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Precise tracking of tip-induced structural variation
at the single-chemical-bond limit
Sayantan Mahapatra1 and Nan Jiang 1✉

Abstract
Sub-nanometer-resolved TERS provides a systematic way for investigating tip-molecule interaction and molecular motions,
enabling a promising approach to examine on-surface reaction mechanisms and catalysis at the microscopic level.

The realization of optical spectroscopy at the atomic scale
is one of the utmost goals in the nano-optics research field,
providing an exceptional ability to investigate the light-
matter interaction at the sub-nanometer scale. At these
nano-dimensions, quantum phenomena dictate the intricate
details of atoms and molecules, thereby calling for a tech-
nique to interrogate the structure with suitable spatial reso-
lution. In that sense, scanning tunneling microscopy (STM)
provides real-space images of individual atoms and mole-
cules by detecting the tunneling current between the tip and
the sample. However, it notably lacks chemical sensitivity,
making life extremely difficult to characterize the surface
superstructures by STM alone. Instead, STM combined with
Raman spectroscopic technique, i.e., tip-enhanced Raman
spectroscopy (TERS), offers researchers an efficient way to
interrogate the sub-nanoscale photochemical and photo-
physical processes1. Over the last decade, angstrom-scale
chemical analysis has matured into a platform that validates
the investigation of fundamental properties of individual
molecules at the atomic scale2–8.
For TERS, one of the key factors is the utilization of a

plasmonically active STM tip (made of silver or gold). The
confinement of light at the STM tip apex provides a loca-
lized and intense electromagnetic (EM) field and enhances
the chemical analysis methods (such as Raman scattering),
even to a point where it is feasible to detect a single che-
mical bond9. As the plasmonic enhancement relies inversely
on the confinement volume, the sub-nanoscale chemical

investigation requires squeezing the EM field inside a tiny
cavity (typically known as “pico-cavity”). The utilization of
ultrahigh vacuum (UHV) and cryogenic temperature pro-
vides the finest control of such a small volume with sub-
nanometer precision. In addition, the nano-confined light
can be further concentrated by lowering the tip-sample
nano-gap10. However, at these small tip-sample gap dis-
tances, the delicate physico-chemical details of how the tip
interacts with the surface-adsorbed molecule are still a
matter of debate11,12. It is particularly intriguing, as the tip-
molecule interaction could significantly influence the che-
mical structure and molecular movements.
Now, writing in this issue of Light: Advanced Manu-

facturing, Xiao-Ru Dong and colleagues at the University of
Science and Technology of China investigate the tip-
molecule interaction and the structural variations of an
individual surface-adsorbed molecule via cryogenic sub-
nanometer-resolved TERS13. Utilizing a single upstanding
carbon monoxide (CO) molecule adsorbed over Cu(100)
surface as a model template, the authors successfully shed
light on various tip-induced chemical processes such as bond
weakening, tilting, and hopping for a single molecule on the
surface at the single-chemical-bond limit.
In the work presented here, the authors tracked the tip-

induced variation in the C–O stretching mode for an indi-
vidual surface-adsorbed CO molecule. With approaching
the Ag tip towards a CO molecule, a continuous red-shift
was observed associated with the tip-induced weakening of
the C–O bond, which is a direct consequence of the force
field applied by the STM tip. Furthermore, high-resolution
TERS spatial mapping (~5.6 Å spatial resolution) showcased
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illumination light and the particle under investigation can
be more complex than the conventional fundamental
Gaussian beam and the simple isotropic materials as dis-
cussed in this work. On the illumination side, the light
source can have an inhomogeneous field structure such as
the Hermite-Gaussian (HG) beam, orbital angular
momentum (OAM) beam, and vector beam13–15 etc., also
known as the structured light. On the particle side, it can
have anisotropy, chirality, optically magnetic responsibility,
or even be non-reciprocal under external excitation, to
exhibit various forms of asymmetry16. Such property can
either be introduced based on the material itself, or can be
artificially bestowed through special nano-structures (e.g.,
metamaterials, metasurfaces), also known as the structured
matter. The combination of structured light and structured
matter can induce special multipole modals to selectively
exhibit certain optical properties17,18. And the optical force
as an unique detection or manipulation method, can fur-
ther decorate the picture.
It is foreseenable that the proposed CMST theory can

give rise to exciting inspirations for both fundamental
physics and advanced optical force applications. On the
physics side, the CMST theorem presents the relation
between real and imaginary part of the MST in analogy of
the CPT and the complex polarizability theorem. This
principle may be naturally and reasonably extended to
more general tensor theorem, i.e., any physical tensors
connecting two conservative physical quantities that yet
have the complex value definition. On the application
side, optical force is already or potentially applied to
optical manipulation, chirality detection/separation,
optical storage and reading, optical imaging, force
microscopy, molecular chemical sensing, optical Doppler
metrology, nonlinear optics, etc.8,12,19–23. The CMST
theorem will play an essential role to analyze and optimize
these applications, towards advanced physical interpreta-
tions with ideal force detecting presentations.
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Dielectric microspheres enhance microscopy
resolution mainly due to increasing the effective
numerical aperture
Arash Darafsheh 1✉ and Vahid Abbasian 1

Abstract
Microsphere-assisted microscopy utilizing a microsphere in immediate proximity of the specimen boosts the imaging
resolution mainly as a result of an increase in the effective numerical aperture of the system.

Light microscopes are one of the most widely used tools
for sample inspection in life and material sciences. Their
achievable spatial resolution, however, is fundamentally
limited to ~λ/(2 NA) due to the diffraction of light waves,
in which λ is the wavelength of light and NA=n Sinθ is
the numerical aperture of the system where θ is the
maximum collection half-angle of light by the lens.
Improving microscopy resolution beyond this limit or
even enhancing the resolution of a given system to reach
this limit without significant modifications would be of
significant interest for various applications.
It has been shown in the past decade that micron-scale

dielectric spheres and cylinders can be used as supple-
mentary lenses to improve microscopy resolution, a
technique termed “microsphere-assisted microscopy”
(MAM)1. MAM is a simple, yet efficient approach in
which a microsphere (MS) is placed in the immediate
vicinity of a specimen, as schematically shown in Fig. 1a.
Focusing the objective lens on the virtual image formed
underneath the specimen by the MS enables microscopy
with higher resolution and magnification compared to
using the objective lens without the MS (θ2 > θ1 in Fig.
1a). MAM can be performed with low-index (n~1.5) MSs2

as well as high-index (n > 1.9) MSs3 placed in a back-
ground medium with a lower refractive index than that of
the microsphere4. The latter approach would allow fab-
rication of novel resolution-improving optical devices5.

MAM is a versatile technique and can be incorporated
with different microscopes, such as fluorescent6,7, con-
focal8, and two-photon9 setups. MAM can also be
extended to interference and digital holographic micro-
scopies for 3D imaging with enhanced resolution. This
can be simply achieved in an interferometric arrangement,
by placing the MS within the working distance of either a
conventional objective lens10–15 or a dedicated interfero-
metric objective lens (Fig. 1b)16,17.
MAM has well matched up with interferometric-based

approaches, such that both have benefited from each other’s
features. Although interferometric arrangements have sig-
nificantly higher axial resolution compared to conventional
microscopy, their lateral resolution would still be restricted
by the diffraction limit. However, MAM combined with
interferometric setups has shown promising results in pro-
ducing 3D label-free images with enhanced lateral resolution.
Additionally, MAM has shown its potential to be easily
integrated with other resolution-enhancing schemes, such as
structured and oblique illumination, to achieve even further
resolution enhancements in 3D microscopy systems18,19.
Microsphere-assisted interference microscopy provides an
inexpensive and non-destructive imaging technique for 3D
surface metrology17,20 and microsphere-assisted digital
holographic microscopy (DHM) brings forward a cost-
effective and easy-to-implement high-quality quantitative
phase imaging approach in transmission and reflection
modes21. The advantages of MAM over other resolution
enhancement techniques for DHM are further featured;22,23

in MAM, due to the symmetric structure of the MS, the
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the tilting phenomena of an individual CO molecule, ulti-
mately leading to lateral hopping upon further tip
approaching. These impressive results demonstrate high-
resolution TERS as an appealing approach to investigating
tip-molecule interactions and the tip-induced on-surface
molecular motion at the single-chemical-bond limit.
The interplay between one surface-adsorbed molecule

and the force field of the STM tip provides precious
insights into the single-molecule structure manipulation
process. As presented in this study, the tip-molecule
interactions can be categorized into two distinct regimes,
depending on the tip-substrate gap distances. For the
larger gap distance (i.e., >3.90 Å), the bond weakening is
attributed to the attractive van-der-Waals interactions
between the tip and the molecule (Fig. 1). However, as the
tip approaches below 3.90 Å, the Pauli repulsive force
dominates, introducing tilting in the CO molecule. Such a
tilting also provides more charge transfer to the anti-
bonding orbital of CO, leading to the further weakening of
the C–O bond. Furthermore, below 1.46 Å, the molecule
starts to diffuse to the nearest adsorption site (Fig. 1). By
carefully tracking the C–O stretching mode and theore-
tical simulations, the authors obtained critical details of
the molecular movements and hopping mechanism,
leading a two-step hopping process of the CO molecule to
the neighboring Cu atom via the bridge site.
The successful realization of tip-molecule interaction

phenomena and mechanisms at the microscopic scale
demonstrates the remarkable accomplishment of
angstrom-scale TERS, making it suitable for surface
reaction mechanisms and catalysis at the single-chemical-
bond level. With the recent advancements in the nano-
confinement of light for optical spectroscopy and che-
mical reactions, we can expect that this fundamental work
will promote further fascinating research with the tip-
assisted molecular motions and structural change, push-
ing its applicability to an unprecedented level. This will
also unlock the door to many other applications where
tip-molecule interactions remain extremely critical, such

as site-selective plasmon-induced chemical reactions14,
single-molecule nano-engineering15, and single-molecule
electron-transport processes16.
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Fig. 1 Schematics of high-resolution TERS and characterization of tip-molecule interactions at the single-chemical-bond limit.
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