
an explanation for the hot spots distribution in the case of
perpendicular polarization (which was observed before® but not
explained). For the parallel polarization, the response can be
understood as a superposition of bright and dark modes. The arcs
form a loop, and the dark-mode’s displacement currents flowing
in a circle create an out-of-plane magnetic moment enabling
magnetic dipolar coupling to radiation. Since the magnetic
dipole is oriented normal to the resonator plane, the magnetic
coupling is forbidden for normal incident light (8 = 0) and goes
from positive for 3 > 0 to negative for 9 < 0. In contrast, the
electric dipole for both bright and dark modes is oriented along
the arcs in the sample plane and the electric coupling is
independent of the sign of 9. Qualitatively, considering a lossless
high-index dielectric substrate with the angle of total internal
reflection < 45° (as in the PTIR experiments), changing of the
incidence angle from + 45° to - 45° changes the sign of the
magnetic field relative to the electric field, thus modifying their
interference from destructive to constructive. Consistently with
this interpretation, the PTIR images of the same resonators
obtained by rotating the prism substrate by 180° show that for
parallel polarization the hot-spot intensity changes from intense

4 |Nanoscale., 20xx, 00, 1-3

to weak and vice versa (figure S7). In particular, the resonators
illuminated for parallel polarization from the short arc side
provide always the stronger hot spots.

To quantify the contributions of the dark and bright modes to
the overall plasmonic response as a function of wavelength and
incident angle, the conditions where either only the dark-mode
or only the bright-mode are excited were identified first (see
methods). Then the longer and shorter arc electrical dipole
magnitudes and relative phases were identified for these two
special cases. Finally, to calculate the contributions of the bright
and dark modes to the resonators response from the simulation
results for arbitrary optical frequencies and incident angles 9, a
linear transformation from the basis set of longer and shorter arc
dipoles to the basis set of dark and bright modes was found.

Results show (figure 5 and figure S5) that the dark-mode has a
resonance peak near the free space wavelength of 971 cm (10.3
pm) with a quality factor of approximately 3. For § = + 45°
excitation the magnitude of dark-mode significantly exceeds the
one of bright-mode for both parallel and perpendicular
polarizations because of its strong magnetic coupling (Figures
5a,b, Sba, S6). Specifically, for the perpendicular polarization
(Fig 5b) the electric dipolar coupling to either the dark or the
bright modes is forbidden, yet the dark mode is clearly excited
(via magnetic dipolar coupling), while the bright mode is not.
For the parallel polarization both modes are excited but the dark
mode response is notably stronger for 9 = + 45° (Fig 5a, and Fig.
S5a for 9 = -45°).

Next we use parallel polarization, an excitation wavelength
corresponding to the dark mode resonance (971 cm™) and study
the response as a function of incidence angle. For each mode we
compute the complex-valued response (e.g. amplitude and phase
or real and imaginary components) by the above-mentioned
projection onto the basis of bright and dark mode polarizations
(Figure S6). The phase is defined relative to that of the incident
electric field at the center of the resonator. We observe that the
amplitude of the dark mode exceeds that of the bright mode for
large tilt angles (see also insets in Figure 5c).

Figure 5¢ depicts the in-phase (real, black) and out-of-phase
(imaginary, red) components of the dark mode response. The
absolute value of the real component exceeds the absolute value
of the imaginary component for the majority of the incidence
angles (8 < -30°; 9 > -10°). The real component is strongly
dependent on the incidence angle and changes sign at about -20°.

As the incidence angle changes, the z (out-of-plane)
component of the incident magnetic field vector, parallel to the
magnetic dipole of the dark mode, changes sign together with the
incident angle, while the incident electric field vector remains in
the plane, constant and positive. For illustration, in Figure 5c the
real component of the dark mode response is further broken
down into the symmetric and the anti-symmetric parts with
respect to the incidence angle (blue lines). The larger angularly-
antisymmetric part of the response is due to the magnetic dipole,
and the angularly-symmetric part to the electric dipole. The
electric excitation has a 3 peak structure previously associated
with electrical dipoles on dielectric substrates,>? while we
speculate that the roll-off in the magnetic excitation at larger
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angles is associated with the decreased interaction for angles far
exceeding the total internal reflection angle. It is interesting to
note that in these structures, where the metal is surrounded by a
dielectric, the electric dipolar response in the metal-only is not
necessarily phase shifted 90 degrees relative to the electric field.
Therefore electric and magnetic dipolar responses on resonance
are not necessarily 90° out of phase with each other and are
allowed to interfere.5® Specifically, in our case the interference
is constructive at positive angles and destructive at negative
angles, leading to the symmetry-breaking absorption.

Discussion

It was suggested®* 55 that plasmonic metamaterials could be
used as optical constructs to manipulate local optical electric
fields possibly leading to fast optical information processing in a
sub-wavelength regime; practically serving the function of the
basic electronic circuitry elements (resistors, capacitors, etc.) at
the faster rates of optical frequencies.>® One of the fundamental
building blocks of electronic circuits is the electrical diode which
enables the non-reciprocal (preferential) flow of electrons in one
direction thanks to its symmetry-breaking conductance.
Photonics devices rely on photons in place of electrons to carry
and transfer information; however, optical non-reciprocity is
harder to achieve because of the time-reversal symmetry of
optical-field propagation, typically governed by linear, non-
magnetic light-matter interactions. For this reason the fabrication
of optical diodes is an ongoing and active field of research.5”- 58

Plasmonic metamaterials are known to display peculiar
properties, such as negative refraction®® % and symmetry-
breaking transmission® 82 which can be exploited to realize
cloaking and polarization conversion devices, respectively.
However, symmetry-breaking transmission or absorption by
itself is not sufficient for realizing optical diodes because it does
not break the time-reversal symmetry of optical mode
propagation.®® We propose here that the demonstrated strong
symmetry-breaking absorption in the ASRR metamaterials near-
field could be leveraged to realize optical diodes when coupling
ASRRs with a non-linear material®, e.g. as a coating or a
substrate. Materials characterized by large Kerr nonlinearity or
saturable absorbtion could be used to nonlinearly change the
ASRR response, and therefore the overall reflection coefficient.
Specifically, the interference of the electric and magnetic
excitation channels, responsible for the symmetry-breaking
absorption in ASRRs, or similar structures, will enhance the non-
linear response of the material for one angle of incidence but not
for the reciprocal. We speculate that for such nonlinear case the
symmetry-breaking absorption will also break the optical
reciprocity for the totally internally reflected light, resulting in
an optical diode.

Since in ASRR the electric dipole strength is a strong function
of the geometrical asymmetry, while the strength of the magnetic
dipole is approximately independent of the geometrical
asymmetry, the interference between the two excitation channels
could be controlled and maximized by engineering their
geometrical parameters.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

In conclusion, the PTIR technique was used to observe SEIRA
hot-spot_intensities in the near-field of plasmonic nanostructures
that are asymmetric with respect to the direction of incidence, as
a function of the nanostructure orientation. Finite element
calculations revealed that such symmetry-breaking absorption
derives from the angle-dependent interference between electric
and magnetic dipolar excitations of the dark-mode in the ASRRs.
Specifically, with the convention used in this paper, such
interference is constructive for positive incident angles,
destructive for negative incident angles and zero for surface
normal illumination (8 = 0°).

Based on these observations, we suggest that for symmetric
and slightly asymmetric SRR structures the best excitation
efficiency in SEIRA experiments is obtained for illumination
with linearly polarized light from the dielectric side at an angle
far from surface normal for which the constructive interference
of the plasmonic excitation is maximized; 35° for the structure
studied here (figure 5¢). Such condition could be realized using
adielectric prism, or with an ATR microscope objective, in place
of the most ubiquitous Cassegrain objectives. Furthermore, we
reason that the symmetry-breaking absorption revealed in this
work could be exploited to realize ultra-thin, non-reciprocal
reflectors and optical diodes by coating plasmonic resonators
with a nonlinear material.

Experimental

Sample Fabrication

All chemicals were used as received without further
purification. ASRRs arrays were fabricated directly on ZnSe
prisms as follows (see figure S1). Each prism was cleaned in an
ultrasonic bath with acetone (1 min) and methanol (1 min) and
blown dry with a nitrogen gun. A bilayer of PMMA positive
electron beam resist was spun (25 Hz) on top of the prism, using
a custom adaptor piece described previously.?* The resist then
was baked in an oven (140 °C for 30 min) and an aluminum
charge dissipation layer (30 nm + 5 nm) was deposited with an
electron-beam evaporator operated at a vacuum pressure of 6.67
- 10 Pa. Electron beam lithography was used to write (dose
1350 puC/cm?, current 200 pA) the ASRRs arrays directly on the
ZnSe prisms by means of another custom adaptor piece.?* Next,
the aluminum layer was removed with a tetramethylammonium
hydroxide, water solution (2.4 ml/L) and the pattern was
developed in a mixture of Methyl Iso-butylketone and isopropyl
alcohol. Electron beam deposition was used to deposit (0.1 nm/s
at 6.67 - 10 Pa) a thin chromium adhesion layer (= 5 nm) and a
gold layer (150 nm + 10 nm). Finally, the ASRRs arrays were
obtained after lift of in hot acetone (45 °C). All the fabricated
arrays have dimensions of 300 um by 300 pum with the exception
of sample-4, which is much smaller. After preliminary
characterization a 200 nm PMMA film was spun coated on the
resonators arrays.

FTIR spectroscopy

J. Name., 2012, 00, 1-3 | 5
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Fourier Transform Infrared (FTIR) spectra were recorded at
near normal incidence (fig. 2b, 2c) with an FTIR spectrometer
equipped with an infrared microscope by illuminating a 200 pm
by 200 pm sample area with a 36x reverse Cassegrain reflection
objective (NA = 0.52) and a ZnSe wire grid polarizer (to control
the light polarization). The 36x reflective objective provides
illumination and collection of light with incidence angles 15° <
9 < 30° from the sample surface normal (see Fig 2b, 2c); the light
between normal incidence and 15° is blocked by the objective.
128 spectra (4 cm? resolution) were acquired and averaged for
each sample. The FTIR spectra were normalized with respect to
the spectrum of the bare ZnSe surface (expected to have a
wavelength independent reflectivity) to account for the spectral
dependence of the illumination source. Because of the lower
density of resonators within the focal spot sample-3 and sample-
4 didn’t provide sufficient signal to yield a far-field FTIR spectra
with the instrumentation used in this work.

PTIR experiments

PTIR experiments were carried out using a commercial PTIR
setup which consists of an AFM microscope operating in contact
mode and a tunable pulsed laser source consisting of an Optical
Parametric Oscillator based on a non-critically phase-matched
ZnGeP:2 crystal. Such laser emits linearly polarized light pulses
10 ns long at 1 kHz repetition rate with wavelength tunable from
4000 cm? to = 1025 cm™? (from 2.5 pym to 9.76 pm). The
maximum power used in the PTIR experiments was 0.2 pW. The
samples on the ZnSe prisms were illuminated in total internal
reflection (fig. 1a) by focusing the laser light under the AFM tip
with a ZnSe lens. The typical spot size is 30 um + 10 um
depending on the wavelength. The low repetition rate of the laser
(1 kHz) ensures that both sample and cantilever return to
equilibrium between pulses. A wire grid linear polarizer was
used as a variable attenuator to control the light intensity at the
sample while a polarization control module, consisting of three
motorized mirrors, was used to obtain the desired light
polarization at the sample. All PTIR experiments were recorded
with linearly, s-polarized light with the electric field vector
always in the A-SRR array plane and perpendicular to the plane
of incidence. An infrared pyroelectric camera was used to
calibrate motorized mirror positions resulting in the laser output
co-linearity in the entire wavelength range. PTIR spectra were
obtained by averaging the cantilever deflection amplitude from
256 individual laser pulses at each wavelength and tuning the
laser at intervals of 3 cm™. PTIR images were recorded by
illuminating the sample with a constant wavelength while
scanning the AFM tip. The topography and the chemical (PTIR)
signals are acquired at different timescales preventing any
possible crosstalk between the two channels. The AFM height
and the PTIR signal acquisition was synchronized so that for
each AFM pixel the PTIR signal is an average over a fixed
number of laser pulses?* (32 in this work). The pixel sizes were
kept at 40 nm x 40 nm for all images. Commercially available
450 um long silicon contact-mode AFM probes with a nominal
spring constant between 0.07 N/m and 0.4 N/m were used for
recording all the PTIR images and spectra.
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The near field enhancement was calculated are the ratio of the
spectral intensities for the PMMA CH3 wagging mode® around
1190 cm™. The uncertainties in the near field enhancement
represent a standard deviation in determining the peak intensity
and their ratio.

Finite element Calculations

A commercial finite element solver was used for the numerical
calculations. A gold resonator with external diameter of 2.0 um,
inner diameter of 0.95 pm and thickness of 150 nm was placed
on a ZnSe surface, covered by a PMMA film. Cylindrical
computational domain (20 pm diameter and 8 um tall) was
centered on the ASRR and surrounded by 2 um thick perfectly
matched layers (PML) on all sides. The plane wave illumination
was introduced at the lower boundary of the cylinder, from the
ZnSe side. This boundary condition defined the incidence angle
and polarization of the exciting light, while the reflected and
scattered light was absorbed in the PML. In the case of parallel
light polarization the simulations were carried out by
illuminating the resonator for illumination angles spanning from
9 =-60°to 9 =+ 60° (figure 4a) while in the case of perpendicular
polarization the calculations were obtained only for the case of 9
= 45° (figure 4b).

To quantify the dark and bright mode response as a function of
wavelength and incident angle, we first calculated the y (parallel)
component of the dipole moment for each arc by integrating their
y component of the electric polarization. By assuming that the
total response is limited to the superposition of the bright and
dark modes, we can use a simple linear transformation to go from
the basis of longer and shorter arc dipoles to the basis of dark and
bright modes. To make such transformation, we found the linear
combinations of longer (shorter) arc dipoles corresponding to
each of the two modes, by using incidence conditions where
either only the dark mode or only the bright mode is excited. Arc
dipole moments under perpendicular excitation at 971 cm-* (10.3
pm) vacuum wavelength were used to define the dark-mode
basis vector, as the bright mode response is negligible in this
case. Bright mode vector was set using surface-normal
excitation at 15 pm - dark mode magnetic coupling at this angle
is negligible and the excitation frequency is far away from its
resonance peak. We verified this basis set by checking that the
calculated dark mode resonance peak shape and center
wavelength were independent of the incidence angle and
direction.
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Figure 1. a) FTIR spectra of ASRRs arrays. The schematic of the FTIR experiments
for sample-1 (b) and sample-2 (c). The IR Cassegrain objective illuminates and
collects light with incidence angles 15° < 9 < 30° with respect to the sample surface
normal; the light with 0° < 9 < 15° is blocked by the objective. For sample-1 (b)
the light polarization used in the experiments is either parallel (blue arrows) or
perpendicular (red arrows) to all resonators. For sample-2 (c) because of the
different orientation of the resonators the light polarization is parallel for half of
the resonators (blue arrows) and perpendicular to the other half (red arrows). The
FTIR spectra are displayed in common intensity scale and normalized with respect
to a bare ZnSe background. (d) The fundamental resonances of the short and long
arcs hybridize to form symmetric (bright) and antisymetric (dark) modes, The red
arrows denote electric field vectors; the color denotes the component of
polarization vector in the direction of the arcs, vertical in the image (color code,
red is positive, blue negative).
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Figure 2. a) Schematic of the PTIR measurement. The laser beam (pink) illuminates the sample by total internal reflection to minimize the direct light-tip interaction.
When the IR laser pulses (purple) are absorbed by the sample this thermally expands deflecting the AFM cantilever. The deflection amplitude signal (inset) is
proportional to the absorbed energy and it is measured by the AFM four-quadrant detector on a time scale much faster than the AFM feedback. The red dotted bar in
the inset represent the maximum of the peak to peak deflection used to measure the local IR spectra and maps. b) AFM height image of sample-2 coated with a 200
nm PMMA film. The dotted squares identify a single unit cell in the array; scale bars are 500 nm and the blue arrow indicates the direction of the electric field polarization
in the PTIR experiments. c) PTIR image of the PMMA CH; wagging mode at 1191 cm! (8.40 um) showing near-field SEIRA hot spots in the PMMA layer d) PTIR spectra
for PMMA recorded 300 um away from the ASRRs (black, used as reference) and on the hot spots marked as “+” in panel c (red and blue), respectively. The PTIR spectra
are displayed in common intensity scale. The inset depicts a unit cell of the sample-2 array and illumination schematic: the resonators are excited by light impinging at
45° from the right hand side with the electric field polarization in the sample plane, parallel for two resonators in each unit cell (blue arrows) and perpendicular for the
other two (red arrows). For the two resonators illuminated with parallel polarization the incidence angle is & = + 45° relative to the resonators orientation.
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Figure 3. a) AFM height image of sample-3 coated with a 200 nm PMMA film; the white arrow indicates the direction of the electric field polarization in the PTIR
experiments. b) Corresponding PTIR image of the PMMA C-O stretching vibrational mode at 1263 cm™ (7.92 um). The PTIR image shows differences in the near-field
hot spots intensity as a function of the resonators orientation and show that, the light is preferentially scattered by the resonators in the right direction. Scale bars are

1.0 pm.

10 |Nanoscale., 20xx, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



Page 11 of 13 Nanoscale

Figure 4. Schematic illustrating the illumination angles used in the numerical modeling of PTIR experiments in case of parallel polarization (a) or perpendicular
polarization (b).The blue arrows show the electric field vector; the orange and green arrows show the magnetic vector. All line and arrows in panels a,b are in the plane
defined by the black dotted lines with the exception of the electric field arrows which are perpendicular to that plane. Results obtained when illuminating the structure
with s-polarized 1191 cm-1 (8.4 um) light at c) + 45° with parallel polarization and d) 45° with perpendicular polarization. The figure shows the energy density in PMMA
integrated along the film thickness (z) and convolved with a 200 nm waste Gaussian peak function (similar to the film thickness) to approximately account for the
thermal and mechanical effects of the PTIR experiment. Scale bars are 500 nm.
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Figure 5. Numerical modeling of ASRR polarization as a function of wavelength (a,b) and the incidence angle 9 (c). The dark-mode resonance 971 cm (10.3 um) is
excited by s-polarized light incident at 45° for both parallel and perpendicular polarizations, while the bright mode is broad and it is weakly excited, only by the parallel
polarization. The real and imaginary components of the dark-mode are shown in panel c. The response of the dark-mode is predominantly in-phase with incident electric
field (real component) and antisymmetric with respect to the incidence angle, both characteristic of magnetic excitation. The absolute value of the response is different
for +45° and -45° incidence angle because of the constructive (destructive) interference of the electric and magnetic excitation. The insets are for slice plane half way
through the ASRR thickness and show the electric field (arrows) and the component of polarization vector in the direction of the arcs, vertical in the image (color code,
red is positive).
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