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Abstract: Optical trapping has proven to be a valuable experimental technique for precisely
controlling small dielectric objects. However, due to their very nature, conventional optical
traps are diffraction limited and require high intensities to confine the dielectric objects. In this
work, we propose a novel optical trap based on dielectric photonic crystal nanobeam cavities,
which overcomes the limitations of conventional optical traps by significant factors. This is
achieved by exploiting an optomechanically induced backaction mechanism between a dielectric
nanoparticle and the cavities. We perform numerical simulations to show that our trap can fully
levitate a submicron-scale dielectric particle with a trap width as narrow as 56 nm. It allows for
achieving a high trap stiffness, therefore, a high Q-frequency product for the particle’s motion
while reducing the optical absorption by a factor of 43 compared to the cases for conventional
optical tweezers. Moreover, we show that multiple laser tones can be used further to create a
complex, dynamic potential landscape with feature sizes well below the diffraction limit. The
presented optical trapping system offers new opportunities for precision sensing and fundamental
quantum experiments based on levitated particles.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Optical trapping is a versatile tool in modern science. Since its birth [1], optical trapping has
been used in various groundbreaking experiments across disciplines, ranging from trapping
and cooling of atoms [2] to the manipulation of individual living cells [3]. Recently, optical
trapping has also found its utility in quantum optomechanics [4,5]. In high vacuum, a dielectric
nanoparticle trapped in an optical tweezer becomes an excellent mechanical oscillator with an
ultrahigh quality factor Q. It has allowed the observation and control of the particle’s motion
at the quantum limit [6-8], paving the way for new sensing technologies [9—11] and probing
quantum physics in new mass and length scales [12—-14].

However, there also exist outstanding challenges to further advancing tweezer-based quantum
optomechanics. Realizing a high Q-frequency product of the mechanical oscillator [15,16] is an
essential prerequisite for performing precision and quantum-coherent experiments [17]. With
standard optical tweezers, it is achieved by increasing the tweezer beam’s intensity, thus, the
stiffness of the trap in which the particle oscillates. However, the intense laser field often also
causes excessive absorption heating of the particle, in particular in high vacuum, and can result in
the instability or even loss of the particle [18]. Even if the particle survives the heating-induced
instability, the increased blackbody radiation could severely limit the system’s coherence, thus
precluding quantum experiments that require exceptionally long coherence times [12—14]. The
trap stiffness can alternatively be enhanced by reducing the width of the trap. However, this
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possibility is also limited for a conventional optical trap, as the length scale over which the trap
can vary is bound by the diffraction limit.

In the meantime, researchers have studied a different trapping mechanism that could potentially
circumvent the abovementioned limitations [19-21]. It utilizes optical nanocavities as a means to
provide localized optical trapping fields. When external lasers pump the cavities, the optical
gradient forces generated by the cavity fields can attract and trap particles nearby. The key
difference to conventional optical tweezers is that the particles also strongly affect the trapping
fields by shifting the cavities’ resonance frequencies. This optomechanically-induced dynamic
effect, also termed self-induced backaction (SIBA), results in an optical trap that is qualitatively
different from standard optical tweezers. The SIBA effect has been first observed experimentally
with a plasmonic nanocavity [20] and later with a dielectric photonic crystal cavity [21]. Recently,
SIBA-based optical trapping was theoretically investigated in the context of optomechanics [22].
In this study, Neumeier et al. [22] have considered a simple Fabry-Perot cavity model and
shown that the SIBA effect can produce optical traps with nontrivial shapes and sub-diffraction
features if the cavity supports strong optomechanical interaction and sharp optical resonance. The
next step is to devise a concrete cavity system that satisfies the required conditons for realizing
low-intensity and high-stiffness optical levitation.

In this article, we present a nanophotonic cavity system that can practically realize a high-
stiffness SIBA trap for a dielectric nanoparticle. Our trap is based on two photonic crystal
nanobeam cavities (PCNC) that can be conveniently made using conventional nanofabrication
technologies. The PCNC’s high Q factor and the strong optomechanical response can result in
enhanced SIBA effects that substantially modify the optical gradient force by the cavity field.
We show that two PCNCs arranged in parallel, when pumped with appropriate laser fields,
can form an optical trap with a width close to 50 nm. It dramatically reduces the optical field
intensity required for a desired trap stiffness by a factor larger than 40. In contrast to previously
demonstrated SIBA traps [20,21], the particle in our trap is fully levitated without any physical
contact with the PCNCs. The particle can thus attain excellent mechanical coherence and stability
in high vacuum. We also demonstrate the capability of our PCNC-based trap to create a more
complex potential landscape, which is achieved by pumping the PCNCs with multiple laser fields.

2. Concept of the PCNC-based SIBA trap

The central component of our trap is a photonic crystal nanobeam cavity (PCNC) (Fig. 1(a)).
PCNC:s have already been exploited to realize an efficient near-field trap [23,24] as they provide
strong optical gradient forces through the evanescent fields. The PCNCs can also exhibit strong
SIBA effects because their high-Q resonant optical modes can dynamically respond to a slight
change in the local dielectric environment by an external dielectric object. Specifically, a nearby
dielectric particle increases the effective optical path length near the cavity, thus decreasing the
resonance frequencies of the cavity. This resonance frequency shift becomes more prominent as
the particle approaches closer to the PCNC, resulting in a position-dependent frequency shift of
the PCNC. It has been previously observed that the displacement of a nearby glass nanoparticle
by 100 nm can result in the shift of the PCNC’s frequency shift by 1 GHz [25]. Considering
typical linewidths of the PCNC’s resonances are on the order of GHz [26], the shift is enough to
change the intensity of the cavity field significantly.

A prerequisite for quantum optomechanics experiments is levitating the particle without direct
contact with the PCNCs. Otherwise, surface friction would immediately destroy any quantum
coherence of the particle. However, with a single PCNC, surface contact would be unavoidable, as
an optical gradient force from a PCNC is always attractive. We solve this problem by additionally
employing another PCNC on the other side of the particle (Fig. 1(b)). This scheme first allows for
balancing the attractive force from one PCNC with the same pull from the other. Next, suppose
the particle is slightly displaced from the force equilibrium position. In that case, the SIBA
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Fig. 1. Working principle of the PCNC-based SIBA trap a. Simulated electric field intensity
of a silicon photonic crystal nanobeam cavity (PCNC) used in our study. The PCNC is
designed to be 22 um in length and 402 nm in width. At each side of the PCNC, an array
of holes is created to form a Bragg mirror. These hole arrays are extended to the center of
the PCNC with the hole size and spacing properly tapered to form a localized cavity mode.
When a 150 nm silica nanosphere (a light gray circle) is brought near a single PCNC, the
particle is attracted to the PCNC due to the optical gradient force by the cavity’s evanescent
field. b. A layout of a PCNC-based self-induced backaction (SIBA) trap. Two PCNCs are
placed in parallel with a distance of 600 nm. The inset in the bottom left corner shows the
coordinate system used throughout the article. The x and z coordinates of its origin, (xg,
Y0, 20), are also depicted; the plane of x = xq lies precisely in the middle between the two
PCNCs, and the z = z plane lies in between the cavity hole at the center and the neighboring
hole, where the maximum of the cavity’s evanescent field is located. The y = yq plane cuts
through the middle of the PCNC:s in the y direction (shown in (c)). ¢. Schematic illustration
of restoring optical forces arising from SIBA effect. A 150 nm silica nanosphere is initially
positioned at the origin (xg, yg, zg). When the two PCNCs are pumped with equal laser
power and detuning, the optical pulling forces on the particle are balanced when the particle
is at the origin. When the particle is displaced to one of the PCNCs, e.g., on the left, the
SIBA effect shifts the cavities’ resonance frequencies such that the cavity field intensity on
the left is substantially reduced while the field intensity on the right is increased, creating an
imbalance in the magnitude of the two optical pulling forces. It results in a net force pushing
the particle back toward the origin, keeping the particle in between the two PCNCs. We
note that this picture holds until the cavity frequency of the PCNC on the right is brought
into resonance with the laser pump frequency. If the displacement is increased further,
the resonance frequency of the PCNC will shift past the laser frequency, resulting in the
extinction of the cavity field as well (see Fig. 3 for more detail).
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effects will induce resonance frequency shifts of the two PCNCs in opposite directions, creating
a drastic imbalance of the cavity field strengths and respective optical pulling forces. When
the detunings of the laser pumps are chosen appropriately, the sum of the two forces can result
in a net restoring force that pushes the particle back to its original position (Fig. 1(c)). This
mechanism makes it possible to stably keep the particle fully levitated from the two PCNCs.

3. Numerical analysis of the PCNC-based SIBA trap

To investigate the feasibility of the PCNC-based SIBA trap, we perform a series of numerical
analyses with realistic PCNC designs and experimental parameters. As a device used to create
the SIBA trap, we consider a silicon PCNC with a tapered hole array (Fig. 1(a)) [26]. Silicon
PCNCs have been used extensively in various applications [23,27,28] and proven to exhibit
quality factors up to 1.22 x 10% (or intrinsic cavity decay rate down to ;,/27 = 160 MHz) at
telecommunication wavelengths [29]. We use finite element method (FEM) simulations to design
and optimize a free-standing silicon PCNC to have its resonance wavelength at 1550 nm. The
simulated intrinsic cavity loss rate is found to be 40 MHz, which is hard to achieve from real
devices due to imperfections and contaminations associated with fabrication processes. We
instead use the previously demonstrated value of 160 MHz [29] as a realistically achievable
cavity loss. Considering additional loss channels introduced by nearby PCNC and particle (see
Supplement 1), the total cavity internal loss rate is assumed to be k;, /27w = 370 MHz. In addition,
we assume the coupling rate between the cavity and the input optical mode (k.,/27) is 80 MHz,
resulting in the total cavity loss rate x /27w = k;, /271 + Ky /27 = 450 MHz.

Next, we examine how the PCNC is influenced by a nearby dielectric nanoparticle, i.e., the
shift of the PCNC’s cavity frequency as a function of the particle’s position. Here we consider a
silica nanosphere with a diameter of 150 nm as the particle, which is widely used in quantum
optomechanics experiments based on optical tweezers [7,8,30]. The cavity frequency shift
Aw (7) = w(7) — wy, where w.(7) is the cavity frequency when the particle is at a position 7,
and wy is the unperturbed cavity frequency, can be obtained by conducting the FEM simulation
of the PCNC with the particle placed at a given position 7. However, obtaining a full map of
Aw.(7) requires repeating the simulations while sweeping the particle position as a parameter,
which is computationally costly. Instead, we choose to use the following approximate expression
derived from perturbation theory [5]:

Awe(F) ~ -2 (gp — DIE®)I?V, .
c =~ —— _
2 frene EnGNEGORAV + [ |EG)PaV

where g, and g, are dielectric constants of the particle and the PCNC (i.e., silicon) respectively,
V), is the volume of the particle, and E (7) is the electric field of the cavity mode in the absence of
the particle. The validity of Eq. (1) is confirmed by comparing the values obtained from it with
the results from the brute-force simulation including the particle for several particle positions
(see Supplement 1, Fig. S1). Equation (1) allows us to obtain a complete map of Aw.(7) from a
single simulation of the cavity field distribution of the unperturbed PCNC, drastically reducing
computational overhead. Figure 2(a) shows the two-dimensional plane cut of Af, = Aw./27
across the cavity center. When the particle is brought within 300 nm from the surface of the
PCNC, a frequency shift of around 1 GHz is anticipated. Moreover, an additional displacement of
the particle’s position by 40 nm is enough to shift the cavity’s frequency more than the assumed
linewidth of 450 MHz (Fig. 2(b)). Therefore, a strong SIBA effect is expected already at the
distance of 300 nm.

As described earlier, our trap consists of two parallel PCNCs placed sufficiently close to
each other. We assume the two PCNCs are nearly identical, having the same cavity loss rate
and frequency shift response (i.e., Aw.(7)) to the particle. However, we require the PCNCs
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Fig. 2. Optomechanical coupling between the PCNC and the particle a. Shown is the map
of the PCNC’s resonance frequency shift caused by the nanoparticle on a plane at z = zj.
The inset indicates the relative location between the mapped area and the PCNC. b. The line
cut of the frequency shift zoomed in around the origin. The location and the span of the line
cut are depicted as a red line near the bottom-right corner in (a). The particle’s displacement
of 40 nm around x = 0 is enough to shift the cavity’s frequency by around more than the
assumed linewidth of 450 MHz.

to have different resonance frequencies such that the evanescent fields from the two cavities,
when pumped with the same detuning from each resonance, do not result in interference. The
surface-to-surface distance of the two PCNCs is assumed to be 600 nm as it is large enough to
comfortably accommodate a 150 nm diameter particle and tolerate fabrication inaccuracies. At
this distance, the influence of the two off-resonant PCNCs on each other is found to be negligible,
only causing a slight increase in the loss rate (see Supplement 1). All the important parameters
and conditions used in the analysis are summarized in Table 1.

Table 1. List of the parameters and their assumed values for the simulations

Parameter Value Note

Cavity resonance wavelenght, A, ~1550 nm The resonances are assumed to
be slightly different for each
PCNC

Intrinsic cavity loss rate, «;, /27 370 MHz

Total cavity loss rate, x /27 450 MHz

Distance between the two PCNCs 600 nm
(surface-to-surface), d

Input power, P 30 uW For each PCNC

Laser detuning, 6 = wy — wy k/V3 + Awe(Fy) | Awe(Fy): the cavity resonance
frequency shift by the particle at
the origin 7y = (x0,y0,20)

The optical force by the PCNC on the particle can be directly computed from the shift of the
PCNC'’s frequency [22] and is given by

FF) = hn(F)VAw(7) (2a)

N P Kex
n(r)=— = 2b
O o W12V + 6 - B @
where n is the intracavity photon number, which depends on the parameters given in Table 1 and
the laser frequency wy. The above expression is obtained by ignoring the finite response time of
the intracavity photon number to the particle-induced frequency shift [22] and is valid as long
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as the bandwidth of the cavity («/27 = 450 MHz) is much larger than the resulting oscillation
frequency of the trapped particle, which will be confirmed later.

We now show how the particle can be levitated in our trap. To that end, we calculate the optical
forces exerted on the particle (Fig. 3). Here we consider pumping each PCNC with the laser input
power P = 30 uW and the laser detuning 6 = «/V3 + Aw.(Fy), where Aw,(7) is the cavity’s
resonance frequency shift when the particle is precisely in the middle between the two PCNCs
(i.e., at position 7y = (xp, ¥, z0) in our coordinate system). Of particular importance is the choice
of the laser detuning, which consists of two terms. The term Aw(7y) is the offset needed to
compensate for the frequency shift when the particle is at the origin. The term /3 then shifts
the frequency from on-resonance to slightly off-resonance, allowing the SIBA effect to occur as
described in Fig. 1. Figure 3(a) shows how the SIBA effect dramatically modifies the optical
force. The small displacement of the particle at its original position (x = x¢ = 0 in Fig. 3(a)) can
completely shift the cavity’s resonance frequency out of resonance with the laser pump. This
effect converts the monotonously increasing force profile into the one strongly peaked around the
origin. Due to the nonlinearities of n(7) and Aw.(7), the force profiles from the two PCNCs are
asymmetric and shifted from each other; the sum of the two forces, therefore, gives rise to a net
restoring force (Fig. 3(b)). Remarkable is that the change of the force occurs sharply within the
length scale of less than 50 nm. This sharp, sub-diffraction feature of the force originates from
the PCNC’s narrow optical resonance that responds strongly to the particle’s displacement. We
also look at the forces along other spatial directions (Fig. 3(d), (f)) and confirm that they are also
arranged to confine the particle in its origin. We note that the length scales over which the forces
change are much larger than the one along the x direction because the SIBA effects are much less
significant along those directions due to the modest frequency shift gradlents (Fig. 3(c), (e)).

From Eq. (2), we find that the curl of the SIBA forces is zero, i.e., VxF (7) = 0, implying that
the work difference is path independent. This allows us to define the potential U(7) by integrating
the work from a fixed reference point in space 7e:

U(?):—/ F-dv¥ 3)
Tref

We numerically compute the potential by choosing the point (x,,.., Yo, zo) as the reference point
(Fref), where X,qr = 300 nm corresponds to the point closest to the PCNC on the right. Figure 4
shows that our trap indeed forms a three-dimensional potential well. As already indicated in the
force analysis, the full-width-at-half-maximum of the potential along the x direction is 56 nm, an
order of magnitude smaller than the diffraction limit (Fig. 4(b)).

The depth of the potential appears to be close to 3 kgT, where kg is the Boltzmann constant and
T =300 K is the room temperature (Fig. 4(b)). This may not be sufficiently deep enough to fully
ensure trap stability in high vacuum at room temperature. While the trap depth can be increased
by increasing the input laser pump power, we also note that the active stabilization schemes by
feedback cooling [31,32] are also readily available for our system; the frequency shifts of the
PCNC:s by the particle displacement also strongly change the intensities of the reflected pump
laser fields, which can be measured to sensitively detect the position of the particle and fed back
to modulate the laser fields to stabilize the particle’s motion.

Spring constants of the trap and corresponding particle’s oscillation frequencies can be
extracted from the potential and are found to be (15.05 uN/m, 2.14 MHz), (1.15 uN/m, 595.2
kHz), and (0.76 uN/m, 484.12 kHz), respectively, along the x, y, and z directions. The highest
frequency is sufficiently smaller than the cavity decay rate, confirming the validity of the
approximation used in Eq. (2).

The strong restoring forces in our trap result from the cavity’s sharp resonance, which converts
optomechanically induced frequency shift to steep modulation of the cavity field. We observe
that the restoring nature of our trap is still maintained when the linewidth is increased from
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Fig. 3. a,c,e. Cavity frequency shift (Afe = Aw,/27; solid line), intracavity photon number
(n; dash-dotted line), and resultant optical SIBA force (Fsjp4; dotted line) by a single PCNC
(positioned at x = =300 nm) as a function of the particle’s position along the x, y, and z
directions. For comparison, optical gradient force by a single PCNC with a fixed intracavity
photon number (F; dotted line) is also shown. The profiles are chosen to intersect with (xg,
v0, z9)- The change of the frequency shift is significant along the x direction (a). Together
with a narrow cavity resonance, it strongly modulates the intracavity photon number, thus
resulting in the optical SIBA force sharply peaking at a length scale less than 50 nm. The
frequency shift gradients along y and z directions, however, are moderate, inducing much
weaker SIBA effects (c, e). The trends of the Fgjpa in these directions, therefore, do not
show significant deviations from F(. b,d,f. Net forces on the particle along x, y, and z
directions, when the particle is placed in the PCNC-based SIBA trap. The centers of the line
cuts coincide with (xg, yg, zg). In all cases, forces on the negative coordinates are positive
and vice versa, confirming the restoring action of the forces toward the origin. A strong
SIBA effect along the x direction creates a steep force gradient within the narrow region at
the trap center (b), while the forces in the other directions show much more gradual changes
over larger length scales (d, f).

450 MHz to 900 MHz (Fig. 5). However, the stiffness and the potential depth are substantially
decreased because the cavity with broader resonance does not respond as sharply to the frequency
shift. It results in a shallower depth of the trapping potential. When the cavity linewidth exceeds
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Fig. 4. a. Three-dimensional potential well formed by the PCNC-based SIBA trap. Shown
is the equipotential surface with the potential value of U = —1 kpT at room temperature (T
=300 K). The closed surface confirms that the trap can securely contain the particle in three
dimensions. The larger extent of the potential along y and z directions is due to modest
cavity frequency shift gradients along those directions, which result in weak SIBA effects.
b. Potential profile along the x direction. The line cut was taken along y = yg and z = 2.
The width of the potential at half maximum is 56 nm, clearly featuring a length scale much
smaller than the diffraction limit.
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Fig. 5. a. Trapping forces on the particle along the x direction as a function of the particle’s
position for different decay rates «/2x: 0.45 GHz, 0.9 GHz, and 4.5 GHz. The line cuts
were taken along y = yg and z = zg. The inset at the left-bottom corner shows the zoom-in
of the k/2m = 4.5 GHz case. As the decay rate increases, the magnitude of the restoring
force decreases until it disappears. We found the turning point to be around 1.8 GHz. When
the decay rate is further increased to 4.5 GHz, the polarity of the force is inverted, and the
particle is pushed out from the center. b. The corresponding potentials along the x direction.
As the decay rate is increased, the depth of the potential is reduced. When the decay rate is
above 1.8 GHz, the potential is flipped such that the center of the potential becomes unstable.

a threshold (1.8 GHz in our design), our trap no longer forms a stable potential and loses the
ability to confine a particle.

Figures 3 and 4 show that our system can form a high-stiffness optical trap (the spring constant
of 15.05 uN/m and the corresponding particle’s oscillation frequency of 2.14 MHz) only with 60
uW input power (30 uW input for each PCNC). With the same input power, a standard optical
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tweezer with a numerical aperture (NA) of 0.95 would have resulted in a trap with a factor of
4600 less stiffness (a factor of 68 lower frequency) and a trap depth of only 0.06 kgT at room
temperature (see Supplement 1). This drastic reduction in the input power required for activating
an effective trap is certainly one of the merits of our trapping scheme.

A more important parameter to consider is the optical field intensity that a particle would
actually experience in a trap, as it is directly proportional to the absorption heating, which could
induce the loss of the particle. We compare the field intensities the particle would see in the
case of a standard optical tweezer and our PCNC-based trap when both traps are tuned to obtain
the same trap stiffness (Fig. 6). Indeed, the field intensity at the center of the PCNC-based trap
is a factor of 43 smaller than that of the standard optical tweezer. It primarily results from the
difference in the trap width, which is inversely proportional to the square of the spring constant.
We emphasize that the ability to generate a high stiffness trap with significantly reduced optical
exposure is a critical feature of our trap, particularly for performing quantum optomechanics
experiments; it allows the realization of a high Q-frequency product for the particle’s motion
while minimizing the possibility of optical damage to the particle.

1011 ]
e
- 1010_
= —— PCNC
>
= oT
2 10°4
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c
108 4

300 200 -100 O 100 200 300
Particle position on x (nm)

Fig. 6. Comparison of the optical field intensity that the particle (a silica nanosphere with
150 nm diameter) would see in a standard optical tweezer (OT) and the PCNC-based trap
(PCNC). The intensity profiles are calculated assuming that both traps result in the same
stiffness (i.e., the spring constant of 15.05 pN/m) along the x direction. The NA of the
objective lens for the OT is assumed to be 0.95. The line cuts are taken along y = yy and
z = zp. At the center (x = 0) of the PCNC-based trap, the particle sees 43 times less intensity
compared to the case for the OT.

The width of our trap (56 nm) is 18 times narrower than the diffraction-limited width of the
standard optical tweezer (995 nm). If our trap were a standard opical trap made with a shorter
wavelength laser, the width reduction would result in the reduction of the intensity at the trap
center by a factor of 18 = 324. The reason why this factor is not equal to the observed difference
of 43 is that the PCNC-based trap is qualitatively different from standard optical traps. Indeed,
Fig. 6 shows another distinctive feature of the PCNC-based trap; in clear contrast to the optical
tweezer, the intensity maxima of the PCNC-based trap appear at both sides of the trap center, not
at the trap center.

In operating the PCNC-based SIBA trap, the detuning ¢ of the input laser field plays a central
role as it determines the regions where the cavity field is turned on. We use this principle to
obtain further control in trap landscaping. First, we achieve a simple control in displacing the
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Fig. 7. a. The equipotential surface of the trap potential formed by choosing the laser
detuning for the left PCNC &, = 2«/V3 + Aw,(F) and the detuning for the right PCNC
Sr = —k/V3 + Aw(Fy). The value of the potential on the surfaces is fixed to U = —1 kgT.
b. The line-cut of the corresponding potential along the x direction, taken at y = yy and
z = zg. The position of the trap center is moved to x = —37 nm. ¢. The equipotential surface
(U = —1kgT) of the trap potential with 67 = —«k/V3 + Aw(Fo) and 6g = 2«/V3 + Awe(7p).
d. The line-cut of the corresponding potential along the x direction, taken at y = yy and
z = z9. The position of the trap center is x = 36 nm. For convenience, in Figs. ¢ and d,
the reference point .. has been changed to (Xin, ¥0, 20), Where X = =300 nm. This
makes it easier to compare side by side the asymmetric potentials. e. The equipotential
surface (U = —1kpT) of the double-well potential for a single nanoparticle formed by
driving both PCNCs with two laser tones with the detunings 6; = —«/V3 + Aw.(7) and
8 = 2k/V3 + Aw,(Fy). f. The line-cut of the corresponding potential along the x direction,
taken at y = yg and z = zg.

trap by appropriately shifting the input laser detunings to both PCNCs (Fig. 7(a), (b), (c), (d)).
More fascinating possibilities arise when both cavities are pumped with multiple laser tones
with different amplitudes and detunings. One example is a double-well potential shown in
Fig. 7(e). We realize it by pumping each PCNC with two laser tones which are used to create two
displaced single-well traps. The width of each well and the separation between the wells are 53
nm and 72 nm, respectively, demonstrating the scheme’s ability to create a potential landscape
with a nanoscopic resolution. We anticipate this approach with multiple laser tones will offer a
powerful method for creating more complicated potential landscapes beyond the diffraction limit,
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which can be used, for instance, to study various outstanding problems involving single-particle
dynamics [33] with enhanced resolutions.

4. Conclusion

In summary, we have shown that the optical trapping system formed by two parallel silicon
PCNC:s can levitate a silica nanoparticle with a diameter of 150 nm in a gap between the two
PCNCs. Strong optomechanical interactions between the PCNCs and the particle dramatically
modify optical forces from the cavities, resulting in extremely narrow trapping potential with
a width of only 56 nm. The significantly reduced potential width allows for achieving the
oscillation frequency of the particle higher than 2 MHz only with a total laser input power of
60 uW. The demonstrated trap has its depth three times larger than the thermal energy at room
temperature, and can be further equipped with readily available active stabilization schemes to
ensure stable trapping of the particle in high vacuum environments. More remarkable is that the
particle in our trap experiences factor of 43 less light intensity than conventional optical tweezers.
It ensures that our trap exhibits significantly reduced optical absorption, a crucial requirement
for quantum coherent experiments in high vacuum. Finally, by introducing multiple laser tones
to each PCNC, we demonstrate the extraordinary versatility of our trapping system in creating
complex potential landscapes with nanoscale resolutions. We also note that our PCNC-based
trapping system is designed with realistic parameters, therefore, can be realized with available
nanofabrication facilities. With all these unique features, our PCNC-based levitation system
provides new directions in optical trapping and manipulation, particularly in the field of precision
sensing and quantum experiments involving levitated particles.
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