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Spatial resolution limit in far-field imaging

Propagation of the light in imaging system
From Helmholtz eq.
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Tip-enhanced nano-spectroscopy and -imaging

Localized surface plasmon resonance (LSPR)

Electric Field

External
Driving Force

Noble Metal /

Nanoparticle  Electron Gas

Resonance oscillation: a = 4gymr3

gsph —1
. gsph + 2
Nano-optical antenna: oy, « |al?

i) Highly enhanced optical signal
i) Spatial resolution < 10 nm
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e . e
Tip-enhanced Raman Tip-enhanced SHG
Tip-enhanced PL Tip-enhanced FWM (x3)
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1. Au wire

2. Etching

3. Dipole antenna
4. Approach

5. Tip-enhanced
spectroscopy

6. Nano-imaging




TEPL imaging of nanoscale defects of a WSe, ML

Confocal PL (770-805 nm) Confocal PL (725-760 nm) Confocal PL (Difference)
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Tip-enhanced nano-spectroscopy and -imaging

TEPL of WSe, X .« | TERS imaging of graphene Nonlinear optical nano-crystallography
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Real-time motion of a single-molecule Room T single- molecule TERS with freeze-frame
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Limitations of previous approaches for L-M interactions

Tip-enhanced nano-spectroscopv Plasmonic nano-cavity
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Lee et al., Nature 568, 78 (2019) . ! iR tght
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5 Nature 535, 127 (2016) Science 368, 1219 (2020)
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Benz et al., Science 354, 726 (2016) Shin et al., Nano Lett. 18, 262 (2018)

EIE,

Excitation laser

Kumar et al., Nat. Protocols 14, 1169 (2019)

B Field localization is smaller than nano-cavity B Dynamical control of L-M interactions is difficult

B Single tip geometry - hard to define mode volume B Control experiment for different matters is difficult

B Inducing strong light-matter interactions is difficult B Diffraction-limited optical characterizations
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Tip-induced control of nanoscale light-matter interactions

Precise control of the

plasmon and optical field strength : :
Active control in

-1
— _ %sphzP .
X eff,z aSph,Z(l 1671'd3) time, space, and energy

‘ Precise control of
| photo-chemical reactions, coupling strength, energy transfer, transition dipole
moment, bandgap, radiative emission, dephasing time, ... at the nanoscale

.....

Au substrate |




Tip-enhanced cavity-spectroscopy (TECS)
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All-optical control of ultrathin trionic waveguide: Nat. Commun. (2023)




Nano-spectroscopy with GPa scale tip-pressure control

GPa scale tip-pressure control

second force is 10 times original force
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Nano-spectroscopy with adaptive near-field polarization control

Adaptive optic§ + Near-field optics

Algorithmized feedback control
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Tip-enhanced electric charge control

Nano-spectroscopy with quantum tunneling control

Built-in

dipole moment
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Tip-induced control of nanoscale light-matter interactions
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Conventional roles
of near-field microscopy:

- Seeing nanoscale structures with the
nano-optical probe

- Observing optical properties of
materials at the nanoscale

Method for
imaging & spectroscopy

Expanded roles of near-field microscopy:

Dynamic control of quantum light-
matter interactions at the nanoscale

See more:
Koo et al., Light: Science & Applications 13, 30 (2024)
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What is quantum sensing?

1) Sensing of quantum sources

r ) : : N : : : :
Quantum emitters from atom/photonic/solid systems | Superconducting qubits Spin qubits
Quantum sensing " " “
Fluorescent _surface defects will enable %
A opp i e i LR
and adsorbates. 3 %
8 |8 §
ggﬂ {‘%3 %%%w
‘ 8° &° j 12
) % L i Total barrier pulse duration (us)
 Science 358, 170 (2017) Nat. Photon. 10, 631 (2016) | Nature 584, 551 (2020) Nature 601, 343 (2022)

2) Quantum-enhanced sensing for physical quantities

Displacement, temperature, force, electric-field ... ( Optical field, photon ... h Magnetic field ...
with spin, orbit, phonon ... with Rabi, Rashba ...
|| Thermal e \ _ L 7\
. o ODF airzn duratig; 'r(rr\s)lM . ° ” '?;tal Drive DnuﬁrationT(rrE':;) e " o0 so?lv.aveleeigth (n;?o mEm— * Fveqijncy(eaf‘*i)
Science 373, 673 (2021) q Nature 535, 127 (2016) Science 366, 1349 (2019)
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