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Abstract: Due to small optical mode volumes and linear
polarizations of surface-plasmon-polariton (SPP) resonant
modes in metallic antennas, it is very difficult to obtain
complex emission patterns and polarizations for single-
photon emitters. Herein, nonresonant enhancement in a sil-
ver nanowire is used to both enhance emission rates and
extract a z-oriented dipole, and then the symmetry of metallic
nanostructures is proposed to tailor the patterns and polari-
zations of single-photon emission. The emission pattern of a
quantum dot located close to a metallic nanostructure with a
symmetric axis is split into multiple flaps. The number of
splitting flaps is equal to the order of the symmetric axis.
Moreover, the electric vectors of the emitted photons become
centrally symmetric about the symmetric axis. The above
phenomena are well explained by both a simulation and
an image dipole model. The structural-symmetry-tailoring
mechanism may open up a new avenue in the design of
multifunctional and novel quantum-plasmonic devices.
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1 Introduction

Single-photon emitters are of great importance for appli-
cations in quantum technologies such as quantum
computing, quantum simulation, quantum walk, quan-
tum memory, and precision measurement [1]. Quantum
dots, [2, 3] nitrogen-vacancy (NV) centers, [4] and transi-
tion metal dichalcogenides (TMDCs) [5-7] are widely used
to realize single-photon emitters. These quantum emitters
have a degenerate transition dipole oriented isotropically
along two orthogonal axes. Commonly, the photons
emitted from these nanoscale quantum emitters have
omni-directional emission, poor polarization, and
onefold Airy pattern [1-7] in the far field. These properties
considerably hamper practical implementation of these
quantum emitters, such as collection efficiency, mode
matching, and multifunctionality.

To address these problems, enormous efforts have
been made to design various metallic antennas to manip-
ulate the photons emitted from quantum emitters. These
metallic antennas support surface-plasmon-polariton
(SPP) resonant modes with strong field enhancements,
small optical mode volumes, and linear polarizations
(electric vectors mainly perpendicular to the metal surface)
[8-18]. When a quantum emitter is located very close to a
metallic antenna (several nanometers), the photons
emitted from the quantum emitter are mainly coupled to
the strong SPP resonant modes rather than directly radi-
ating to free space [19]. Therefore, the far-field properties of
the photons emitted from the hybrid system (consisting of
the quantum emitter and the metallic antenna) are prin-
cipally determined by SPP resonant modes. As a result, the
emission rate, [9-14, 20] emission direction, [15-18] and
emission polarization [8] can be efficiently manipulated by
SPP resonant modes.

For example, by locating a single quantum emitter close
to silver nanoparticles (placed on a metal surface), [9-11, 13,
14] Bullseye antennas, [12] and gold nanorods, [20] the
emission rates of the quantum emitter were greatly increased
because of the Purcell enhancement [14]. The increased
emission rates of quantum emitters greatly brighten single-
photon emitters, which is important for quantum Kkey
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distribution, cluster-state quantum computing, and the use
of Bell-state sources for memory-based repeaters [1, 21]. By
designing a variety of metallic antennas, including optical
patch antennas, [8-11] bullseye antennas, [12, 16] parabolic
antennas, [17] and Yagi-Uda antennas, [18] a large direc-
tivity of the photons emitted from quantum emitters was
obtained when quantum emitters were properly placed in
relation to these metallic antennas. The large directivity
considerably increased the collection efficiency of the pho-
tons emitted from quantum emitters.

It should be noted that emission wavelengths of quan-
tum emitters should match resonant wavelengths of metallic
antennas in these hybrid systems [8-18] due to the use of the
strong SPP resonant effect in metallic antennas. The far-field
emission patterns of quantum emitters are a onefold Airy
pattern in the far field owing to nanoscale SPP resonant
modes (optical mode volume V << A’) in metallic antennas,
and more complex patterns cannot be realized. Moreover,
photons emitted from quantum emitters in these hybrid
systems [8-18] are linearly polarized because of linear po-
larizations of nanoscale SPP resonant modes (e.g., dipole
resonance) in metallic antennas, and other polarization
states of single-photon emission are difficult to achieve.
Both of the above issues greatly limit applications of single-
photon emitters in the areas of multiple-degree-of-freedom
quantum memory, quantum correlation, quantum lithog-
raphy, quantum imaging, quantum encoding, and quantum
processing [22-28].

In this letter, we propose to use symmetry of a metallic
nanostructure rather than SPP resonant modes to tailor
emission patterns and polarizations of a single-photon
emitter. When a single quantum dot is located close to a
metallic nanostructure with a symmetric axis (corre-
sponding to a symmetry group), it is found that the emis-
sion pattern of the quantum dot is split into multiple flaps.
The number of splitting flaps is equal to the order of the
symmetric axis. Moreover, the electric vectors of the
emitted photons become centrally symmetric about the
symmetric axis of the metallic nanostructure, revealing a
radial polarization state. Since there is no resonant effect in
the hybrid system, matching of the emission wavelength of
the quantum dot and the resonant wavelength of the
metallic nanostructure is no longer required. To under-
stand the underlying mechanism of these pattern- and
polarization-tailoring phenomena in the hybrid system,
both a simulation and an image dipole model are provided.
The tailoring of the emission patterns and polarizations of
the single quantum dot by the structural symmetry might
provide more degrees of freedom and more functionalities
in quantum devices [22-28].
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2 Results
2.1 Experiments

Herein, the basic unit of the metallic nanostructure com-
prises a silver nanowire placed on a metal substrate (gold
or silver), and a quantum dot is located above the silver
nanowire, as shown in Figure 1a. The cross section of the
silver nanowire is a pentagon, [29] as displayed in
Figure 1b. The radius of the sliver nanowire is R, and a thin
poly(methyl methacrylate) (PMMA) film is used to protect
the silver nanowire from oxidation. The coordinate system
is also given in Figure 1a. The x-y plane lies on the surface of
the gold substrate. The z-axis is perpendicular to the gold
substrate and passes through the single quantum dot and
the top edge of the silver nanowire. The single quantum dot
is located at (0, 0, z), where z = [1+sin(72°)]R + d. Here, d is
the distance between the quantum dot and the top edge of
the silver nanowire. In this hybrid system, it is clear that the
z-axis is a twofold symmetric axis, corresponding to the C,
point group. The dark-field image of silver nanowires with
radii ranging from 80 to 140 nm is displayed in Figure 1c,
and the detailed fabrication can be seen in Appendix A:
Fabrication. The cross section of one silver nanowire is
depicted in the scanning electron microscopy image in
Figure 1d, revealing a pentagon shape.

Then, the photons emitted from the quantum dots are
imaged by a homemade microscope (see Appendix B:
Measurement), and the results are shown in Figure 2a. The
small bright white spots with the Airy pattern in Figure 2a
are the quantum dots. These small bright white spots blink
with time, which is the nature of a single quantum dot [2,
30, 31]. Moreover, it is also observed that some white spots
are split into two distinct flaps in the optical image, as
shown by the red dashed box in Figure 2a. A zoomed-in
image of the splitting spot is displayed in Figure 2b, and the
quantum dot is located above a silver nanowire (denoted
by the green dashed line in Figure 2b). In Figure 2b, the
upper left and lower right flaps are denoted Flap A and B,
respectively. The emission spectra for the emission with
two flaps and that from the quantum dot on a glass sub-
strate are shown in Figure 2c and d. The two spectra nearly
overlap with each other, and the central wavelength of
quantum dot is Ae, = 650 nm.

By adding a polarizer in front of the scientific com-
plementary metal oxide semiconductor (sSCMOS) camera,
the polarizations of the two flaps are measured, and the
results are displayed by the black dots in Figure 2e and f.
Herein, the red solid lines are the fitting curves obtained by
using the equation I = Iycos’(6), where 0 is the angle of the
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Figure 1: (a) Schematic diagram of the metallic nanostructure
comprising a silver nanowire placed on a metal substrate.

A quantum dot is located above the silver nanowire. (b) Cross
section of the proposed structure in the x-z plane with y = 0 pm. The
radius (R) of the sliver nanowire is defined as the distance between
the center and a vertex of the pentagon. (c) Dark-field image of silver
nanowires placed on a gold substrate. The scale bar is 20 pm.

(d) scanning electron microscopy image of the cross section of one
of the silver nanowires placed on the gold substrate. The scale baris
200 nm.

polarizer. The polarizations of the two splitting flaps (Flap
A and B) are perpendicular to the silver nanowire (denoted
by the green dashed lines in Figure 2e and f). The degrees of
linear polarization of Flap A and Flap B are greater than
0.9. A similar splitting phenomenon was also observed for
silver nanowires coated by a series of molecules [32]. In this
work, the harmful effects of the splitting phenomenon from
the ensemble fluorescence of molecules to super-
localization techniques were deeply studied. However,
pattern and polarization tailoring of the single-photon
emission from a single molecule or quantum dot has not
been investigated as far as we know. Pattern and polari-
zation tailoring of the single-photon emission would pro-
vide more degrees of freedom and more functionalities in
quantum communication, quantum encoding, and quan-
tum memory [22-28].

Next, the properties of the splitting spot are investigated.
First, the fluorescence intensity time traces of the two flaps
(Flap A and Flap B in Figure 2b) are extracted from the video,
and the results are shown in Figure 3a. A fluorescence
intermittency (blinking) character and a high degree of cor-
relation between the two flaps are observed. These obser-
vations indicate that the photons of the two flaps come from
the same single quantum dot [33]. Then, the autocorrelation
curve g*(f) of the photons emitted from the single quantum
dot located above the silver nanowire is measured by using
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Figure 2: (a) Optical image of the collected photons emitted from
the single quantum dots. The scale baris 5 pym. (b) Zoomed-in optical
image of the splitting spot. The scale bar is 2 pm. (c) Emission
spectrum for the emission with two flaps. (d) Emission spectrum
from the quantum dot on a glass substrate. Polar plots of the
measured emission intensities of (e) Flap A and (f) Flap B as a
function of the polarizer angle.

the Hanbury Brown and Twiss setup [19, 34]. The measure-
ment result is shown by the blue line in Figure 3b. The data
are fitted to the g’(t) formula in Ref. [19], as shown by the red
line in Figure 3b. The dip in the autocorrelation curve of the
collected photons is g%(0) = 0.30 (<0.5), indicating that the
single quantum dot located above the silver nanowire is a
single-photon emitter.

Finally, the lifetimes of single quantum dots are
measured by a time-correlated single photon counting
(TCSPC) measurement system [19] (see Appendix B: Mea-
surement), and the results are shown in Figure 3c and d. The
black line in Figure 3c is the decay curve of the photons
emitted from a single quantum dot doped in PMMA, which is
spin-coated on a glass substrate. By fitting the black line with
a double exponential function, the fast lifetime is found to be
approximately 7p = 6.8ns, and the slow lifetime is

approximately 75, = 30.3 ns. Moreover, the lifetime of the

slow
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Figure 3: (a) Fluorescence intensity time traces of Flap A and Flap B
in Figure 2b. (b) Autocorrelation curve of the photons emitted from
the single quantum dot located above the silver nanowire. The red
line is the fitting curve. (c) Decay curves of the photons emitted from
the single quantum dot. The black and red lines denote the decay
curves of the photons emitted from single quantum dots doped in
PMMA on glass and located above a silver nanowire, respectively.
(d) Statistics of the lifetimes of the single quantum dots doped in
PMMA on glass (black squares) and located above a silver nanowire
(red squares).

background fluorescence from the PMMA film is also
measured (not shown here), and the lifetime is approxi-
mately Tppyma = 7.0 ns, which is close to the fast lifetime
(T} = 6.8ns). Thus, we attribute the fast lifetime
(tf,t = 6.81s) to the lifetime of the background fluorescence
from the PMMA film, and the slow lifetime of 7y, = 30.3ns
is the lifetime of a single quantum dot. The red line in
Figure 3c is the decay curve of the photons emitted from a
single quantum dot located above a silver nanowire
(Figure 2b). By fitting the red line with a double exponential
function, the fast lifetime is found to be 73, = 2.2ns, and the

slow lifetime is 5 _ = 7.3ns. In our experiment, the orien-

slow
tations of PMMA molecules are random, and the thickness of
the PMMA film is 50 nm. Hence, the lifetime for most PMMA
molecules are not affected. Hence, 73, = 7.3ns is the life-
time of the fluorescence from these unaffected PMMA mol-

ecules. According to the definition, [14] the Purcell factor is
equal to fp = T/15, X fp™ = 25.4/22 x 1.5~17.3 when a
single quantum dot is located above a silver nanowire. Here,
T' =~ 25.4 ns is the average lifetime of single quantum dots
doped in PMMA on a glass substrate (see Figure 3d), and

PMMA = 15 is the calculated Purcell factor when the quan-
tum dot is in PMMA [35]. This indicates that the spontaneous
emission rate of the single quantum dot located above the
silver nanowire is enhanced by 17.3 times. The lifetimes of
single quantum dots in a number of samples are also
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measured, and the results are displayed in Figure 3d. The
black squares denote the lifetimes of the single quantum
dots doped in PMMA on a glass substrate (7%). The fluctuation
of the lifetimes of these quantum dots on the glass substrate
is attributed to the difference in the colloidal nanocrystal
quantum dots synthesized in the chemical process [1, 19, 35].
The red squares in Figure 3d are the lifetimes of single
quantum dots located above silver nanowires placed on a
gold substrate (7°). From Figure 3d, it can be observed that
the average lifetime (78 = 3.2 ns) of single quantum dots
located above silver nanowires is much smaller than that
(77 = 25.4 ns) of the single quantum dots doped in PMMA on a
glass substrate. Due to the spin-coated method, the distance
between a single quantum dot and a silver nanowire together
with the orientation of CQDs is random, which will affected
the Purcell factor. In order to eliminate the influence of the
position and orientation of quantum dots, we use the lifetime
of a specific quantum dot located on the silver nanowire to
calculate the Purcell factor.

2.2 Simulation

To understand the underlying mechanism of the above
pattern- and polarization-tailoring phenomena in the
symmetric hybrid nanostructure, a numerical simulation is
implemented (see Appendix C: Simulation), and the results
are displayed in Figure 4. The quantum dots are associated
with 2D dipole moments located in a plane and a missing
dipole moment along the direction perpendicular to the
plane [1-7]. In our experiment, the CQDs are spin-coated on
the metal surface, and thus dipole moments are randomly
oriented. Hence, the Purcell factors for the dipole oriented
along the x-, y-, and z-axes in the hybrid system are all
calculated. The Purcell factor, which is corresponding to
the enhancement of spontaneous radiative rates, is defined
as Fy, = Yrotal/Yo [14]. Herein, yor1 and y, are the decay rate
of the dipole in a structure and a vacuum, respectively.
Based on the definition, a nonradiative decay channel
could also give rise to the enhancement of spontaneous
radiative rates [19]. For d = 5 nm, the calculated results of
the Purcell factors for different silver nanowire radii are
shown in Figure 4a. It is observed that the Purcell factors
for the dipole oriented along the z-axis (blue line with
frz = 20.0) are much greater than those for the dipole ori-
ented along the x- and y-axes (black line with fp, = 4 and
red line with fpy = 0.5). The reason is that the electric vectors
of the z-oriented dipole are mainly parallel to those of the
SPPs on the silver surface [36, 37]. As a result, the dipole
oriented along the z-axis is extracted in this hybrid system
with d = 5 nm.
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For R = 130 nm (the pink dashed line in Figure 4a), the
Purcell factors for the dipole oriented along the x-, y-, and z-
axes are calculated for different values of d (the distance
between the dipole and the silver nanowire along the z-
axis), and the results are shown in Figure 4b. When d in-
creases, the Purcell factors of the z-oriented dipole (fp,)
sharply decrease, as shown by the blue line in Figure 4b.
The reason is that the photons emitted from the dipole are
mainly coupled to the SPP modes only when the dipole is
very close to the metallic nanostructures (several nano-
meters) [19], and SPPs can increase the emission rate of the
dipole. Therefore, it is better to extract and largely enhance
only the z-oriented dipole by choosing a small distance (d).
For d = 5 nm, the Purcell factor (fp, = 20.0) is nearly equal to
that in the experiment.

In addition, Figure 4a shows that the Purcell factors for
the dipole oriented along the x-, y-, and z-axes slightly
change with increasing radius of the silver nanowire,
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Figure 4: (a) Variation in the Purcell factor with the radius of the
silver nanowire for the dipole oriented along the x-, y-, and z-axes
when d =5 nm. (b) Variation in the Purcell factor for the dipole
oriented along the x-, y-, and z-axes with d (the distance between the
dipole and the silver nanowire) when R = 130 nm. (c) Response
spectrum of the Purcell factors for the proposed metallic
nanostructure with d = 5 nm. (d) Far-field (|E,,|*) distribution in
different directions of the x-z plane with x = 0 pm and (e) intensity
(IE]%) distribution in the x-y plane with z= 2 pym when d =5 nm and
R=130 nm. Distributions of the intensity (|£]°) in (e) the x-z plane with
y =0 um and () the y-z plane with x = 0 pm.
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indicating that no strong resonances occur here. Hence,
matching between the emission wavelength of the single
quantum dot and the resonant wavelength of the metallic
nanostructure is not required here, which is quite different
from previous works using SPP resonant modes. The
nonresonant enhancement here results from the interac-
tion between the z-oriented dipole and the induced
electron-hole pair in the silver nanowire [38]. The
enhancement of spontaneous radiative rates (Purcell
enhancement) increases dramatically (inversely propor-
tional to the third power of the distance) when the distance
between the z-oriented dipole and the induced electron-
hole pair decreases, which agrees well with the results in
Figure 4b. M. L. Brongersma’s Group has also reported this
strong nonresonant enhancement when a dipole is placed
on a metal surface [39]. The response spectrum of the
Purcell factors for the proposed hybrid structure is simu-
lated (R = 130 nm and d = 5 nm), and the result is shown in
Figure 4c. It is observed that there is no resonance in
Figure 4c, further confirming our above analysis. Hence,
our hybrid structure exhibits a nonresonant enhancement
of the spontaneous emission rate. The decrease in the
Purcell factors with increasing wavelength is attributed to
two factors. One is that the long wavelengths are far from
the bulk plasmon resonance wavelength of silver
(A = 400 nm) [39]. The other is that the optical mode
volume increases rapidly with increasing wavelength,
making A’/ V decrease when wavelengths increase from 550
to 950 nm [40].

For the dipole oriented along the z-axis at a small dis-
tance (d = 5 nm and R = 130 nm), denoted by the pink dashed
lines in Figure 4a and b, the far-field (|Eg,|") distribution in
different directions of the x-z plane with x = O pm and the
intensity (|E|’) distribution in the x-y plane with z = 2 um are
shown in Figure 4d and e. From Figure 4d and e, it is
observed that the emission pattern of the z-oriented dipole is
split into two distinct flaps, agreeing well with the
experimental results (Figure 2a and b). The intensity ratio of
the two splitting flaps, defined as the quotient between the
intensity of the two flaps and the total emission intensity
from the dipole, is calculated to be approximately 1 = 18%.
Because of the Purcell enhancement, the number of
collected single photons from the dipole located above
the silver nanowire becomes approximately 5.5 times
[Fp, X N/(FE25 x n81ass) — 20 x 18%/(2 x 33%) ~ 5.5]  that
from the dipole on a glass substrate under the same pump
intensity. Here, the simulated Purcell factor and the collec-
tion efficiency (numerical aperture [NA] = 0.8) of the dipole

on a glass substrate are fglass =2 and *** = 33% when the
distance between the dipole and the glass substrate is 5 nm.
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The cyan arrows in Figure 4e represent the electric vectors,
indicating a central symmetry about the z-axis. The reason is
that the electric vectors of the z-oriented dipole are centrally
symmetric about the z-axis.

The intensity (|E[") distribution in the x-z plane with
y = 0 pm for the hybrid system is also given in Figure 4f. It is
also clearly observed that there are two radiation di-
rections, which correspond to the two splitting flaps, as
shown in Figure 4e. Figure 4g displays the intensity dis-
tribution (|E|’) in the y-z plane with x = O um for the hybrid
system. It is observed that the photons emitted from the
dipole are mainly coupled to the SPP waveguide mode
supported by the silver nanowire and then propagate along
the silver nanowire. Hence, the photons emitted from the
dipole radiate to free space only in the direction perpen-
dicular to the silver nanowire, and the two splitting flaps
are on both sides of the silver nanowire, as shown in
Figures 2b and 4e. When the dipole is not located above the
top edge of the silver nanowire, the simulation shows that
the intensities of the flaps on the opposite sides of the
nanowires are not equal, which is also observed in the
experiment. In addition, when the distance between a
z-oriented dipole and gold substrate is fixed, the distribu-
tions of |E|’ for different nanowire shapes (pentagon, circle,
and rectangle) are also simulated. The simulation results
show that the shape of the nanowire section has little im-
pacts on the distributions of |E|’.

2.3 Image dipole model

To give a direct physics picture of the hybrid system shown
in Figure 1, we propose using simple image dipole theory
[36] to explain the pattern-splitting phenomenon in the x-z
plane with y = O pm. In the hybrid structure (Figure 1a and
b), the silver nanowire is used to extract and enhance the
dipole oriented along the z-axis when the dipole is close to
the top edge of the nanowire (with d being several nano-
meters). Moreover, the silver nanowire is used to prop up
the z-oriented dipole with a large separation (z > 200 nm)
from the gold substrate. This large separation can avoid
strong coupling of the dipole emission to the SPPs on the
surface of the gold substrate. Hence, the gold substrate in
the hybrid system acts only as a mirror. Based on this
analysis, the symmetric hybrid structure is simplified to a
z-oriented primary dipole (Q;) located above the gold
substrate with a large separation of z,, as shown in
Figure 5a. This is a 2D model that only considers the di-
rection perpendicular to the silver nanowire. The image
dipole (Q,) with the same orientation and amplitude is at
the mirror point of the primary dipole [36]. Therefore, the
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total intensity distribution above the metal surface is the
interference pattern of the primary dipole and the image
dipole. The interference pattern can be observed by in a
microscope with an objective of NA = 0.8.

To test the simple model and the above analysis, both a
simulation and theoretical equations are provided. Using
COMSOL, the intensity (|E") distribution of a z-oriented
primary dipole located above a gold substrate with a sep-
aration of z, = [1 + sin(72°)]R + d = 261 nm is simulated, as
shown in Figure 5b. The intensity distribution is very
similar to that in Figure 4f. In Figure 5c, the interference
pattern of the z-oriented primary dipole and the image
dipole with a separation of 2 x z5 = 522 nm is calculated,
and the intensity (|E|’) distribution is similar to that in
Figure 4f. The similarity of Figures 4f, 5b, and 5c strongly
confirms the simple model in Figure 5a. Based on the
Fraunhofer approximation, the interference pattern of the
primary dipole and the image dipole in the polar coordi-
nate system can be written as

I(9)ocsin29<2+w>, 9=arctan<;—(), (1)

The calculated results are displayed in Figure 5d,
which is similar to Figure 4d, further confirming our simple
model. The exact image dipole theory for the Sommerfeld
half-space problem, which has been solved by Esko Alanen
et al. [41] is more complicated. In addition, the separation
between the dipole (Q,) and the surface of the gold sub-
strate is simplified to z, = [1 + sin(72°)]R + d. The difference

Figure 5: (a) Two-dimensional simplified image dipole model.

A z-oriented primary dipole (Q,) is placed above a gold substrate. The
image dipole (Q,) with the same orientation and magnitude is at the
mirror point of the dipole. The separation between the dipole and the
gold substrate is z,. (b) Intensity (|£]°) distribution of a z-oriented pri-
mary dipole located above a gold substrate (z, = 261 nm). (c) Intensity
(|E?) distribution of the interference between the primary dipole and
the image dipole (z, = 261 nm). (d) Polar plots of the interference
pattern of the primary dipole and the image dipole in the polar coor-
dinate system (zo = 261 nm).
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in the far-field distributions in the direction along the metal
surface in Figures 4d and 5d is attributed to the fact that the
simple dipole model does not consider the influence of the
silver nanowire and the metal loss. However, this 2D
simplified image dipole model is sufficient to explain the
pattern-splitting phenomenon in the experiment for the
collection angle of the objective (NA = 0.8). In addition, a
z-oriented dipole above a silver nanowire on a glass sub-
strate is also simulated, and no interference patterns above
the glass substrate are observed, further verifying the im-
age dipole model.

2.4 Expanding the structural-symmetry-
tailoring principle

The structural-symmetry-tailoring principle can be
expanded to more complex structures with a higher-order
symmetry axis, and more splitting flaps with a radial po-
larization state can be realized. Some examples are given in
the following. When a z-oriented dipole is located directly
above (d = 5 nm) the crossing point of Y-shaped silver
nanowires placed on a gold substrate (Figure 6a), this
hybrid system has a threefold symmetry axis, corre-
sponding to the C3 point group. The number of splitting

1

Figure 6: (a) Schematic diagram of Y-shaped silver nanowires on a
gold substrate. A z-oriented dipole is located directly above

(d =5 nm) the crossing point of the Y-shaped silver nanowires. (b)
Intensity (|E]) distribution in the x-y plane with z= 2 pm. The white
dashed lines are the profile of the Y-shaped silver nanowires. (c)
Schematic diagram of two orthogonal silver nanowires on a gold
substrate. (d) Intensity (|£]°) distribution in the x-y plane with

z =2 pm. The white dashed lines are the profiles of the two
orthogonal silver nanowires. (e) Schematic diagram of a spherical
silver nanoparticle on a gold substrate. (f) Intensity (|E|*) distribution
in the x-y plane with z= 2 pm. The white dashed lines are the profile
of the spherical silver nanoparticle.
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flaps is three, as shown in Figure 6b. When a z-oriented
dipole is located directly above the crossing point of two
orthogonal silver nanowires on a gold substrate
(Figure 6c), this hybrid system has a fourfold symmetry
axis, corresponding to the C, point group. The number of
splitting flaps is four, as shown in Figure 6d. When a z-
oriented dipole is located directly above a spherical silver
nanoparticle on a gold substrate (Figure 6e), this hybrid
system has an infinite-fold symmetry axis, corresponding
to the C.. point group. The number of splitting flaps is
infinite. As a result, the infinite flaps form a doughnut-
shaped pattern, as shown in Figure 6f. Moreover, the po-
larizations of these emitted photons are centrally sym-
metric about the symmetric axis of the metallic
nanostructure. Thus, single-photon emission with a radial
polarization state is predicted in Figure 6e and f. The above
examples further verify the structural-symmetry-tailoring
mechanism. In the proposed hybrid structure, it can be
concluded that the number of flaps is equal to the order of
the symmetric axis, and the electric vectors of the emitted
photons are centrally symmetric about the symmetric axis
of the metallic nanostructure.

3 Discussion

In this study, the emission patterns and polarizations of a
single quantum dot were tailored by the symmetry of the
metallic nanostructure. Here, the nonresonant silver
nanowire was used to both enhance the emission rate and
extract the dipole oriented along the z-axis. Thus, match-
ing between the emission wavelength of the single quan-
tum dot and the resonant wavelength of the metallic
nanostructure was no longer required. In the experiment, it
was observed that the far-field emission pattern of the
single quantum dot located close (approximately several
nanometers) to the top edge of the nanowire was split into
two flaps. The electric vectors of the emitted photons were
centrally symmetric about the symmetric axis because of
the symmetry of the hybrid nanostructure. The shape of the
nanowire section has little influence on the pattern and
polarization. The measured Purcell factor was 17.3. The
pattern-splitting phenomenon was well explained by both
the simulation and the image dipole model. Based on this
structural-symmetry-tailoring mechanism, more splitting
flaps with a radial polarization state of the single-photon
emission were predicted by crossing the basic unit struc-
tures. The structural-symmetry-tailoring mechanism might
open up new possibilities and degrees of freedom for
designing multifunctional and novel quantum-plasmonic
devices.
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Appendix A: Fabrication

Silver nanowires with radii ranging from 80 to 140 nm are
first drop-coated on a gold substrate (thickness of 200 nm).
The gold substrate is treated by oxygen plasma for 5 min at
a power of P = 80 W. The density of the silver nanowires is
approximately three nanowires per 200 um’. Then, a
poly(methyl methacrylate) (PMMA) film doped with
quantum dots (CdSe/ZnS) is spin-coated on the same
gold substrate. The thickness of the PMMA film is
approximately ¢ = 50 nm. The central wavelength of the
photons emitted from the quantum dots is approximately
Aem = 650 nm.

Appendix B: Measurement

In the homemade microscope, a continuous laser beam
with Aex; = 405 nm is obliquely focused on the sample to
excite the quantum dots. The incident angle of the laser is
approximately 60 degrees. The power of the laser is
2.6 mW, and the spot size is approximately 120 x 60 pm.
After passing through a longpass filter of A, = 600 nm, the
photons emitted from the quantum dots are collected by an
objective (NA = 0.8). Then, the collected photons are
imaged on a scientific complementary metal oxide
semiconductor (sSCMOS) camera.

DE GRUYTER

In the TCSPC measurement system, a pulse laser beam
(central wavelength of Ao = 518 nm and repetition
frequency of 10 MHz) is focused on the sample by an
objective (NA = 0.8) to excite an individual quantum dot.
The photons emitted from the quantum dot are collected by
the same objective.

Appendix C: Simulation

The simulation is carried out by wusing COMSOL
Multiphysics software. In the basic unit structure
(Figure 1a), the permittivities of silver and gold are taken
from Ref. [42]. The structure is covered by a PMMA film
(refractive index of n = " = 1.5 and thickness of ¢ = 50 nm).
The quantum dot is simulated as a dipole, [14, 43] and it is
located at the top edge of the silver nanowire, as shown in
Figure 1b. The emission wavelength of the dipole is set to
Aem = 650 nm. The position of the dipole is (0,0, [1 + sin(72°)]
R+ d).
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