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ABSTRACT: Fluorescent nanodiamonds (FNDs) with nitrogen- f 100
vacancy centers are pivotal for advancing quantum photonics and
imaging through deterministic quantum state manipulation.
However, deterministic integration of quantum emitters into
photonic devices remains a challenge due to the need for high
coupling efficiency and Purcell enhancement. We report a ¥.v=035ns
deterministic FND-integrated nanofocusing device achieved by Nz“\ﬂ :

assembling FNDs at a plasmonic waveguide tip through plasmonic- max o R

enhanced optical trapping. This technique not only increases the @ E

emission rate by 58.6 times compared to isolated FNDs but also min 2ot 2
preferentially directs radiation into the waveguide at a rate 5.3

times higher than that into free space, achieving an exceptional

figure-of-merit of ~3000 for efficient energy transfer. Our findings represent a significant step toward deterministic integration in
quantum imaging and communication, opening new avenues for quantum technology advancements.

[ihl Metrics & More ’ Q Supporting Information

on glass
t=20.5ns

- trapped

Normalized counts

Optical fiber

KEYWORDS: fluorescent nanodiamond, plasmonic optical trapping, plasmonic coupling, silver nanowire

centers in fluorescent nanodiamonds (FNDs), have
emerged as pivotal components in advancing quantum
information and imaging technologies due to their remarkable
quantum efficiency, precise state control, and resilience against
photobleaching and photoblinking. These emitters are increas-
ingly recognized for their potential in applications ranging from
super-resolution imaging' > to molecular tracking*™® and
broader quantum-related fields.”® Traditional setups involving
these quantum emitters have relied on bulky optical
configurations, prompting a pressing demand for their
integration into more compact and efficient photonic structures.
Recent advancements have focused on merging FNDs with
plasmonic architectures to leverage the enhancement effects
offered by surface plasmon polaritons (SPPs). This integration is
crucial for amplifying optical absorption, boosting emission
rates, and enhancing the collection efficiency. Efforts to position
FNDs accurately within these metallic nanostructures have
employed a variety of techniques including self-assembly,”"’
double-patterning e-beam lithography,'' atomic force micros-
copy,'> ™" and optical trapping within nanocavities.'” Building
on these developments, our approach emphasizes deterministic
integration of FNDs onto high-plasmonic-enhancement sites of
a plasmonic waveguide. This strategy not only ensures precise
alignment with SPP modes but also optimizes the interaction

Quantum emitters, particularly nitrogen-vacancy (NV)
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between the quantum emitters and the plasmonic environment,
substantially increasing the system’s overall optical performance.

Crucially, three primary energy dissipation channels—direct
free-space radiation, SPP generation, and nonradiative damp-
ing—define the efficiency of a quantum emitter within a
plasmonic system. Of these, enhancing the SPP generation
channel is pivotal for maximizing plasmonic utility. This
enhancement is dependent on three factors: the Purcell factor
Fp, which quantifies spontaneous emission enhancement; the
coupling efficiency between the quantum emitter and the SPP
mode; and the damping rate, which is influenced by the
propagation length of the SPPs. The product of these factors,
normalized by the working wavelength, serves as an figure of
merit (FOM) to assess the capacity for efficient long-range
energy transfer. Among various plasmonic materials, silver
nanowires (AgNWs) stand out due to their superior plasmonic
properties and are particularly well-suited for quantum
applications. The bicrystalline AgNWSs have atomically smooth
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Figure 1. Plasmonic trapping for quantum emitters. (a) Schematic of the AgNW-fiber nanofocusing probe for plasmonic trapping of NV-FNDs at the
probe tip. The FND has radiative channels into the free space (decay rate I',) and the SPP waveguide (decay rate ['yp). The bottom panel shows the
tightly confined SPP. (b) False-colored SEM image of the AgNW (green) and trapped FND (red). (c) A representative PL spectrum from a trapped

FND, measured through the free-space radiation channel.

surfaces, making them an excellent choice for sustaining a long-
range SPP with minimal loss. The unique geometry of AgNWs
allows for tight field confinement and a high degree of light—
matter interaction,"®'? which is crucial for enhancing the
performance of quantum emitters like FNDs.

In this study, we harness the principle of plasmonic
nanofocusing to realize the deterministic assembly of FNDs at
the tip of a AgNW. The core mechanism centers on directing
incident light through an optical fiber to the apex of a AGNW,
forming a plasmonic hot spot where the electric field intensities
are strategically concentrated. This hot spot is critical, as it
represents the location where the plasmonic trapping force is
maximized due to the peak electric fields. Moreover, this
location also achieves a maximal plasmonic enhancement of
quantum emissions and optimizes the coupling efficiency of
radiation from the quantum emitters into the SPP mode of the
waveguide. We employ a time-resolved localization technique to
meticulously trace and analyze the trapping dynamics, providing
a detailed view of the interactions of quantum emitters with the
plasmonic traps. The findings from our analysis reveal that the
quantum yield for SPP generation in this FND-AgNW system
exceeds 35%, signifying that a substantial portion of the
radiation is effectively captured and utilized by the nanofocusing

probe. This efficient engagement of quantum emissions at the
plasmonic hot spots is instrumental for advancing hybrid
quantum sensing systems, enhancing both their sensitivity and
resolution.

The high-external-efliciency nanofocusing technique is
pivotal to our method, integrating plasmonic trapping, optical
excitation, and efficient quantum signal collection. As depicted
in Figure 1a, incident light is funneled through a tapered optical
fiber, exciting tightly confined SPPs on the AgNW. This
assembly is housed within a fluidic channel beneath an upright
optical microscope, which allows for detailed analysis of particle
dynamics in the plasmonic trap. A solution containing FNDs,
with an average size of ~40 nm, is introduced into the channel,
and imaging is performed to precisely localize these particles.
The scanning electron microscopy (SEM) image in Figure 1b,
enhanced with false color for better visibility, shows an FND
particle optimally positioned near the tip of the AgNW. Figure
Ic displays the photoluminescence spectrum, illustrating the
typical emission characteristics observed during these experi-
ments.

When an FND approaches the AgNW tip, it is illuminated by
the evanescent field of the SPP, resulting in emission
predominantly through two primary channels: direct free
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Figure 2. Observation of the nanoparticle trapping by the plasmonic probe. (a) Representative wide-field PL image extracted from video footage
showcasing an FND trapped at site A on a AQNW probe. Particles at sites B and C on the AgNW surface facilitate the coupling of SPPs into free space.
(b) The SEM image validates the presence of the nanostructures at the specified locations. (c) Schematic representation of the energy transfer
pathways within the FND-AgNW assembly. (d) Temporal fluorescence intensity profiles for PL emission from the three distinct locations. (e) Analysis
of PL intensity correlations between the different spots. (f) Normalized cross-correlation of events from sites A and B. (g) Distribution of the electric
field of the HE, mode SPP introduced into the AgNW from the left port. (h) Visualization of SPP mode coupling efficiency from a quantum emitter,
derived from the positional mapping of an electrical dipole emitter. (i) Spatial representation of the Purcell factor (F,) for a dipole emitter at varying

proximities.

space radiation (decay rate I',) and the SPP channel (decay rate
[gpp). Variations in the direct radiation rate during the trapping
process are recorded by monitoring the PL intensity from the
trapping side with a camera. To accurately gauge the radiation
rate into the SPP channel, nanoparticles are strategically
attached to the AgNW waveguide as scatterers, identified as B
and C in Figure 2a. The SEM image in Figure 2b confirms the
presence of both the trapped FND particle and the scatterer at
points A and B, respectively. The temporal fluorescence
intensity profiles of spots A, B, and C throughout the trapping
period of a typical FND are illustrated in Figure 2d. The FND
particle approaches the SPP trapping spot A approximately 60 s
into the experiment, as evidenced by a rise in fluorescent
intensity at both sites A and B. Subsequently, a significant spike
in fluorescent intensity is observed around the 90 s mark, likely
due to the alignment of the FND dipole with the evanescent
electric field during its random Brownian motion. This spike is
followed by a marked decrease in fluorescent intensity, due to
the plasmonic quenching as the dipole—metal distance
diminishes to below 10 nm.

Correlation analysis on the fluorescent intensities shown in
Figure 2d demonstrates a high Pearson correlation coeflicient of
0.95 between sites A and B, which is calculated using the
following formula:

_ Z:l=1 (Ai - K)(Bi - E)
JIL (A -2’ XL (8- B 0

Here A; and B; are the individual intensity measurements for site
A and B, and A and B are the average intensities. This substantial
correlation underscores that emissions from both sites originate
from a single FND, indicating synchronized fluorescence
behavior due to a shared quantum event.

Cross-correlation is a measure of the similarity between two
waveforms as a function of a time delay applied to one of them.
This is especially useful in the context of time series analysis or
signal processing to evaluate their correlations. Mathematically,
the cross-correlation follows

Ry(7) = D A, X By, o

r
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Figure 3. Detailed trapping dynamics and localization analysis: (a) Trajectory mapping for the central positions of spots A (blue) and B (orange),
deduced from two-dimensional Gaussian fitting applied to the PL intensity profiles. (b) Intensity-based histograms for points A and B. (c, d)
Exemplary spatial distributions for particle locations at points B and A, respectively, corresponding to the PL intensity range of 4000—5000 counts per
second (cps), as indicated above the third histogram bar. (e) Full width at half-maximum (fwhm) analysis for the spatial distribution of points A (blue)
and B (orange) across varying intensity ranges, for x- and y-directions, respectively.

where 7 varies over the desired range of lags.

Figure 2f displays the cross-correlation between the two
luminescent spots in Figure 2, over a range of time delays. The
peak at zero lag indicates a high degree of correlation (near
unity) between the two sites, suggesting that the fluctuations in
the light intensity at both spots are synchronized and likely
emanate from the same light source. The symmetrical shape of
the curve around the zero delay further reinforces this
interpretation, as it demonstrates that the temporal alignment
of the signals maximizes their correlation, typical of signals
sharing a common origin. This strong correlation supports the
hypothesis that the observed emissions at both sites are
manifestations of the same quantum events within the plasmonic
structure.

Figure 2e illustrates the correlation between the count rates
from sites A and B, with a line of best fit indicating a high

intensity ratio % ~ 5.3. This high ratio highlights the effective

SPP generation within the AgNW waveguide. Conversely, the
correlation analysis for site C shows a markedly weak

11664

relationship with site A, indicated by a correlation coefficient
T, o . oo .
—= & 0.15. This minimal correlation reaffirms site B’s dominant
A

role as an effective SPP scatterer. After accounting for SPP
propagation loss, we estimate that approximately 84% of the
FND’s radiation is effectively coupled to the SPP channel.

To further understand the variations in radiation rate and
collection efliciency throughout the trapping process, we
employed finite element analysis to simulate the behavior of
an FND at varying proximities to a AGNW. The model features
an electric dipole, representing shallow emitters, oriented
perpendicular to the metal surface within a cubic diamond
matrix (10 nm in size, € = 5.8). The SPP was launched to the
AgNW waveguide from the left port, as depicted in Figure 2g.
For an optical emitter in the vicinity of the evanescent SPP field,
the energy decay rate follows Fermi’s golden rule:

Topp = 274*(IEP)D(w, SPP) 3)
where p denotes the transition dipole momentum, |E| represents
the electric field strength of the SPP, and D(w, SPP) is the

https://doi.org/10.1021/acs.nanolett.4c03163
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Figure 4. Computational assessment of trapping potentials: (a) Distribution profiles of the electric field for the HE, mode across various cross-
sectional planes. (b) Mapping of optical trapping potentials along different trajectories, as identified in panel (a). It is calculated by integrating the
optical trapping forces (F,, F,, F,) in (c), which are derived from Maxwell’s stress tensor. (d) Associated potential well stiffness (k,, k, k,) exerted on the
quantum dot, ascertained from the calculated force distributions.

spectral density of SPP modes. The tight field confinement and essential for enhancing the device efficiency and functionality.
reduced velocity of SPPs on AgNWs significantly boost We investigate the dynamics of FNDs during the trapping
spontaneous radiation, a feature that has propelled their use in process using the localization method, where particle positions
photonic applications.””*" are determined with sub-10 nm precision. This method involves
Notably, the energy decay rate I'gpp into the SPP mode, which fitting the captured diffraction spot to a Gaussian point-spread
is theoretically dependent on the cube of the wavelength-to- function in each image frame, allowing for detailed observation
diameter ratio,”” shows a significant increase near the AgNW tip of particle behavior under plasmonic influence. Its spatial
due to enhanced SPP density of states (DOS) from nano- accuracy reflects the divergence from the FND’s true position
focusing. As shown in Figure 2h, the ratio I'spp to the total and is subject to system noise factors such as camera pixelation,
damping rate ', reaches 0.5 near the tip, suggesting that half of read noise, and the mechanical vibrations of the microscope. By
the dipole emission is captured by the AgNW waveguide. This conducting measurements on a stationary FND instrument, we
ratio remains at about 30% in the standing wave area, have determined the spatial accuracy of our imaging system to
approximately 300 nm from the tip, aligning with the linear be approximately 12 nm.
trend over a large range of fluorescent intensities seen in Figure Figure 3a illustrates the tracks of luminescent spots located at
2e. Plasmonic quenching effects become pronounced when the sites A and B throughout the trapping sequence, depicted in blue
FND approaches within 10 nm of the AQNW surface, correlating and orange, respectively. The paths are marked by green dots at
with the observed steep decline in PL intensity near the end of the starting positions and red dots at the ending positions.
the trapping process, right before the FND nanoparticle adheres Notably, the standard deviation of the whole track A (7)
to the AgQNW surface. Prior to entering the quenching zone, the measures approximately 36.1 nm, significantly exceeding the
system achieves a maximum Purcell factor of approximately 60. system’s measured accuracy. This increase is primarily attributed
Understanding the plasmonic trapping potential profiles is to the Brownian motion experienced by the FND prior to its
crucial to the deterministic assembly of FNDs within plasmonic stabilization within the trap. Conversely, the whole track B
systems. Accurate knowledge of these profiles enables precise shows a standard deviation () of about 18.2 nm, which is in
control and optimization of the trapping process, which is closer alignment with the system’s accuracy, suggesting that the
11665 https://doi.org/10.1021/acs.nanolett.4c03163
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scatterer at this site remains relatively stationary and securely
affixed to the AgNW.

To deepen our understanding of the potential well profile
derived from the trajectories, we analyzed changes in the
standard deviation across various intensity ranges. Given that
the emission intensity is inversely proportional to the distance
from the emitter to its equilibrium position, variations in
intensity provide insight into the dynamics at specific potential
heights. From the standard deviations of the particle positions,
we can infer the stiffness (k) of the potential well, using the
equipartition theorem expressed as kgT = k({x*), where ky is the
Boltzmann constant, T is the temperature, and (x*) is the
standard deviation of particle displacement from equilibrium.

Histograms of emission intensities from sites A and B are
displayed in Figure 3b. These histograms demonstrate that
within specified intensity ranges the particle positions adhere to
a Gaussian distribution, as shown in Figures 3¢ and 3d. The
corresponding standard deviations of the i" bar (6;) are detailed
in Figure 3e, where the blue curves represent o, 4 for site A and
the orange curves for 6; ) at site B. Specifically, when the FND
particle approaches the edge of the plasmonic trap at
approximately 60 s, the standard deviations of its motion at
site A on the x and y axes are recorded as 50.6 and 55.5 nm,
respectively. After normalization for the laser power (about 1
mW), the power-normalized stiffness values at the trap’s edge in
the x- and y-directions are calculated to be 1.6 pN/nm/W and
1.4 pN/nm/W, respectively. As the particle approaches
equilibrium, these deviations decrease to 24.1 nm in the x-
direction and 15.8 nm in the y-direction, resulting in increased
stiffness values of 7.2 pN/nm/W and 16.6 pN/nm/W. Notably,
the stiffness in the y-direction exceeds that in the x-direction,
highlighting the more restricted confinement of the SPP in the
azimuthal and radial directions compared to the longitudinal (or
axial) direction of the AgNW.

For the standard deviation at site B, depicted by the orange
curves in Figure 3e, the standard deviation remains relatively
consistent with the system’s measurement accuracy throughout
the observation period. This consistency underscores the
stability and reliability of the localization method under
conditions of minimal particle motion, supporting the
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effectiveness of our analytical techniques in monitoring
stationary scatterers within the plasmonic system.

The optical trapping force can be simulated by integrating the
Maxwell stress tensor across the surface of the FND nano-
particle. This calculation utilizes the field distributions derived
from the finite element analysis. Among the various SPP modes
supported by a nanowire waveguide, the HE, mode is
specifically chosen for this analysis, as it is predominantly
excited by the tapered optical fiber coupler in aqueous
conditions. Figure 4a i—iii displays the electric field distributions
in both the axial and cross-sectional planes. For simplicity, the
model represents the AgNW as a rounded cylinder with a
circular cross-section, an approximation of its actual pentagon-
shaped cross-section. The time-averaged optical forces are
shown in Figure 4c, while the associated trapping potential and
stiffness are derived in Figures 4b and 4d. The presence of
standing waves, resulting from the interference of incident and
tip-reflected SPPs, creates multiple zones of enhanced trapping
along the axial direction. These zones generate a trapping force
that peaks within these regions, aligning the FND nanoparticles
at sites of strong plasmonic enhancement. Specifically, selecting
the second interference point from the tip for illustration, it is
demonstrated that the rapidly decreasing electric field in the
radial direction generates a significant attractive force as the
distance between the FND and AgNW decreases. This force
produces a trapping potential of 3kgT with an excitation power
of 1 mW, achieving a high stiffness value of up to 270 pN/(nm
W) in the radial direction. The maximum stiffness values
measured in the azimuthal and axial directions are 10.2 and 6.6
pN/nm/W, respectively. The measured stiffness of 16.6 pN/
nm/W indicates that the trapping site is not fully aligned with
the HE, polarization.

Upon the successful trapping of an FND nanoparticle on the
AgNW surface, a significant enhancement in spontaneous
emission was observed. The emission dynamics were precisely
quantified using pulsed excitation at a wavelength of 515 nm,
channeled through an optical fiber into the AGNW. The emitted
PL signals were collected using an objective (NA = 0.9) to
analyze the fluorescence lifetime. Details on the experiment
setup are explained in the Supporting Information. As shown in
Figure Sa, the emission decay profiles are accurately described
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by a single exponential function, which incorporates the
instrument response function (IRF) to ascertain the fluores-
cence lifetime. This modeling approach is validated by the
dominant influence of the transition into the SPP channel on the
emission decay, consistent with our numerical analysis.
Compared to a lifetime of 20.5 ns on a glass substrate (cyan
curve), the lifetime on AgNW is drastically reduced to 0.35 ns,
indicating a Purcell factor of $8.6, which aligns with the
simulations in Figure 2.

The enhancement factor (EF) of the plasmonic probe is
estimated by comparing the steady-state emission rate from a
single FND attached to AgNW to the emission rate of FNDs
attached to the optical fiber (more details in the Supporting
Information). We estimated the fluorescence enhancement
factor through the formula®

"L QY
I, QY, (4)

It contains four determining terms expressed as ratios of the
quantum emitter on the probe and glass. Specifically, # and 7,
are the emission collection efficiencies of the imaging system,
with their ratio estimated as 1 since the same imaging conditions

n
Mo

ESPP
EO

EF =

ESPP

, which is ~11.7 in this
0

are used in the measurement.

estimation, is the electric field intensity ratio. Specifically, Egpp
uses the electric field from the launched SPP on a AgNW and E,
is calculated from same optical power in a diffraction-limited

laser spot. The ratio between spontaneous radiation rate (%) is
0

the Purcell factor from the lifetime measurement (Figure S). %
0

is the quantum yield ratio, which is ~0.3 according to the
simulations in Figure 2. Therefore, the EF can be estimated as
~2400, which is consistent with the observed PL enhancement
during the trapping process. More details about the
experimental estimation of EF can be found in the Supporting
Information.

Further, we calculate the FOM for the coupled quantum
emitter—plasmonic waveguide system. The FOM is defined as
the multiplication of the total decay rate enhancement (
Lot
T
waveguide (~35%), and the propagation length of the SPPs
normalized by the vacuum wavelength.”* The SPP mode that a
dipole emitter principally excites is the HE, mode, characterized
by a substantial propagation length of around 90 ym for the 620
nm SPP excitation on a AQNW waveguide with a diameter 0of 200
nm.”® This impressive propagation distance stems from the low
scattering and ohmic losses that are intrinsic to the atomically
smooth and crystalline structure of the waveguide. We estimate
the FOM to be approximately 3000 for this hybrid system, which
stands as the highest FOM reported in current scientific
literature.' ' #1¢**2¢=31 Thjs remarkable achievement is the
result of an optimal blend of substantial decay-rate enhancement
and a relatively long propagation length.

In conclusion, our work successfully demonstrated the
deterministic assembly of quantum emitters onto regions of
elevated plasmonic enhancement on a AQNW scanning probe
via plasmonic trapping. Leveraging the superior plasmonic
attributes of AgNWs, notably their significant plasmonic
enhancement and minimal propagation loss, we achieved a
high Purcell factor of 58.6. This leads to a spontaneous emission
enhancement factor of approximately 2400 and an FOM of

~ 58.6), the energy transfer efficiency to the plasmonic
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about 3000. This FOM is indicative of the system’s efficiency in
supporting a quantum network. As an outlook, the integration of
FND quantum emitters at the tip of a scanning probe paves the
way for advancements in magnetic field nanoimaging and
quantum information applications. These developments hold
promise for not only enhancing the spatial resolution of
quantum imaging but also facilitating the evolution of integrated
quantum communications.

B METHODS

Plasmonic Trapping. A 532 nm laser beam is directed into
the single-mode optical fiber used for the OF-AgNW probe. The
FND solution (Adamas, carboxylated red FND, 1 wt %) is
diluted 10,000-fold prior to use. The trapping process is
observed and recorded using an upright optical microscope
(Nikon, Eclipse Ni-U) equipped with an LU-plan Fluor 50X
objective lens (NA = 0.5). For image capture, an s-CMOS
camera (Andor, Zyla S.5) is utilized. To effectively filter out the
532 nm excitation laser, we employed a long-pass filter (FEL
550, Thorlabs) in conjunction with a notch filter (NF533-17,
Thorlabs). The recorded videos are captured at an exposure
time of 35 ms per frame.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03163.

Video S1: recording of the plasmonic trapping process for
Figure 2 (MP4)

Experiment setup for optical trapping, long-time trapping
dynamics, numerical simulations on Purcell factors,
plasmonic trapping force analysis, experiment setup for
lifetime measurement (PDF)
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