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ABSTRACT: We present a unidirectional dielectric optical
antenna, which can be chemically synthesized and controlled by
magnetic fields. By applying magnetic fields, we successfully
aligned an optical antenna on a prepatterned quantum dot
nanospot with accuracy better than 40 nm. It confined the
fluorescence emission into a 16-degree wide beam and enhanced
the signal by 11.8 times. Moreover, the position of the antenna,
and consequently the beam direction, can be controlled by simply
adjusting the direction of the magnetic fields. Theoretical analyses
show that this magnetic alignment technique is stable and accurate,
providing a new strategy for building high-performance tunable
nanophotonic devices.
KEYWORDS: optical antenna, smart nanomaterials, angular radiation pattern, superparamagnetic nanoparticles

Nanoemitters transmit photons in all directions since the
momentum and position of photons cannot be simulta-

neously determined due to Heisenberg’s uncertainty principle.
This leads to one of fundamental challenges in nanophotonics,
how to confine the radiation of a nanoemitter into a desired
direction and improve its coupling efficiency in miniaturized
photonic devices, such as light emission devices,1,2 single photon
sources3,4 and bio/chem-sensors.5,6 To address the above
challenge, researchers borrowed the idea of an antenna in the
radio frequency7−9 and developed a variety of optical antennas
to control the optical properties of nanoemitters.10,11 Partic-
ularly, by placing a nanoemitter at the feed point of an optical
antenna, one can direct its emission into predefined directions
with a high efficiency.4,12−16

In practice, it is however challenging to obtain such an
emitter−antenna coupling system. It not only requires expensive
nanolithography processes to fabricate an optical antenna but
also needs techniques to precisely align the optical antenna with
a nanoemitter. So far, this nanoscale heterogeneous integration
can only be achieved with the help of nanoassembly
techniques17,18 and scanning-probe-based manipulation meth-
ods.19−23 Both methods are sophisticated and technically
challenging. Moreover, most optical antennas are static, except
a few attempts with MEMS technique and phase transition
materials.24−27 There is a lack of simple yet effective methods to
tune the coupling between optical antenna and nanoemitter,
leading to many limits on the optical antenna technique.
Interestingly, there have been many exciting developments in

the field of colloidal chemistry recently, and “smart” micro/

nano-particles with special optical properties have been
demonstrated.28−30 By composing different functional nanoma-
terials together, one can create a nanorobot which can be
selectively and precisely guided to a nanotarget.31−33 Mean-
while, it was reported that a dielectric colloidal microsphere can
function as an optical antenna which can create a tight focus,
generate beam-like emission, and consequently enhance the
signal significantly.34−40 Intrigued by above developments, here,
we combine the idea of nanorobot with dielectric optical
antenna together, and propose a new smart optical antenna
(SOA). The SOA can be chemically synthesized and
dynamically controlled with external magnetic fields, providing
a simple but powerful method for engineering the radiation of
nanoemitters.
Figure 1 shows the principle of the magnetic alignment of the

SOA, which are chemically synthesized polystyrene micro-
spheres (ranging from 0.5 to 5 μm)with superparamagnetic core
(approximately 400 nm in diameter). To guide the SOA and
realize high precision alignment, we assembled quantum dots
(QDs) together with 10 nm superparamagnetic nanoparticles
(NPs) into a magnetic QD nanospot using the nanoprinting
technique developed by the same authors.41 When magnetic
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fields are applied, SOAs and magnetic QD nanospots will be

magnetized. Then, SOAs in the solution will be captured and

precisely aligned with QD nanospots along magnetic field lines

via magnetic dipole−dipole interactions, as depicted in Figure
1a.
We experimentally verified this magnetic alignment technique

using a 2.2 μm SOA with perpendicular magnetic fields. The

Figure 1. Magnetic alignment and photon beaming of the smart optical antenna. (a) Principle of magnetic alignment of SOA. (b and c) Electron
micrograph of SOA and nanoprinted magnetic QD nanospot, respectively. (d and e) Results of QD nanospot with and without SOA, respectively.
Panel 1−3 is the fluorescence image, angle radiation pattern (back focal plane image) and simulated angular radiation pattern, respectively. The dashed
line labels the observation area of the objective (sin θNA = 0.6). (f) Angular radiation pattern in the X−Z plane with and without SOA.

Figure 2. Position and beam direction tuning with magnetic fields. (a) Principle of the direction-dependent magnetic alignment of SOA. (b1−b3)
Fluorescence images of a SOA aligned at different locations of a QD nanospot. (c) Angular radiation distributions of the fluorescence image in (b) in
the X−Z plane. (d1−d3) The back-focal plane images of the (b1−b3), respectively. (e) Simulated angular radiation pattern in the X−Z plane for Δx =
0, 0.3, 0.6 μm. (f1−f3) The corresponding 2D radiation patterns in (e). (g) Beam direction vs Δx curve. (h1−h3) 3D view of the radiation patterns in
(f1−f3). Data are normalized in (c, e, f, and h).
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whole alignment process was recorded using a home-built
optical system which can take images at both the sample plane
and the back focal plane simultaneously (Section 1 in
Supporting Information). Results show that SOAs can indeed
be captured and aligned right above a QD nanospot when it
swam across (Section 2 in Supporting Information).
The alignment of SOA can bring significant signal enhance-

ment. Figure 1d,e shows a typical example, in which the
fluorescence signal was enhanced by 11.8 times after the SOA
was aligned. We attribute this enhancement to the high
directivity of the SOA which increases the collection efficiency
of the optical system. To prove this point, we recorded the
radiation pattern of the same QD nanospot (i.e., the field
distribution at the back focal plane). As shown in Figure 1d,e,
without the SOA, photons were radiated to all directions; once
the SOA was aligned on the QD nanospot, photons were
confined into a beam with a half power beam width (HPBW) of
16°.
To further understand the beaming effect, simulations were

performed using the finite-differential time-domain technique
(FDTD). As shown by the dashed lines in Figure 1f, with a SOA,
most of the light is confined into a narrow beam toward the
solution side (i.e., forward direction), and the HPBW is
approximately 14°, consistent with the experimental result.
Only a small portion of light is coupled into the substrate side
(i.e., backward direction), and the forward-to-backward ratio of
the radiation reaches 8.70 dB. On the contrary, without the
SOA, most of light (70.1%) is coupled to the substrate side (i.e.,
backward), and in the solution side, light is emitted to all angles.
As a result, the coupling efficiency of the system is low, and only
small fraction of the light can be collected by the objective lens
(N.A. = 0.6, maximum collection angle is 36.9°). This explains
the observed signal enhancement.
In antenna theory, the above unidirectional radiation behavior

of the SOA can be quantitatively described by “directivity”, the
ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions
(Supporting Information). In this particular case, the directivity

of SOA is approximately 50. This is an unexpected high value for
an antenna only 2 μm in size.
In addition to the collection efficiency, the excitation rate of

the QDs can also be improved by the SOA. It is known that
dielectric microspheres can create a jet-like focus42,43 and
consequently enhance the excitation rate of the QDs. Different
from the previously reported works, here, the SOA has an
opaque magnetic core. To check whether it affects the focusing
capability, simulation was performed, and the result shows that a
narrow jet-like focus can still be formed despite the existence of
an opaque core (Figure S3).
The above magnetic alignment technique is not limited to the

perpendicular case. It can be applied to any desired positions by
simply changing the direction of themagnetic fields. As shown in
Figure 2, when the direction of magnetic fields, θ, was moved the
position of SOA changed accordingly (Figure 2b). Meanwhile,
the radiation pattern also changed dramatically, with the main
radiation lobe moved from the center to the edge of the back
focal plane (Figure 2c,d).
To understand the above phenomena, we simulated the

radiation pattern of SOA at different positions with parameters
used in the real experiment by sing FDTD method. When the
lateral position of SOA moves from 0 to 0.6 μm, the main
radiation lob is scanned from 0° to approximately 30° (Figure
2e,f). The results are consistent with the experimental
observations (Figure 2c,d).
From the above results, it is evident that the radiation

direction of theQD nanospot is sensitive to the position of SOA.
Hereby, we plot the beam direction, θx, as the function of
position of SOA, x (Figure 2g). The result shows that when the
lateral position change is small the beam direction θx is linearly
dependent on x with a slop of dθx/dx = 0.05°/nm.
With the help of the θx−x curve, we can estimate the precision

of the magnetic alignment method. Here, we take the normal
alignment for example, the direction of themain radiation lobe is
1.9° from the normal (Figure 2c,d), corresponding to 38 nm
lateral deviation from the QD spot. This is an exceptionally high

Figure 3.Magnetic interaction and alignment accuracy of SOA. (a and b) Magnetic dipole−dipole interaction between SOA and QD nanospot with
magnetic fields,H, at 0 and 45°, respectively. (c and d) The potential map of the magnetic interactions for the case in (a and b), respectively. (e and f)
Potential distribution of SOA at z = 1.1 μm, and the corresponding occurrence possibility distribute of SOA for the case in (a and b), respectively.
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accuracy for a solution-phase self-assembly technique, which is
intrinsically random.
To understand the extraordinary position control capability of

the magnetic alignment method, a theorical model is studied, as
shown in Figure 3. For simplicity, the SOAs and QD nanospots
are treated as point magnetic dipole,mOA andmQD, respectively.
The interaction potential between them can then be explicated
described as

=
· · ·

V
r

m m m e m e

4

3( )( )
mag

OA QD OA r QD r0
3 (1)

where r = |rOA − rQD|, rOA, and rQD is respectively the position of
SOA and QDs, er is the unit vector along r. In this work, Bwas in
the range of 10−50 gauss. The induced magnetic dipole
moments were calculated using the data reported by Yin’s group
(Section 5 in Supporting Information).44 Assuming B = 30
gauss, we havemOA = 4.90 × 10−14 emu andmQD = 6.38−18 emu.
The potential distribution V(r) with different magnetic field
directions can then be calculated using eq 1. Here, we take the
cases of θ = 0 and 45° as examples, and the results are shown in
Figure 3c,d.
It is evident that the magnetic interaction between SOAs and

QD nanospots is a direction-dependent short-range interaction.
The potential energy reaches its minimum when mOA and mQD
are aligned along their local magnetic field line. The potential
scales with 1/r3 and drops rapidly when r increases, dragging
SOAs and QDs nanospots tightly close to each other. If we
neglect the complexity caused by potential distribution, then the
aligned position of SOA can then be estimated with a simple
geometrical relation x = R · tan θ. Here, R is the radius of the
SOA and θ is the angle between B and the normal direction of
the substrate (Figure 3a,b). This explains the field-dependent
alignment position of SOAs in Figure 2.
In our experiment, the diameter of SOA was 2.2 μm SOA. Its

center position was always at the z = 1.1 μm plane because of the
dragging forces of the magnetic fields. We therefore plot the
V(x) curve at z = 1.1 μm, and a deep and narrow potential well
can be observed (Figure 3e,f). The potential reaches −3.74 eV
for a normal alignment (θ = 0°) and −2.31 eV for θ = 45°. They
are 145 and 89 times higher than kBT (0.026 eV), the kinetic
energy of the random Brownian motion of the SOA,
respectively. This will lead to strong and tight trapping of
SOA at bottom of the potential well.
After knowing the trapping potential, we can further calculate

the accuracy of this magnetic trapping of SOA with the help of
Boltzmann distribution which describes the possibility distribu-
tion of occurrence at different positions of a particle, P(r) =
exp(− V(r)/kBT). The results show a narrow position
distribution of the SOA with a position uncertainly of ±40 nm
and±53 nm for θ = 0 and 45°, respectively, as shown in Figure 3.
They are consistent with the experimental observations in
Figure 2.
Here, the position uncertainty can be further improved by

increasing strength of magnetic fields. Considering that B was
only 30 gauss in this work and this value can be increased by 1
order of magnitude with neodymiummagnet, we can potentially
push the position uncertainly down below 10 nm.
We also tested SOAs with different sizes and strong size-

dependent behaviors were observed. In terms of magnetic
alignment, smaller SOAs always lead to better performance since
the magnetic interactions are strong enough to overcome other
factors, namely, Brownian motions, gravity, and van der Waals

forces. When the size of SOA increases, the magnetic interaction
becomes weaker, the gravity, as well as van der Waals forces,
becomes larger, and as the result, alignment becomes more
difficult.
Moreover, the optical performance, particularly the directivity

of SOAs is also size-dependent. As shown in Figure 4, when the

diameter of the microsphere decreases from 2.2 to 0.6 μm, the
width of main lobe increases from 16° to about 53°. This size-
dependent radiation can be understood by thinking of the
Heisenberg’s uncertainty principle. It states that the product
between the position uncertainly of photons (i.e., the size of the
antenna) and the momentum uncertainty in the lateral direction
(i.e., k0 sin θ) is larger than 1/2. As a result, a smaller antenna will
lead to a wider radiation lobe.
Finally, we would like to point out that the magnetic

alignment technique of SOA is not limited to the above
demonstrated QD clusters. It can be applied to various emitter
systems, such as fluorescent molecules, upconversion nano-
crystals and even a single quantum nanoemitter.With the help of
the advanced nanoassembly techniques, emitters can be
copatterned with magnetic NPs with nanometer precision,
allowing us to further implement the magnetic alignment of
SOAs.
In summary, we developed a new type of smart optical

antennas which are chemically synthesized dielectric micro-
sphere with a superparamagnetic core. These antennas can be
precisely aligned on prepatterned magnetic QD nanospots in
solution by simply applying external magnetic fields. After being
aligned, the SOA can generate a beam-like emission as narrow as
16° and enhance the fluorescence signal by 11.8 times.
Moreover, we demonstrated that the relative position between
the antenna and QD nanospot, and consequently, the beam
direction can be tuned with the magnetic fields. Theoretical
analyses indicate that position accuracy of this magnetic
alignment method can reach 40 nm. We believe that this
smart optical antenna with its photon beaming capability and
unique automatic alignment feature can have many important
applications, particularly in the field of high efficiency bio/chem-
sensors, as well as tunable nanophotonic devices.

Figure 4. Size-dependent angular radiation of SOA. (a) Schematic
drawing of the experiment. (b−d) Radiation pattern of SOA with
different diameters (0.5, 1.2, and 2.2 μm).
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■ METHODS
Synthesis of SOA. The superparamagnetic core (i.e.,

Fe3O4@SiO2 core/shell colloids) of SOA was synthesized
using the method reported by Yin’s group.45 First, an aqueous
solution (3 mL) of Fe3O4 NPs was mixed with ethyl alcohol (20
mL) and ammonium hydroxide (28%, 1 mL) aqueous solution
with vigorous stirring usingmechanical stirrer. Then, TEOS (0.2
mL) was injected to the solution after ultrasonic stirring. After
obtaining the desired size, the Fe3O4@SiO2 colloids were
collected by magnetic separation, washed with ethanol three
times, and finally dispersed in ethanol (2 mL).
After obtaining superparamagnetic Fe3O4@SiO2 cores, an

additional polystyrene layer was coated to form optical antennas
with seed emulsion polymerization. Fe3O4@SiO2 colloids
coupling with MPS were redispersed in ethanol (15 mL) with
130 mg of PVP and 1.67 mL of deionized water under
sonication. After heated to 75 °C, a certain amount of AIBN/St
was injected to the solution. The experiment was finished after
24 h.
Fabrication of Magnetic QD Nanospot Array. The

magnetic QD nanospot arrays were fabricated by spinning
mixture of Fe3O4 NP and QD solution (CdSe/ZnS core/shell
NP, 660 nm emission, Suzhou XingshuoNanotech Co., Ltd.) on
a prefabricated charge-patterned substrate using high-voltage
AFM tip. Here, the bandgap of Fe3O4 NPs is larger than the
photo energy of the fluorescence emission of the QDs.
Therefore, they do not cause any signal loss.
Magnetic Alignment Technique. The experiments were

performed in a l mm thick fluidic cell. To align the SOAs, a
permanent magnetic was placed above the QDs nanospot array.
SOAs were then dragged toward the QD nanospots to complete
the alignment automatically (Figure S2). Here, the substrate was
coated with a thin layer of fluoride polymer. Its low surface
energy can prevent the unwanted absorption of the SOA by van
der Waals forces effectively.
Simulation. Numerical simulations were performed using a

commercial full 3D electromagnetic field solver (Lumerical
FDTD) and the angular radiation patterns were calculated by
using near-to-far field projection technique.
Optical Characterization. The performance of MOAs was

measured with a home-built system, which can take images at
the sample plane and the back focal plane (i.e., the Fourier
plane) of the objective simultaneously. The excitation wave-
length was 532 nm, and QDs emitted at 660 nm. The detailed
setup can be found in Figure S1.
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