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ABSTRACT: An unprecedented control of the spectral re-
sponse of plasmonic nanoantennas has recently been achieved
by designing structures that exhibit Fano resonances. This new
insight is paving the way for a variety of applications, such as
biochemical sensing and surface-enhanced Raman spectrosco-
py. Here we use scattering-type near-field optical microscopy to
map the spatial field distribution of Fano modes in infrared
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plasmonic systems. We observe in real space the interference of narrow (dark) and broad (bright) plasmonic resonances, yielding
intensity and phase toggling between different portions of the plasmonic metamolecules when either their geometric sizes or the

illumination wavelength is varied.
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he ability to assemble subwavelength plasmonic nanoparti-

cles and antennas' ~? into controlled geometrical structures

is revolutionizing our ability to control and manipulate light across
the entire electromagnetic spectrum.*”® The optical properties
of a nanoparticle aggregate are determined by its symmetry and
the interparticle spacings, just like the electronic properties of a
molecule degpend on its constituent molecules and interatomic
separations.” Highly exotic optical pro}l)erties of such assemblies,
often referred to as metamolecules'®'" or metamaterials, have
been observed during the past decade, including ones that have
never been seen in nature, such as materials with negative refractive
index and indefinite permittivity.'>"> Using plasmonic nanostruc-
tures, it has also become possible to emulate some of the unusual
optical phenomena whose origin was thought to be of quantum-
mechanical nature, such as the electromagnetically induced trans-
parency (EIT),"*""7 slow light,"® and Fano interferences.'®2¢
The advantage of using tunable plasmonic nanostructures in this
context is that all these phenomena can be extended well beyond
the spectral region where they were originally observed in atomic/
molecular systems, giving rise to a variety of exciting applications.
Many of these applications, such as linear and nonlinear
spectroscopy,”*® rely on the ultrasharp resonances (and related
very large electric field enhancements) that have been observed
in the plasmonic nanostructures exhibiting non-Lorentzian
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spectral extinction lines, also known as Fano resonances. The
physical origin of the Fano resonances is the interference between
two electromagnetic eigenmodes of the nanostructure, often
referred to as “bright” and “dark”, that possess strongly differing
radiative lifetimes: short for the bright and long for the dark
modes, respectively. When both resonances are excited by the
incident electromagnetic field, they contribute to the reflected
field according to their dipole strength and lifetimes and, depending
on the wavelength, exhibit either constructive or destructive inter-
ference in the far field.

Up to now, the interpretation of the constructive and destruc-
tive Fano interferences has been based on far-field slzaectroscopy
and calculations of the charge density distributions.”**>** Such
characterization of multiresonant metamolecules is both insuffi-
cient and ambiguous because the same far-field scattering pattern
can be caused by different charge distributions. For example,
while destructive interference—yielding a dip in the extinction
spectrum—can be directly measured in the far field, its root cause
(charge redistribution between different portions of the plasmo-
nic meta-molecules) cannot be experimentally confirmed.
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Figure 1. Fano interference in mid-infrared plasmonic metamolecules.
(a) Numerically calculated extinction spectrum (right) of a heptamer
structure consisting of seven gold disks (left). The insets display the
charge density distribution of the superradiant mode (A) and in the
Fano minimum (B). (b) Numerically calculated reflection spectrum
(right) of an asymmetric PI structure (left). The insets display the charge
density distribution of the dipole mode (D) and the quadrupole mode
(Q). The red curve displays the reflection spectrum for s-polarized
incidence with polarization parallel to the long rods. The blue curve
displays the reflection spectrum for s-polarized incidence with polariza-
tion parallel to the short rod.

In this Letter, we use interferometric scattering-type scanning
near-field optical microscopy (s-SNOM)>** to experimentally
verify the theoretically predicted near-field patterns in Fano-reso-
nant metamolecules. We present near-field optical amplitude and
phase images of highly symmetric heptamer structures™ com-
prised of plasmonic disks (shown in Figure 1a) and an asym-
metric PI-shaped arrangement of plasmonic nanorod antennas
(Figure 1b), which were both fabricated using top-down electron
beam lithography. What conceptually unites these two structures
is that they both support a “dark” and a “bright” resonance, which
can interfere with each other producing Fano resonances in the
extinction and reflection spectra. We can change the relative phase
of these interfering resonances in two complementary ways: by
tuning the laser frequency (as done for the PI structures) and by
changing the sizes of the plasmonic molecules (as done for the
heptamers structures). Our near-field optical measurements directly
demonstrate that, for both approaches, Fano interferences result
in the phenomenon of intensity toggling: strong spatial redistribution
of the high-field areas inside the metamolecules upon crossing the
“dark” resonance. To date, no direct experimental evidence of
interfering electromagnetic eigenmodes of plasmonic metamo-
lecules (or their arrays constituting a metamaterial) has been
presented.

In Figure 1a we illustrate a typical Fano resonance in a heptamer
structure consisting of seven gold disks of 2.70 ¢¢m in diameter on
a CaF, substrate. Calculating the extinction spectrum of this
structure, we find a resonance in the mid-infrared spectral range
at about 8 «m wavelength, accompanied by a minimum at around
9.3 um. A similar spectral behavior has been previously observed
for heptamer resonances at higher frequencies,”>>* which have
been fabricated using both bottom-up®® and top-down™ ap-
proaches. The calculated charge density plot at about 8 um
wavelength (position A in Figure la) shows the surface charge

density on each disk, as well as the individual electric dipole
moments (black arrows), which are all oriented in the same
direction. Thus, the predominantly excited eigenmode is the
bright one, resulting in strong scattering and extinction (bright
mode). The Fano minimum in the extinction spectrum at A = 9.3
um (position B in Figure 1a) can be explained by the suppression
of scattering caused by the destructive Fano interference between
the bright and dark plasmonic eigenmodes, which minimizes the
total dipole moment of the heptamer structure.

Fano resonances can also be directly observed in reflection
geometry, which is illustrated with an asymmetric PI structure in
Figure 1b. The calculated reflection spectrum (S, vertical light
polarization along the long rods) exhibits two peaks and one dip.
The isolated broad peak around A = 7.1 um is caused by the
“bright” dipolar resonance (D), as clearly seen in the charge
density plot. The closely spaced dip (at A = 9.3 um) and the
second peak (at A = 10.3 um) are associated, respectively, with
the destructive and constructive Fano interferences between the
“bright” dipolar (D) and “dark” quadrupolar (Q) resonances.
The actual spectral position of the Q mode (which can only be
inferred to be between the dip and the second peak in the S,
spectrum) can be determined from the reflection spectrum S, for
horizontal light polarization along the short rod. A unique
characteristic of the nonsymmetric PI-shaped plasmonic struc-
ture is that it provides us with an opportunity to precisely isolate
the spectral position and lifetime of the “dark” mode using
orthogonally polarized spectroscopy.

Figure 2a illustrates the experiment with the heptamer struc-
tures. We use a transmission-mode s-SNOM,>**" where plane
wave illumination from below the sample surface is employed.
Near-field amplitude |E,| and phase ¢, imaging is performed by
detecting the light scattered from the scanning probe tip with a
pseudoheterodyne interferometer,™ simultaneously to topogra-
phy (gray image in Figure 2a). We perform the experiments at a
fixed incident wavelength of 4 = 9.3 m because of the limited
wavelength range of the present setup. In order to observe the
intensity toggling due to Fano interference that occurs upon
crossing the “dark” resonance, we imaged heptamer structures of
different sizes. As seen in the calculated extinction spectra
(Figure 2b), the Fano minimum shifts to smaller wavelengths
when the radius R of the disks is reduced. We image the bright or
superradiant mode for R = 1.80 #m and for R = 1.15 #m, and the
Fano interference for R = 1.35 um. For the heptamers with R =
1.80 um and R = 1.15 um disks, we find a typical dipole pattern
on each disk.”® Each dipole is oriented in the same direction,
oscillating with nearly the same phase, such that a strong total dipole
moment is generated. For the R = 1.35 um disks, the amplitude
distribution is similar; however, the patterns on the upper and lower
disks are rotated in both experiment and theory. The most
significant change is observed in the phase image. The central disk
still exhibits a dipolar pattern, but the fields oscillate about 90° out of
phase with the outer disks, thus reducing the total dipole moment
of the heptamer structure. Comparing the experimental results
(Figure 2d) with the numerical calculations (Figure 2c), we find
excellent agreement. A dramatic intensity and phase toggling from the
outer-ring disks to the central disk is clearly observed in the experiment.

An interesting observation is made when comparing the real
part of the charge density distribution of the heptamer structure
at the Fano dip (position B in Figure 1a) with the corresponding
amplitude and phase near-field images (Figure 2b, R = 1.35 um).
In the charge density plot, the entire center row seems to be 180°
out of phase with the upper and lower disks. However, the near-field

3923 dx.doi.org/10.1021/nl2021366 [Nano Lett. 2011, 11, 3922-3926


http://pubs.acs.org/action/showImage?doi=10.1021/nl2021366&iName=master.img-001.jpg&w=240&h=180

Nano Letters

Interferometric
Detection

Experiment

Ib c Theory d

Extinction [a.u.]

\A

0.10 1 1 i 1
8 10 12

Wavelength [um]

34—

R=1.35 pm
05T

0201 B

015} k/\j
ofol-do .
8 10 12
Wavelength [um)]

Extinction [a.u.]

Extinction [a.u.]

0.05 Lty |
8 10 12

Wavelength [um]

Figure 2. Real-space mapping of Fano interference in symmetric heptamer
structures. (a) Experimental setup for near-field imaging in transmission
mode. The heptamer structure is illuminated from below. Near-field imaging
is performed by recording the tip-scattered radiation with an interferometer,
yielding amplitude and phase images simultaneously to topography (gray
image to theright). (b) Calculated far-field spectra for heptamer structures
with different disk radius R. The red line marks the imaging wavelength
(A=9.3 um). (c and d) Calculated and experimental near-field amplitude
|E.| and phase ¢, images for the differently sized heptamer structures.

phase image reveals that the central disk is phase-shifted for
about only 90° relative to the upper and lower disks. This finding

points out the importance of considering both amplitude and
phase of the near-field or charge density distribution, in order to
fully and unambiguously characterize the oscillation state of the
individual metaatoms within complex plasmonic metamolecules.

The phase shift between the central and outer disks at the
Fano dip can be explained by considering that the near-field
images yield a superposition of the bright mode (all disk dipoles
oscillate in phase) and the dark mode (central disk dipole
oscillates out of phase with the outer disk dipoles). According
to the Alzar model,* the dark and the bright modes are phase-
shifted for about 90° near the Fano resonance. In the case that the
dark mode is dominant—as is the case for small heptamer
structures”—we expect the central disk dipole being out of
phase with the outer disk dipoles for about 180°. However, when
the dark and the bright modes have a similar strength—as is the
case for our heptamer structure—the phase shift between the
central and outer disks is reduced to about 90°. Generally
speaking, the phase shift between the central and outer disks
can assume any value between 0° and 180° dependent on the
individual strengths of the dark and bright modes, which cannot
be traced by analyzing only the real part of the charge or near-
field distribution.

We note that for any light polarization it is impossible to excite
exclusively the dark resonance in symmetric metamolecules,
because the dark and bright modes are coupled to each other
through the interaction of their optical near fields. To circumvent
these limitations, we have performed a second set of experiments
with a low-symmetry PI-shaped metamolecule, which is sche-
matically shown in Figure 3a. In this experiment we have used a
side-illumination s-SNOM (NeaSNOM, www.neaspec.com, see
Figure Slin the Supporting Information), where the sample is
illuminated at an angle of around 50° from the surface normal
with s-polarized light. Owing to pseudoheterodyne interferometric
detection,® we are able to record amplitude and phase images
at different wavelengths provided by a tunable CO, laser. Thus,
by tuning the laser frequency across the “dark” resonance, we can
observe intensity toggling due to Fano interferences in an
individual plasmonic metamolecule.

We first experimentally map the near fields of the “dark”
(quadrupolar, Q) mode of the PI structure by using horizontally
(H-) polarized laser illumination parallel to the short rod
(Figure 3c). According to both the calculated reflection spectrum
(blue curve in Figure 3b) and near-field distribution (Figure 3c,
lower row), the quadrupole resonance occurs at about A = 10 um.
The advantage of the H-polarization is that there is no Fano
interference with the bright resonance, as confirmed by the
Lorentzian profile of the reflectivity spectrum. The near-field
amplitude and phase images recorded at 4 = 10.2 um with
H-polarization indeed reveal the predicted quadrupole mode
structure (Figure 3c, upper row). On both nanorod elements of
the Pl-structure we find a typical dipole pattern,*® identified by
strong amplitude signals at the rod extremities, which are
oscillating out of phase for 180°. What makes the mode “dark”
is the opposite alignment of the dipole fields on the two nanorods.

Upon rotation of the sample, i.e., by illuminating the structure
with vertical (V-) polarization parallel to the long rods, we track
the spatial redistribution of the near fields by tuning the laser
frequency across the “dark” resonance. Intensity toggling due to
Fano interference is demonstrated by near-field imaging at four
different wavelengths (marked A—D in the calculated reflection
spectrum in Figure 3b). At the spectral position A, we essentially
observe the dipole mode of the asymmetric PI structure, while
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Figure 3. Real-space mapping of Fano interference in asymmetric PI structures. (a) Experimental setup for near-field imaging in reflection mode. The PI
structure is illuminated from the side, with s-polarized light. Near-field imaging is performed by recording the tip-scattered radiation with an
interferometer, yielding amplitude and phase images simultaneously to topography (gray image below). (b) Numerically calculated reflection spectrum
for horizontal (blue) and vertical (red) polarization as indicated by the schematics. The letters mark the spectral positions where near-field imaging was
performed. (c) Experimental (upper row) and calculated (lower row) amplitude |E,| and phase ¢, images for horizontal polarization, recorded at 10.2
um wavelength. (d) Experimental (upper row) and calculated (lower row) amplitude |E.| and phase ¢, images for vertical polarization, recorded at the

spectral positions A—D marked in (b).

at position C essentially the quadrupolar mode is seen. The
constructive/destructive Fano interferences of these two modes
are clearly seen by comparing the brightness of the left and right
nanorods in images A—D. As the laser wavelength is tuned across
the “dark” resonance, the initially bright (image A) left nanorod
dims while the initially dark right antenna brightens (image D).

In conclusion, we have used interferometric near-field micro-
scopy to image the interference of “dark” and “bright” modes
responsible for Fano resonances in plasmonic metamolecules.
The results show dramatic redistributions (toggling) of the
electric field intensity and phase across the structure as the Fano
resonance is traversed and are in excellent agreement with
numerical calculations. Real-space near-field imaging provides a
fundamental and detailed verification of interfering plasmonic
modes and their coupling and thus will be an essential tool for the
development of novel spectroscopic applications based on Fano
resonances. The insights gained from near-field images will
further our understanding of plasmonic Fano resonances and
may open up novel applications based on the spectral manipula-
tion of plasmonic near fields.
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© Supporting Information. Details of sample fabrication,
numerical calculations for PI structures and heptamers, and
reflection mode interferometric s-SNOM for mapping plasmon
modes. This material is available free of charge via the Internet at
http://pubs.acs.org.
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