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Antennas have been used for more than a century to control the
emission and collection of radio and microwave radiation'. An
optical analogue is of great interest as it will allow unique
control of absorption and emission®* at the nanometre scale?.
Despite the intense recent research on optical antennas®3, one
of the main functions of traditional antennas, the directing of
radiation, remains a challenge at optical frequencies. Here we
experimentally demonstrate control of the emission direction
of individual molecules by reversible coupling to an optical
monopole antenna. We show how the angular emission of the
coupled system is determined by the dominant antenna
mode—that is, the antenna design—regardless of molecular
orientation. This result reveals the role of the plasmon mode
in the emission process and provides a clear guideline how to
exploit the large available library of radio antennas to direct
emission in nano-optical microscopy®!?, spectroscopy'’!? and
light-emitting devices, including single-photon sources!*>-1.

Control of the emission of quantum systems, such as
fluorescent molecules, atoms or quantum dots, is subject to
intense research!®'®, The emission direction, spectrum and
lifetime depend on the electromagnetic (vacuum) field> and can
thus be controlled by shaping the photonic environment®.

Photonic crystals'®!?, dielectric spheres'’, other cavities'*!® and
metallic surfaces®® have been explored with a view to modifying
the field. In contrast, more localized modifications exist at
metallic nanoparticles, which support plasmon resonances. Such
particles function, in a way that is analogous to resonant radio
antennas, as optical antennas*®. In reception, they efficiently
confine optical fields in subdiffraction-limited volumes®®. By
reciprocity, optical antennas will allow nanoscale control of
lifetime>?"?2, spectrum and, as demonstrated here, the direction
of photon emission.

To understand how the emission direction can be controlled,
we first consider a basic example. The angular emission of the
elementary hertzian dipole in free space is the familiar
‘doughnut’ pattern (Fig. 1a). The resonant dipole antenna, with a
length of half the effective wavelength?’, has a radiation pattern
qualitatively similar to that of the dipolar emitter. If a horizontal
emitter is coupled to a vertical antenna, by placing it at a point
of high electric mode density, a new angular emission pattern is
observed (Fig. 1b). The pattern is rotated compared with the free
dipole and instead resembles the antenna radiation pattern. For
the radiation patterns in Fig. 1, the origin is placed at the
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Figure 1 Emission control with a dipole antenna. a, Angular emission of a
horizontal radiating dipole (p) in free space. b, Angular emission of the same
dipole coupled to a vertical dipole antenna (blue), which has a length, L equal to
half the effective wavelength at resonance, A, is dominated by the antenna
(black dotted) (see ref. 29 for FIT calculations).

calculated apparent phase centre?, the point from which the
radiation is seen to emanate. Interestingly, for the coupled system
the phase centre is located at the middle of the antenna. It is thus
difficult to determine the exact location or orientation of the
original dipole source from the far-field radiation, unless its
position can be varied controllably. These example calculations
suggest that for the coupled system the antenna is in fact the
main radiator.

In practice, complete control of angular emission requires the
direct observation and manipulation of the interaction of a single
emitter with a suitable antenna. For an ensemble of emitters®,
any induced changes in angular emission of individual dipole
transitions can simply not be separated from enhanced excitation
or emission rates of favourably oriented dipoles. As for the
antenna, it needs to have a well-defined radiation pattern, that is,
a fixed preferential dipole (or higher order) moment and a
resonance at optical frequencies. This explains why previous
experiments for single emitters close to gold spheres® and near-
field probes®® have only shown minor, often not understood?®
effects; a sphere does not have a preferential dipole orientation,
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Figure 2 Optical monopole antenna. An aluminium nano-antenna (SEM image
viewed from an angle of 52°) was sculpted with a focused ion beam at the end
face of an aperture near-field fibre probe (see Methods and ref. 27). The
antenna length was controlled to tune the antenna plasmon resonance. For the
example shown, the antenna length was 105 nm. The typical antenna width was
40 nm and the radius of curvature at the apex was 20 nm. The inset shows a
side view and schematically depicts the emitter, a single fluorescent molecule,
its transition dipole moment (p) and its movement in the experiment.

and the probe does not support any clear resonant modes. The
probe-based nano-antenna of Fig. 2 fulfils the criteria. A
preferred dipole moment is fixed along the long antenna axis.
The resonance is tuned to optical frequencies by controlling the
antenna length. The field modes and resonances are characteristic
for a monopole antenna®, half a dipole antenna with the other
half replaced by the reflection in a ground plane. For all
purposes, such an antenna can be modelled to a good
approximation as a dipole antenna.

Fluorescent molecules were wused as dipolar single
emitters.  Spatially isolated Dil  (1,1’-dioctadecyl-3,3,3',3-
tetramethylindocarbocyanineperchlorate) molecules were

immobilized in a 20-nm-thick polymethylmethacrylate (PMMA)
layer on a glass substrate (see Methods). The experiments were
performed at room temperature. The molecular position, and
thus the coupling to the antenna, was controlled using a
scanning probe microscope. The molecules were raster-scanned
under the antenna while a constant antenna—sample distance was
maintained using a shear-force feedback system (Fig. 2,
inset). The antenna was used both to excite the molecules
(wavelength of excitation A, = 514nm) and to mediate the
emission (wavelength of emission A, ~ 570 nm). For excitation,
the antenna mode was fed through the aperture of the probe!® by
coupling a laser beam of controlled polarization into the fibre®.
The emitted single-molecule fluorescence was collected by a 1.3-
numerical-aperture (-NA) objective below the sample. Finally, to
characterize the angular emission, the fluorescence was split by a
polarizing beam splitter into two perpendicular polarization
components, each detected by a separate avalanche photodiode.
As each molecule was scanned under the antenna, the
fluorescence intensity mapped the component of the local
excitation field oriented along the molecular transition dipole®2,
Distinct small (full-width at half-maximum (FWHM) = 30 nm)
and larger (FWHM > 100 nm) bright spots are present in the
resulting images. Recurring patterns consisting of a small spot
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Figure 3 Single-molecule fluorescence. Spatial fluorescence map obtained by
scanning a sample containing randomly placed isolated single fluorescent
molecules under the antenna. The excitation (\,,, = 514 nm) polarization is
horizontal. The emitted fluorescence (A, ~ 570 nm) is split into two
polarization components. The horizontal polarization is coloured red, vertical
polarization is green; yellow corresponds to a balance of equal horizontal and
vertical polarization. Examples of patterns originating from one single molecule
are circled. The change of colour within one pattern indicates that the emission
of a single molecule is modified as it is scanned around the antenna. The scale
bar indicates 1 um.

accompanied by a large spot on the right are visible (Fig. 3).
The small spots are the responses of single molecules excited by
the antenna. Their small dimension (only 30 nm) demonstrates
the nanoscale interaction with the antenna mode. The larger
spots are the molecular responses to the residual field of the
aperture at the right side of the antenna. One such pattern is
thus the response of one single molecule. This is one of the key
points of the experiment: the fluorescence of a single molecule is
monitored as it is coupled (small spot in the data) and
uncoupled (large spot) to the antenna.

The property of interest is the detected emission polarization,
which is colour coded: red is horizontal, green is vertical. The
polarization is clearly not uniform within one single-molecule
pattern. The small spots are mostly yellow, indicating equal
intensity in both polarization channels. The large spots are
mainly horizontally polarized (red), reflecting the preferential
excitation of molecules with a transition dipole oriented along
the horizontal excitation polarization®?. The molecular emission
is indeed modified as the molecule is scanned near the antenna.

To interpret the effect of the antenna on the molecular
emission, full three-dimensional finite-integration technique®
(FIT) electromagnetic-field calculations were performed. The
antenna was modelled as a dipole antenna, resonant at the
emission wavelength of 570 nm (Fig. 4a). Realistic material
parameters were used and the glass substrate was included. The
molecule was represented by a hertzian dipole, oscillating at the
emission frequency. It is illustrative to consider the case of an
x-oriented molecule, as the antenna effect is most prominent for
an orientation perpendicular to the antenna. The far-field
radiation patterns for a selection of distances from the antenna
are shown in Fig. 4d. Far from the antenna (x = 500 nm), the

235

© 2008 Nature Publishing Group


www.nature.com/naturephotonics

LETTERS

a | 40 nm
E
S £, =-37.8+10.8i
w0
X e=1
T 2
z
m x=20nm 40 nm

60 nm

&\ A A A

@EOC

100 nm 500 nm

Figure 4 The electromagnetic field of a dipole emitter near the antenna. a, Overview of the FIT calculations. The antenna is placed 4 nm above the sample.
The dipole emitter is embedded in the sample 6 nm below the surface a distance x away from the antenna axis (A,,, = 570 nm). Results for an x-oriented dipole
are shown. b,¢, Instantaneous local electric field amplitude for two different phases (¢) where x =20 nm. In b the field of the dipole emitter is maximum (¢ = 0°),
and in ¢ the antenna response is resonant (¢ = 90°). Red indicates high field amplitude. d, Far-field emission for different distances (x). The top row shows three-
dimensional radiation intensity patterns. The bottom row presents the intensity in the back focal plane. The white circle in the middle image encloses the emission
detected with the NA = 1.3 objective used in the experiments. The magnitude of the contributions polarized along x and y of the main lobes is marked in black for

x =20 and x = 500 nm (black lines).

molecular emission into the glass consists of two lobes, as expected
for a dipole oriented parallel to a dielectric interface in the absence
of the antenna®’; that is, the emission is unperturbed. As the
molecule approaches the antenna, the radiation pattern gradually
changes. At x =20 nm, where the coupling is maximum, the
pattern resembles a cone. Such a pattern is characteristic for a
dipole perpendicular to a dielectric interface®. As in the example
of Fig. 1, the coupled system emits like a dipole oriented parallel
to the antenna axis.

More insight can be gained by considering the local field
dynamics at the coupled system (x =20 nm). At resonance, the
antenna response is a standing wave nearly 90° out of phase with
the driving field of the dipole emitter. By taking two snapshots of
the field, a quarter of a field cycle apart, the local contributions
of the emitter (Fig. 4b) and the antenna (Fig. 4c) are visualized
separately (for the full cycle, see Supplementary Information,
Video 1). Both contributions are dipolar and oriented
perpendicular to each other. The emitter near-field couples to the
dipolar antenna plasmon resonance, which in turn couples to the
radiation field.

To relate the calculations to the experiment, the intensity and
polarization in the back focal plane of the objective were
calculated (Fig. 4d). For the coupled system (x= 20 nm), the
intensity distribution is nearly circular and the polarization
approximately radial; that is, equal intensity is detected in each
polarization channel. Indeed, in Fig. 3 the emission polarization
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of single molecules coupled to the antenna (small spots) is
mostly ‘yellow. In the uncoupled case (x> 100nm), the
intensity distribution is highly asymmetric and the polarization
depends strongly on the molecular orientation, as observed for
the molecules under the aperture (large spots). The angular
emission of the coupled and uncoupled systems can thus be
distinguished by the polarization in the back focal plane.

For a quantitative comparison of the experiment to the
calculations, we define the degree of polarization (DOP) as

DOP = (I, — 1,)/(I, + 1),

where I, and I, are the intensities in the red and green polarization
channels, respectively. The DOP was obtained for each molecule in
the experiments, when coupled and uncoupled to the antenna. The
same two DOPs were taken from calculations for a large number of
randomly oriented molecules. Figure 5 plots the coupled DOP
against the uncoupled DOP. The experimental data are in
excellent agreement with the calculated results. As a reference the
identity line for the situation without antenna is plotted. The
clear deviation of the results from that line illustrates the strong
influence of the antenna. The coupled DOP values lie close to
zero. This is the expected value for the antenna dipole emission;
the coupled system indeed emits like the antenna mode. The
slight asymmetric deviation from zero, observed both in the

nature photonics | VOL 2 | APRIL 2008 | www.nature.com/naturephotonics

© 2008 Nature Publishing Group


www.nature.com/naturephotonics

LETTERS

10
@ Calculation F5
- Beriment Mm :
Lo
1 1
O, (¢] [}
o il |
(o]
0 . Lo g
— o 2
[eNege} S
-1+ T T -1
0 5 10 -1 0 1
Uncoupled DOP

Figure 5 Control of angular emission with an optical monopole antenna.
The degree of polarization for molecules coupled to the antenna versus the DOP
for the same molecules uncoupled. The 34 experimental values are a
compilation obtained for various antennas and different excitation polarizations.
The coupled DOP value is centred on zero, the expected value for the

antenna emission.

experiment and calculations, is due to the finite coupling strength.
For the same molecules, the values for the uncoupled DOP are
spread all through the theoretical range (—0.8 to 0.8 for a 1.3 NA
objective), indicating that molecules of many different
orientations are probed. Thus these results prove that, regardless
of the molecular orientation, the emission pattern for molecules
coupled to the antenna is determined by the antenna
radiation pattern.

In conclusion, we have experimentally demonstrated the
control of emission direction of a single emitter by an optical
antenna. The principle is straightforward; the angular emission of
the coupled system is determined by the antenna emission. This
result gives a clear guideline how to incorporate the large library
of radiowave antenna designs into nano-optics. Moreover, it gives
direct experimental insight into the role of the plasmon mode*:
the emitter couples to the antenna plasmon mode (reducing the
excited-state lifetime’), which in turn couples to the radiation
field (determining the angular emission). The strong redirection
of emission observed can severely modify the detection efficiency
in nanoparticle-emitter experiments. Finally, we predict that
combining control of angular emission and transition rates in
suitably designed optical antennas will lead to full control of
absorption and emission at the nanoscale.

METHODS

ANTENNA FABRICATION

The probes were fabricated following the methods of ref. 27. Single-mode
(operating at a wavelength, A = 633 nm) fibres were heat pulled with a SUTTER
P2000 fibre puller so that two probes with a 100-nm-diameter end face were
formed. Probes were coated, while rotating, with a 2-nm-thick chromium
adhesion layer (0.1 nm s~ ') and a 150-nm-thick aluminium layer (1 nm s~ ') by
electron-beam evaporation. An elongated antenna, next to a circular aperture,
was formed in a two-step focused-ion-beam milling process from the side. The
antenna lengths used ranged from 75 nm to 90 nm (+10 nm) (for the dipole in
the calculations the length was doubled). The probes were glued onto a quartz
tuning fork for shear-force feedback.
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SAMPLE FABRICATION

First, 0.5% PMMA was dissolved in toluene. Carbocyanine (DiIC18) dye
molecules were added at a 1 x 10~® molar concentration. The solution was
spin coated onto plasma-etched glass substrates. Samples were dried at
ambient conditions.

FINITE-INTEGRATION-TECHNIQUE CALCULATIONS

Calculations were performed with the transient FIT solver of CST Microwave
Studio. The electronic molecular transition was approximated as a pure electric
dipole and represented by a classical dipole of constant oscillator strength.
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