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In atomic physics, tuning the light frequency across a resonance reverses the trapping force be-
tween bright and dark field regions, yet a unified analytical description of this principle applicable
to photonic resonators in general has not been established. Here we show that sweeping the incident
wavelength through a resonance in the optical response of the particle or device induces a 7 phase
shift, reversing the gradient force from attractive to repulsive.A generalized Fano line-shape model
captures this quantitatively across physically distinct resonant systems, from plasmonic nanopar-
ticles to high-Q metasurfaces, with full-wave simulations confirming the predictions in every case.
Building on this framework, three-dimensional singularity trapping of silicon nanoparticles is demon-
strated using counter-propagating vector beams and metasurfaces, with trapping potential depths
competitive with conventional bright-field traps. These results establish a platform-independent de-
sign principle for controlling optical forces in resonant systems, with broad implications for optical
manipulation, quantum optomechanics, and precision metrology.

Introduction — Optical tweezers have revolutionized the
manipulation of microscopic and nanoscopic objects, en-
abling significant advances in biology [1-3], physics [4—
8], and chemistry [9, 10]. By exerting gradient forces
through tightly focused laser beams, they have provided
fundamental insights into molecular interactions [11], cel-
lular mechanics [12], and quantum optomechanics [13-
16]. Conventionally, particles are confined within high-
intensity optical field regions by attractive (positive) gra-
dient forces [Fig. 1(a)].

An alternative strategy involves trapping particles via
repulsive (negative) optical gradient forces at dark re-
gions or intensity minima [Fig. 1(b)], including optical
singularities, which are field zeros [17]. The topological
and mechanical properties of optical singularities have
motivated applications in photonic technologies [17-22].
Prior work has demonstrated repulsive gradient forces
and dark-field trapping for low-refractive-index particles
in engineered optical fields [23, 24|, and for absorptive
or high-index particles exploiting nonlinear effects [25] or
resonance-induced negative polarizability, where the gra-
dient force changes sign as the wavelength is swept across
a resonance, reported predominantly for plasmonic par-
ticles [26-33] and more recently for high-index dielectric
Mie particles [34-38]. The closest analogy in physics
is atomic trapping: tuning the laser frequency below
(red-detuned) or above (blue-detuned) an atomic reso-
nance switches the force between attractive and repulsive
regimes, respectively [39-41]. Despite these advances,
each study has addressed a specific platform or geom-
etry in isolation, and the conditions governing gradient
force sign reversal across engineered photonic systems of
diverse physical origins have yet to be unified within a
common analytical framework.

We show that this sign reversal is governed by a
universal mechanism: sweeping the incident wavelength
through an optical resonance induces a w-phase shift
in the optical response of the particle or device, which

reverses the gradient force and switches trapping be-
tween high- and low-intensity field regions. This phase-
driven mechanism, analogous to the bright-to-dark tran-
sition in red- and blue-detuned atomic trapping, is in-
dependent of the physical platform and is captured,
for the first time to our knowledge, by a single gen-
eralized analytical model based on Fano resonance line
shapes that quantitatively describes force reversal and
is confirmed by full-wave numerical simulations. We
further demonstrate three-dimensional optical singu-
larity trapping of silicon nanoparticles using counter-
propagating radially polarized vector beams, and in-
troduce wavelength-independent singularity trapping via
metasurface-generated point-singularity arrays, overcom-
ing the chromatic constraints of conventional counter-
propagating geometries.

Theoretical model — In the counter-propagating field
configuration shown in Fig. 1(a), the intensity distribu-
tion is I = % + %005(47”2 — ¢), where ¢ is the relative
phase between the two beams and A is the wavelength
in the medium. The resulting gradient force on a test
particle along the longitudinal z-direction is [42]:

FZO<(VI)Z——27Tsin<47Tz—¢) . (1)
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Because the two beams propagate in opposite directions,
net scattering forces cancel. The corresponding trap-
ping potential is U, —%cos(%ﬂz — ¢). As shown in
Figs. 1(b) and 1(c), particles experience an attractive
gradient force and are confined at intensity maxima at
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When the particle supports an optical resonance, its
response acquires an additional spectral phase. For a
single Lorentzian resonance, this phase is [43]: 6(\) =

tan™! (W{\éfl))’ where A\, is the resonance wave-

length and @ is the quality factor. As X is tuned through
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FIG. 1. Principle of attractive and repulsive optical gradient
forces in counter-propagating fields and their application to
optical singularity trapping.

(a)—(c) Conventional attractive optical gradient force
(F =« VI) and optical trapping at intensity maxima.
(d)—(f) Repulsive optical gradient force
(F o e™VI = —V1I) arising from a resonance-induced
m-phase flip, leading to trapping at intensity
minima,/zeros (optical phase singularities). The
counter-propagating beams have identical polarization
and amplitude (Ajer, = Arignt)- (b),(c),(e),(f)
Calculated optical force and trapping potential for
¢ = 0 as the particle position is varied along z [(b),(e)],
and for a fixed particle position at z = 0 while sweeping

¢ [(c),(B)]-

Ar, O(N) shifts by 7, which inverts the gradient force:

2771- sin(4>7\rz - qb) . (2)

Particles therefore experience a repulsive gradient force
and are confined at intensity minima or zeros (optical
phase singularities) [Figs. 1(d)-1(f)]. This behavior is
unified across all resonant platforms by the following gen-

eralized force model:
<Z P > 2 SIH(ZL;\TZ - ¢) )
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where pp,(A) is a complex Fano resonance term that ac-
commodates both symmetric Lorentzian and asymmetric
spectral line shapes [44]. The parameter ¢, governs the
Fano asymmetry, while a,, and b,, are amplitude weights
associated with the resonance wavelength A, .. Eq. (3)
constitutes the unified model: the same functional form,
with only platform-specific parameter values, describes
gradient force reversal across all resonant systems in this
work, from plasmonic nanoparticles to high-Q metasur-
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faces.

Unified framework across resonant systems — To vali-
date the theoretical model, we perform three-dimensional
finite-difference time-domain (FDTD) simulations for
five representative resonant systems, spanning plas-
monic, Mie-resonant, whispering-gallery, Fabry-Pérot,
and quasi-BIC regimes, placed in counter-propagating
fields. Time-averaged optical forces are computed via
the Maxwell stress tensor (MST) and normalized to the
total incident power.

As a non-resonant reference, a silicon dioxide nanopar-
ticle in the Rayleigh regime is subject to an attractive
gradient force across the entire wavelength range studied
[Fig. 2(a)], consistent with Eq. (1). In contrast, a gold
nanoparticle (diameter: 200 nm) exhibits a plasmonic
resonance that drives a m-phase flip in the gradient force
as the wavelength crosses the resonance, producing a
clear transition from attractive to repulsive force regimes
[Fig. 2(b)]; repulsive trapping occurs when [\, ¢] = [400
-578 nm, +7]. A silicon nanoparticle supports multi-
ple Mie resonances, yielding more than one m-phase flip
in the studied wavelength range [Fig. 2(c)|. Extend-
ing the analysis to larger-scale photonic structures, we
examine optical microcavities hosting whispering-gallery
modes [Fig. 2(d)], Fabry-Pérot resonators [Fig. 2(e)],
and high-Q metasurfaces supporting quasi-bound states
in the continuum (quasi-BIC) and guided-mode reso-
nances [Fig. 2(f)]. The resonant character of each plat-
form is confirmed through its scattering cross section
or transmission spectrum and the corresponding mode
profile (Fig. S1 and Sec. S1 in the Supplemental Mate-
rial). In systems where material absorption overlaps the
resonant field distribution (such as particles coupled to
whispering-gallery modes, whose physical extent spans
many standing-wave periods), absorption-induced con-
tributions should be assessed separately. Notably, in a
standing wave the absorbed power need not follow the
local intensity, so that a small particle trapped at an in-
tensity minimum can nonetheless experience strong ab-
sorption, depending on whether the resonance is electric-
or magnetic-dipole in character (Figs. S9-S12 and Sec. S4
in the Supplemental Material).

The analytical curves from Eq. (3) are overlaid on the
force maps in Figs. 2(b)-2(f) (for ¢ = 7/2), demonstrat-
ing quantitative agreement with the FDTD results across
all five platforms. The same functional form, with only
platform-specific parameter values, reproduces the full
force response in each case, distinguishing this unified
treatment from prior platform-specific analyses [37, 38].
Good agreement also holds for the force spectra as func-
tions of ¢ (at z = 0, Fig. S2) and z (at ¢ = 0, Fig. S3).
These results establish that resonance-induced sign re-
versal of the optical gradient force is a universal phe-
nomenon governed by the spectral phase of the resonant
mode, independent of the physical platform.

Three-dimensional singularity trapping using vector
beams — We next demonstrate three-dimensional optical
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FIG. 2. Demonstration of resonance-induced sign reversal of optical gradient forces across five distinct photonic platforms.

(a) Simulated total optical force F, on a silicon oxide nanoparticle (radius: 50 nm) in two counter-propagating beams
as a function of phase difference ¢ and wavelength A. (b)—(f) Corresponding force maps for (b) a gold nanoparticle
(radius: 100 nm), (c) a silicon nanoparticle (radius: 100 nm), (d) a microcavity (radius: 3.3 um, refractive index:
1.92), (e) a Fabry—Pérot resonator (Lpp = 20 pm, mirror reflectivity: 0.75), and (f) a silicon quasi-BIC metasurface.
Curves below (b)—(f) are fits from Eq. (3) at ¢ = 7/2. Parameter sets [¢, Q, A, a,b]: [—0.05,4,637 nm, 0.37, —1.25]
for (b); [-1.1,25,718.6 nm, 0.81,1.03] for (c); [—0.15, 5500, 1690.3 nm, 0.37,1.5] for (d). The Fabry—Pérot resonator
in (e) has three resonances: [0,3012,1492.6 nm, 0, 2], [0,6053, 1546.3 nm, 0, 2], and [0, 7136, 1605.0 nm, 0, 2]. The
metasurface in (f) has two resonances: [0.04, 2590, 1463.7 nm, 0.13, —2] and [—0.35, 801, 1600.5 nm, 0.13, —2].

singularity trapping as a direct application of this mech-
anism. All calculations in this section assume an aqueous
environment. Because the counter-propagating beams
carry equal and opposite linear momentum, their non-
conservative (radiation-pressure) contributions largely
cancel, leaving an essentially conservative force field. The
trapping potential is therefore well-defined and is ob-
tained by integrating the net optical force along each
direction. Any residual non-conservative force is further
suppressed by viscous damping, whereas vacuum trap-
ping would require separate treatment of such contribu-

tions [13].

Two counter-propagating radially polarized vec-
tor beams are employed to generate isolated three-
dimensional point singularities, in which the surround-
ing field intensity is non-zero while the central intensity
vanishes. The beams show a nonparaxial V-type polar-
ization singularity at their common focus [17]; at this
point both transverse and longitudinal polarization com-
ponents simultaneously vanish, producing a characteris-
tic donut-shaped intensity profile in the transverse plane
[Fig. 3(a)]. In the longitudinal direction, standing wave
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FIG. 3. Three-dimensional singularity trapping of silicon

nanoparticles using counter-propagating radially polarized
vector beams. (a)—(c) Intensity distribution in the transverse
plane (a), longitudinal plane (b) at A = 720 nm, and as a
function of wavelength along the line indicated by the yellow
dashed line in (b) (c¢). (d)—(g) Calculated optical force (d),(f)
and trapping potential (e),(g) for a silicon nanoparticle (ra-
dius: 150 nm) along the longitudinal axis at (z,y) = (0,0)
[(d),(e)] and along the radial direction at z = 0 [(f),(g)]. Red
(blue) coloring denotes positive (negative) force; zero cross-
ings are white. (h),(i) Intensity and trapping potential along
the longitudinal (h) and radial (i) directions at A = 720 nm.

formation and polarization structure give rise to a peri-
odic array of dark points [Fig. 3(b); Fig. S4 and Sec. S2|,
whose spacing increases with wavelength [Fig. 3(c)]. The
central singularity at z = 0 is wavelength-invariant, mak-
ing it a robust trapping site across a broad spectral range.

To confirm three-dimensional trapping, we compute
the optical forces and trapping potentials for a silicon
nanoparticle (radius: 150 nm) scanned along the longitu-
dinal axis at (z,y) = (0,0) [Figs. 3(d) and 3(e)] and along
the radial direction at z = 0 [Figs. 3(f) and 3(g)]. In both
cases, the resonance-induced m-phase flip is observed,
switching the gradient force from attractive to repulsive.
At X\ = 720 nm, which coincides with the silicon Mie res-
onance, singularity trapping is achieved simultaneously
in both directions [Figs. 3(h) and 3(i)]: the trapping po-
tential minima align precisely with the intensity minima.
The resulting potential depths are AU, = 6.4 kgT/mW
(longitudinal) and AU, = 11.2 kgT/mW (radial), values
comparable to or exceeding those reported for conven-
tional bright-field trapping [37, 45].
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FIG. 4. Optical singularity trapping of silicon nanoparticles
using a metasurface-generated point-singularity array. (a)
Schematic of the metasurface trapping configuration with or-
thogonally polarized counter-propagating beams. (b),(c) In-
tensity distribution of the metasurface-generated field in the
longitudinal plane (b) at 757 nm, and as a function of wave-
length along the line indicated by the yellow dashed line in
(b) (c). (d),(e) Calculated gradient force F. (d) and trapping
potential U, (e) for a silicon nanoparticle (radius: 175 nm).
The resonance-induced m-phase flip near 750 nm produces sin-
gularity trapping (purple dashed rectangle).

Singularity trapping using achromatic metasurfaces —
The singularities produced by counter-propagating vec-
tor beams suffer from a fundamental chromatic limita-
tion: their longitudinal periodicity equals half the wave-
length and their positions shift with wavelength, compli-
cating broadband or wavelength-tunable operation. Ad-
ditionally, their sub-wavelength dimensions restrict the
size of particles that can be fully confined.

Metasurfaces can circumvent both limitations by gen-
erating a spatially fixed singularity array whose positions
are insensitive to wavelength [Fig. 4(a)]; the metasurface
design is detailed in Ref. [46] and Sec. S3. The meta-
surface geometry enables control over the singularity size
and periodicity, here producing singularities with char-
acteristic dimensions approximately four times the wave-
length [Fig. 4(b)]. As shown in Fig. 4(c), the singularity
positions remain fixed as the wavelength is varied.

The counter-propagating beams are configured with
orthogonal polarization states, suppressing standing-
wave formation and strongly reducing the net scatter-
ing force. The two metasurfaces are co-aligned along the
optical axis to ensure precise spatial overlap of their re-
spective singularity arrays, maximizing trapping stabil-
ity. The calculated gradient force [Fig. 4(d)] and trap-
ping potential [Fig. 4(e)] for a silicon nanoparticle (ra-



dius: 175 nm) display a resonance-induced w-phase flip
in the range 748-755 nm, producing stable single-particle
singularity trapping. Extensions to multi-particle trap-
ping would require treatment of optical binding arising
from inter-particle multiple scattering, and is left for fu-
ture work.

Conclusion — We have presented a unified framework
for optical gradient forces in resonant systems, estab-
lishing that the sign of the gradient force is governed
by the spectral phase accumulated across a resonance.
A single generalized analytical model based on Fano
resonance line shapes [Eq. (3)] quantitatively describes
this force reversal across several physically distinct plat-
forms: plasmonic nanoparticles, Mie-resonant nanopar-
ticles, whispering-gallery microcavities, Fabry-Pérot res-
onators, and high-Q metasurfaces. This general principle
provides a systematic design pathway for force-reversible
optical trapping. We have demonstrated its applica-
tion in three-dimensional singularity trapping of silicon
nanoparticles, achieving trapping potential depths com-
petitive with conventional bright-field traps. Resonant
particles, including plasmonic metals and high-index
semiconductors, for which conventional trapping is com-
plicated by radiation pressure imbalances and optome-
chanical back-action, are natural candidates for dark trap
manipulation via this mechanism. The framework also
applies to macroscopic resonant systems such as optome-
chanical mirrors, with broad implications for precision
force sensing, quantum optomechanics, and nanopho-
tonic device integration.

Acknowledgment — We acknowledge support from the
Air Force Office of Scientific Research under award num-
bers FA9550-21-1-0312 and FA9550-22-1-0243. S.W.D.L.
is supported by the Schmidt Science Fellows, in part-
nership with the Rhodes Trust. S.W.D.L. is also sup-
ported by A*STAR Singapore through the National Sci-
ence Scholarship scheme.

* capasso@seas.harvard.edu

[1] X. Xu, Q. Qi, Q. Hu, L. Ma, R. Emusani, S. Zhang,
X. Zhao, M. Tan, A. Adijiang, W. Zhang, et al., Ma-
nipulating 77— interactions between single molecules by
using antenna electrodes as optical tweezers, Phys. Rev.
Lett. 133, 233001 (2024).

[2] A. Ashkin and J. M. Dziedzic, Optical trapping and ma-
nipulation of viruses and bacteria, Science 235, 1517
(1987).

[3] A. Ashkin, Acceleration and trapping of particles by ra-
diation pressure, Phys. Rev. Lett. 24, 156 (1970).

[4] S. Chu, Laser manipulation of atoms and particles, Sci-
ence 253, 861 (1991).

[5] S. Chu, J. Bjorkholm, A. Ashkin, and A. Cable, Ex-
perimental observation of optically trapped atoms, Phys.
Rev. Lett. 57, 314 (1986).

[6] T. Pordevié¢, P. Samutpraphoot, P. L. Ocola, H. Bernien,
B. Grinkemeyer, I. Dimitrova, V. Vuleti¢, and M. D.
Lukin, Entanglement transport and a nanophotonic in-

terface for atoms in optical tweezers, Science 373, 1511
(2021).

[7] J. Lu, V. Ginis, S. W. D. Lim, and F. Capasso, Helicity
and polarization gradient optical trapping in evanescent
fields, Phys. Rev. Lett. 131, 143803 (2023).

[8] J. Lu, V. Ginis, C.-W. Qiu, and F. Capasso, Polarization-
dependent forces and torques at resonance in a
microfiber-microcavity system, Phys. Rev. Lett. 130,
183601 (2023).

[9] 1. Heller, T. P. Hoekstra, G. A. King, E. J. Peterman,
and G. J. Wuite, Optical tweezers analysis of dna—protein
complexes, Chem. Rev. 114, 3087 (2014).

[10] C. M. Holland, Y. Lu, and L. W. Cheuk, On-demand
entanglement of molecules in a reconfigurable optical
tweezer array, Science 382, 1143 (2023).

[11] D. K. Ruttley, A. Guttridge, S. Spence, R. C. Bird, C. R.
Le Sueur, J. M. Hutson, and S. L. Cornish, Formation of
ultracold molecules by merging optical tweezers, Phys.
Rev. Lett. 130, 223401 (2023).

[12] M. Dao, C. T. Lim, and S. Suresh, Mechanics of the
human red blood cell deformed by optical tweezers, J.
Mech. Phys. Solids 51, 2259 (2003).

[13] J. Rieser, M. A. Ciampini, H. Rudolph, N. Kiesel,
K. Hornberger, B. A. Stickler, M. Aspelmeyer, and
U. Deli¢, Tunable light-induced dipole-dipole interaction
between optically levitated nanoparticles, Science 377,
987 (2022).

[14] L. Hartung, M. Seubert, S. Welte, E. Distante, and
G. Rempe, A quantum-network register assembled with
optical tweezers in an optical cavity, Science 385, 179
(2024).

[15] V. Ligka, T. Zeméankova, P. Jakl, M. Siler, S. H. Simp-
son, P. Zeméanek, and O. Brzobohaty, Pt-like phase tran-
sition and limit cycle oscillations in non-reciprocally cou-
pled optomechanical oscillators levitated in vacuum, Nat.
Phys. 20, 1622 (2024).

[16] T. J. Kippenberg and K. J. Vahala, Cavity optomechan-
ics: back-action at the mesoscale, Science 321, 1172
(2008).

[17] S. W. D. Lim, C. M. Spaegele, and F. Capasso, Mul-
tidimensional optical singularities and their applications
(2024), arXiv:2406.00784.

[18] C. M. Spaegele, M. Tamagnone, S. W. D. Lim, M. Os-
siander, M. L. Meretska, and F. Capasso, Topologi-
cally protected optical polarization singularities in four-
dimensional space, Sci. Adv. 9, eadh0369 (2023).

[19] Y. Shen, X. Wang, Z. Xie, C. Min, X. Fu, Q. Liu,
M. Gong, and X. Yuan, Optical vortices 30 years on:
Oam manipulation from topological charge to multiple
singularities, Light Sci. Appl. 8, 90 (2019).

[20] S. W. D. Lim, J.-S. Park, M. L. Meretska, A. H. Dor-
rah, and F. Capasso, Engineering phase and polarization
singularity sheets, Nat. Commun. 12, 4190 (2021).

[21] M. Soskin and M. Vasnetsov, Singular optics, in Progress
in optics, Vol. 42 (Elsevier, 2001) pp. 219-276.

[22] J. Ni, C. Huang, L.-M. Zhou, M. Gu, Q. Song,
Y. Kivshar, and C.-W. Qiu, Multidimensional phase
singularities in nanophotonics, Science 374, eabj0039
(2021).

[23] B. Melo, I. Brandao, B. S. Pinheiro da, R. Rodrigues,
A. Khoury, and T. Guerreiro, Optical trapping in a dark
focus, Phys. Rev. Appl. 14, 034069 (2020).

[24] F. Almeida, I. Sousa, O. Kremer, B. P. da Silva, D. S.
Tasca, A. Z. Khoury, G. Temporao, and T. Guerreiro,
Trapping microparticles in a structured dark focus, Phys.



Rev. Lett. 131, 163601 (2023).

[25] Y. Qin, L.-M. Zhou, L. Huang, Y. Jin, H. Shi,
S. Shi, H. Guo, L. Xiao, Y. Yang, C.-W. Qiu,
et al., Nonlinearity-induced nanoparticle circumgyration
at sub-diffraction scale, Nat. Commun. 12, 3722 (2021).

[26] J. R. Arias-Gonzalez and M. Nieto-Vesperinas, Optical
forces on small particles: attractive and repulsive nature
and plasmon-resonance conditions, J. Opt. Soc. Am. A
20, 1201 (2003).

[27] M. Pelton, M. Liu, H. Y. Kim, G. Smith, P. Guyot-
Sionnest, and N. F. Scherer, Optical trapping and align-
ment of single gold nanorods by using plasmon reso-
nances, Opt. Lett. 31, 2075 (2006).

[28] L. Huang and O. J. F. Martin, Reversal of the optical
force in a plasmonic trap, Opt. Lett. 33, 3001 (2008).

[29] M. Dienerowitz, M. Mazilu, P. J. Reece, T. F. Krauss,
and K. Dholakia, Optical vortex trap for resonant con-
finement of metal nanoparticles, Opt. Express 16, 4991
(2008).

[30] M. Dienerowitz, M. Mazilu, and K. Dholakia, Optical
manipulation of nanoparticles: a review, J. Nanophoton-
ics 2, 021875 (2008).

[31] O. Brzobohaty, M. Siler, J. Trojek, L. Chvatal,
V. Karasek, A. Patédk, Z. Pokorna, F. Mika, and
P. Zemaéanek, Three-dimensional optical trapping of a
plasmonic nanoparticle using low numerical aperture op-
tical tweezers, Sci. Rep. 5, 8106 (2015).

[32] P. M. Bendix, L. Jauffred, K. Ngrregaard, and L. B. Odd-
ershede, Optical trapping of nanoparticles and quantum
dots, IEEE J. Sel. Top. Quantum Electron. 20, 4800112
(2014).

[33] O. M. Marago, P. H. Jones, P. G. Gucciardi, G. Volpe,
and A. C. Ferrari, Optical trapping and manipulation of
nanostructures, Nat. Nanotechnol. 8, 807 (2013).

[34] M. Nieto-Vesperinas, J. J. Saenz, R. Gémez-Medina, and
L. Chantada, Optical forces on small magnetodielectric
particles, Opt. Express 18, 11428 (2010).

[35] L. Mao, I. Toftul, S. Balendhran, M. Taha, Y. Kivshar,

and S. Kruk, Switchable optical trapping of mie-resonant
phase-change nanoparticles, Laser Photonics Rev. 19,
2400767 (2025).

[36] A. J. Vernon, F. J. Rodriguez-Fortufio, and A. V. Zayats,
Non-linear bistability in pulsed optical traps, Nanopho-
tonics 14, 4153 (2025).

[37] S. Lepeshov, N. Meyer, P. Maurer, O. Romero-Isart, and
R. Quidant, Levitated optomechanics with meta-atoms,
Phys. Rev. Lett. 130, 233601 (2023).

[38] A. Afridi, B. Melo, N. Meyer, and R. Quidant, Control-
ling the sign of optical forces using metaoptics, Nat. Com-
mun. 17, 1163 (2026).

[39] N. Davidson, H. J. Lee, C. S. Adams, M. Kasevich, and
S. Chu, Long atomic coherence times in an optical dipole
trap, Phys. Rev. Lett. 74, 1311 (1995).

[40] K. N. Jarvis, J. Devlin, T. Wall, B. Sauer, and M. Tar-
butt, Blue-detuned magneto-optical trap, Phys. Rev.
Lett. 120, 083201 (2018).

[41] D. Barredo, V. Lienhard, P. Scholl, S. de Léséleuc,
T. Boulier, A. Browaeys, and T. Lahaye, Three-
dimensional trapping of individual rydberg atoms in pon-
deromotive bottle beam traps, Phys. Rev. Lett. 124,
023201 (2020).

[42] T. Tlusty, A. Meller, and R. Bar-Ziv, Optical gradient
forces of strongly localized fields, Phys. Rev. Lett. 81,
1738 (1998).

[43] R. P. Feynman, R. B. Leighton, and M. L. Sands, The
Feynman Lectures on Physics Vol. I: The new millen-
nium edition (Basic Books, New York, 2011) Chap. 21.

[44] M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S.
Kivshar, Fano resonances in photonics, Nat. Photonics
11, 543 (2017).

[45] A. Lehmuskero, P. Johansson, H. Rubinsztein-Dunlop,
L. Tong, and M. Kall, Laser trapping of colloidal metal
nanoparticles, ACS nano 9, 3453 (2015).

[46] S. W. D. Lim, J.-S. Park, D. Kazakov, C. M. Spégele,
A. H. Dorrah, M. L. Meretska, and F. Capasso, Point
singularity array with metasurfaces, Nat. Commun. 14,
3237 (2023).



