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Tip-enhanced Raman spectroscopy (TERS) offers a powerful means to enhance the Raman scattering signal of
a molecule as the localized surface plasmonic resonance will induce a significant local electric field enhancement
in the nanoscale hot spot located within the nanogap of the TERS system. In this work, we theoretically show
that this nanoscale hot spot can also serve as powerful optical tweezers to tightly trap a molecule. We calculate and
analyze the local electric field and field gradient distribution of this nanogap plasmon hot spot. Due to the highly
localized electric field, a three-dimensional optical trap can form at the hot spot. Moreover, the optical energy
density and optical force acting on a molecule can be greatly enhanced to a level far exceeding the conventional
single laser beam optical tweezers. Calculations show that for a single H2TBPP organic molecule, which
is modeled as a spherical molecule with a radius of rm � 1 nm, a dielectric coefficient ε � 3, and a
polarizability α � 4.5 � 10−38 C ·m2∕V, the stiffness of the hot-spot trap can reach a high value of about
2 pN∕��W∕cm2� ·m� and 40 pN∕��W∕cm2� ·m� in the direction perpendicular and parallel to the TERS tip
axis, which is far larger than the stiffness of single-beam tweezers, ∼0.4 pN∕��W∕cm2� ·m�. This hard-
stiffness will enable the molecules to be stably captured in the plasmon hot spot. Our results indicate that
TERS can become a promising tool of optical tweezers for trapping a microscopic object like molecules while
implementing Raman spectroscopic imaging and analysis at the same time. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.398243

1. INTRODUCTION

Light carries energy and momentum besides electromagnetic
field. Therefore, light–matter interaction naturally brings about
mechanical effects, among which the optical force occurring
due to the exchange of momentum between light and matter
is a prominent example. Optical force has been extensively ex-
plored in the optical tweezers system for capturing microscopic
objects such as cells, micrometer beads, and nanoparticles.
Since Ashkin first demonstrated the concept of negative light
pressure due to the gradient force [1], the single-beam optical
tweezers, which use a microscopic object to tightly focus a sin-
gle laser beam, have become an extremely important tool in
diversified fields of atomic spectroscopy, cell biology, and
nano-biophotonics [2–6]. During the past several decades, the
concepts, schemes, and technologies of optical tweezers have
evolved gradually. For instance, many researchers have em-
ployed a structured laser beam to develop the multiple-beam
optical tweezers and widely used them in cell manipulation,
sorting, and related measurements [7]. Unfortunately, the size
of the focus spot generated in these single-beam and multiple-
beam far-field optical tweezers is limited by the diffraction limit

of light so that only micrometer-scale particles can be
captured while positioning of nanoscale objects remains diffi-
cult [8,9].

Recently, many studies have combined optical tweezers and
the concepts and techniques of near-field optics and nanopho-
tonics, and successfully pushed optical tweezers into the nano-
scale region. These near-field optical tweezers make the stable
trapping of nanometer-size objects in the 10–100 nm range no
longer a great challenge [10–13]. As a prominent example, plas-
monic tweezers, which are based on surface plasmon polaritons
excited in metallic nanostructures, have been shown to exhibit a
greatly enhanced trapping force for both dielectric and metallic
particles in the vicinity of metallic nanostructures [14–19].
This type of near-field optical tweezers provides a potential
means for trapping and manipulating metallic particles with
10–100 nm size. In particular, Yuan and co-workers confirmed
for the first time by theory and experiment that the total force
generated in the near-field plasmonic tweezers is not the result
of a stronger gradient force dominating an opposing scattering
force but instead of a dominant gradient force assisted by a
weak scattering force acting in the same direction [20].
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In the above plasmonic optical tweezers, the hot spot, with
greatly enhanced optical field intensity in a nanoscale spatial
region with a size far smaller than the wavelength of light, plays
an important role in achieving the unique features of optical
force. It is generally recognized that the plasmonic nanogap
in the tip-enhanced Raman scattering (TERS) system, which
is formed by a metallic tip (with a nanoscale curvature at
the apex) sitting on a metallic thin film with controllable nano-
meter-size gap, provides a very unique hot spot [21–23]. In
fact, Dong and co-workers have used this TERS system under
the ultra-vacuum and ultra-low temperature conditions to
demonstrate a Raman imaging spatial resolution below 1 nm
[24]. When a suitable excitation laser light is incident, the
metal nanogap generates a truly nanoscale hot spot due to
the collective action of the lightning rod effect and localized
surface plasmon resonance (LSPR) effect. Also by using a sim-
ilar system with nanoscale confined light, Lee and co-workers
visualized the image of molecular vibration normal modes and
atomically parsed the intramolecular charges and currents
driven by these vibrations [25]. These results clearly indicate
that the nanoscale localized light offered by the plasmonic
nanogap in the state-of-the-art TERS system can bring about
fruitful light–matter interaction physics. It is expected that be-
yond molecular fluorescence, Raman scattering, and molecular
vibration, there should still exist many physical phenomena
remaining to be discovered.

In this work, we theoretically explore the mechanical effect
of this nanoscale localized hot spot acting upon the mole-
cule embedded within the nanogap of the TERS system. We
carry out a systematical numerical analysis based on a three-
dimensional finite-difference time-domain (3D FDTD) calcu-
lation against the optical field distribution of this nanogap
plasmonic hot spot, not only the field intensity but also the
field gradient. Then we calculate the resulting gradient force
upon the molecule by Eq. (4). From these numerical results
and theoretical analyses, we can deeply explore the unique op-
tical force properties of this plasmon hot spot and look into the
perspective of using it as a powerful means of optical tweezers.

2. RESULTS AND DISCUSSION

The geometry model of a typical TERS system as studied in this
work is illustrated in Fig. 1(a), which consists of a single-crystal
silver conical tip sitting above a single-crystal silver film sepa-

rated by a nanogap of height h. The coordinate is set such that
the z-axis is parallel to the vertical direction (namely the TERS
tip axis direction) with the metal substrate surface located at
z � 0, while the xy plane is the horizontal plane with the
tip axis passing through the coordinate origin (x � y � 0).
A molecule is located right at the nanogap center and is excited
by an incline incident laser light. Of course, in our simulation
of optical force, we can set the molecule at any position within
the nanogap. The radius of curvature of the tip is 6.25 nm, the
nanogap height is 2 nm, and the incident light is a p-polarized
532 nm laser with an inclination angle of 60 deg from the z-
axis. As the incident light contains an electric field component
in the z direction, it excites the nanogap plasmon mode be-
tween the tip and the substrate.

To solve the optical force exerted on the molecule, the first
step is to calculate the optical field around the molecule within
the nanogap under the excitation of the incident laser, which is
set to have an amplitude of jE0j � 1V∕m. We used the 3D
FDTD approach to numerically solve the optical field.
In our 3D FDTD simulations, a cubic simulation region with
the size of 60 nm � 60 nm � 40 nm was used throughout all
calculations. Perfectly matched layers boundary conditions
were used on all boundaries of simulation region to avoid dis-
turbance of the boundary reflection. In order to accurately sim-
ulate the 2 nm tip–substrate distance, the minimum uniform
mesh size was set to 0.2 nm. The optical constant for silver was
taken from Ref. [26]. The 3D FDTD approach allows us to
determine precisely the 3D optical electric field distribution,
including its intensity and vectorial direction, within and
around the nanogap, where the molecule is located.

The next step is to determine the mechanical response,
namely, the optical force of the molecule against the optical
field within which it is immersed. In our work, the excited mol-
ecule was modeled using an electric dipole with a dielectric con-
stant of 3, which is close to the value of the solid material made
from the aggregation of these molecules as building block. Now
we need to first estimate the linear polarizability of the mol-
ecule. We first consider a single H2TBPP organic molecule,
which was systematically studied in Ref. [24]. This molecule
exhibits a disk-like geometry, has a diameter of ∼2 nm and
thickness of ∼0.5 nm. In this work, we assume that it could
be modeled as a spherical molecule with a radius of
rm � 1 nm and a dielectric coefficient ε � 3. The linear
molecular polarizability α of this molecule could be predicted
by the Clausius–Mossotti relationship and write

α � 4πε0
ε − 1

ε� 2
r3m: (1)

The result is α � 4.5 � 10−38 C ·m2∕V [23].
Generally, if the molecule size is much smaller than the laser

wavelength (with radius less than λ∕10), we assume that the
external electric field does not vary within the molecule.
Therefore, the molecules are often regarded as point electric
dipoles to account for their optical and mechanical responses
[27–29]. In this means, each chemical bond of a molecule can
be viewed as an equivalent electric dipole, which can be de-
scribed by an equivalent electric dipole moment p. The sum
of the electric dipole moments of all chemical bonds in the
molecule constitutes the overall electric dipole moment of

Fig. 1. (a) Schematic diagram for a typical TERS system involving
a molecule immersed within a mode that is excited by an incident
p-polarized laser. (b) Schematic diagram showing the molecule affected
by the gradient force coming from the highly localized and enhanced
electric field hot spot within the nanogap.
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the entire molecule. In a non-uniform electric field, when p is
parallel with E , the forces acting on the positive and negative
electric charges of the electric field are all along the same
straight line. Suppose the straight line where the dipole is lo-
cated is along the x-axis, the field strength in the center of the
dipole is E0, and the dipole moment length is l ; then the field
strengths at the positive and negative charges are

E� � E0 �
∂E
∂x

� 1

2
l , E− � E0 −

∂E
∂x

� 1

2
l : (2)

The electric field force upon the dipole is

F � −qE− � qE� � ~p
∂E
∂x

: (3)

The electric field gradient force F g upon the electric dipole
with principal moment p is then written as

F g � �p · ∇�E : (4)

If the molecule involves a series of dipole pi within its occupied
space, the overall force is just the superposition of all these indi-
vidual forces, which is written as F g �

P
i�pi · ∇�E i. In our

current work, we only consider the model where the molecular
mechanical response to optical field is described by only an
overall electric dipole as related with the molecular polarizabil-
ity given by Eq. (1), namely, p � αE . Then Eq. (4) can be
expressed as (from Eq. (2.18) in Ref. [30])

F g �
1

2
α∇�E2�: (5)

On the other hand, besides the gradient force, there might exist
the scattering force induced by the scattering of light by the
dipole and the associate momentum exchange between light
and molecule. The scattering force is given by (from Eq. (2)
in Ref. [22])

F scat �
n0hSiC scat

c
, (6)

where C scat is the scattering cross section as expressed as

C scat �
k4jαj2
4π

: (7)

Here hSi is the time-averaged Poynting vector of light, and
k � 2πn0∕λ is the wavenumber in the surrounding medium
with refractive index n0. Inserting the linear molecular polar-
izability α � 4.5 � 10−38 C ·m2∕V and hSi into Eqs. (6)
and (7), we can find F scat ≈ 10−50 pN∕mW. Thus, in this
system the scattering force is very small compared with the
gradient force so that it can be ignored.

Having clarified the major contribution of gradient force
upon the molecule, it is then straightforward to proceed to
evaluate the optical force from the nanogap plasmon hot spot
numerically and theoretically. In our simulations, we have
solved the electric field distribution E and then calculated
the optical force upon the molecule by using Eqs. (1) and (5).

For a dielectric particle, the gradient force essentially de-
pends on the local electric field distribution (in particular
the field gradient) and the charge density distribution (in par-
ticular the effective dipole moment) induced in the particle.
In TERS, the key contribution to the optical force is the highly
localized field of hot spot associated with the strong LSPR with

the plasmonic nanogap. Remarkably, this hot spot has a full
width at half-maximum (FWHM) that is far smaller than the
wavelength of light and readily reaches the nanometer scale
regime. Compared with the diffraction-limited focusing of a
Gaussian beam in ordinary single-beam microscopic-objective
optical tweezers, the much sharper focusing of the plasmonic
wave should be able to produce a stronger gradient force.

It is worthwhile to make a comparison with the more
common and popular single-beam tweezers. As shown in
Fig. 2(a), a single Gaussian beam with the same amplitude
jE0j � 1V∕m passing through the microscopic-objective lens
(pupil radius � 5 mm, NA � 0.7) forms a focus spot. We as-
sume that the transmission efficiency of this optical tweezers
system is 0.1 in practice. This focus spot provides an intensity
gradient force to capture particles. It is well known that the
equilibrium position of this far-field optical trap against the
molecule is right at the center of the focus spot. We calculate
the gradient force of the molecule and show in Fig. 2(b) the
gradient force in the xy plane of the focus spot. The results
show that the gradient force components in the x-axis direction
and y-axis direction are both about 10−8 pN∕�W∕cm2�, while
the z-axis direction component is almost zero. Here, the optical
power has been normalized to the incident optical power den-
sity. In theory, this amount of optical force is sufficient to cap-
ture molecules at the focus spot. However, the focus spot size of
the far-field objective lens (about a wavelength of ∼600 nm ) is
2–3 orders of magnitude larger compared to theH2TBPPmol-
ecule (∼2 nm in size and ∼0.5 nm in thickness). It is then
impossible for a molecule to be tightly trapped at a specific re-
gion in the range of the focus spot. In practice, the focus spot
can trap thousands of molecules randomly located within the
3D focus spot of classical optical tweezers instead of a single
molecule. Therefore, it is necessary to find an advanced system
to achieve precise capture of a single molecule.

It has been well established that for optical tweezers, in prin-
ciple a tiny focus spot of the trapping beam is necessary for
providing a sufficient strength of gradient force to capture a
molecule. For this reason, we turn to the TERS system for sol-
ution because the very tiny hot spot of local electric field en-
hanced by LSPR in the plasmonic nanogap should provide
a much stronger gradient field. We study the distribution of
gradient force and calculate the accurate value to provide a re-
liable analysis on whether the hot spot can trap the molecule.

Fig. 2. (a) Schematic diagram of classical optical tweezers formed
by a tightly focused Gaussian laser beam trapping a molecule.
(b) Calculated optical gradient forces component in the x-axis, y-axis,
and z-axis directions in the xy plane of the focus point.
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In previous studies of TERS systems, the materials of the tip
and substrate are generally gold or silver materials. Which
material is better for studying optical forces in a TERS system?
We know that the gradient force is related to the strength of
the electric field. Thus we study the xy plane (z � 1 nm) and
xz plane electromagnetic field distribution of silver and gold as
the tip and substrate under the same conditions as shown in
Figs. 3(a)–3(d). Comparing Figs. 3(a) and 3(c), the xy plane
electric field intensity of an Ag tip on an Ag substrate is 3 times
that of an Au tip on an Au substrate under the same conditions.
Comparing Figs. 3(b) and 3(d), the xz plane electric field
intensity distribution is almost the same. This result shows that
a stronger electromagnetic field distribution can be obtained
in the radial direction with an Ag tip on an Ag substrate.
Similarly, in this gap, the curvature of the tip also has a great
influence on the distribution of the electromagnetic field.
Therefore, we increase the radius of curvature of the tip
by 4 times, and the result is shown in Figs. 3(e) and 3(f ).
By comparing the xy plane electromagnetic field distribution
in Figs. 3(a) and 3(e), the larger the curvature, the more the
electromagnetic field distribution diverges, which restricts the
capture of smaller particles. Therefore, we use an Ag tip (with
the curvature radius of 6.25 nm) as the structural parameter of
the system.

Since the incident light contains an electric field component
in the z-axis direction, it can excite the nanogap mode between

the tip and the substrate. We use the 3D FDTD method to
calculate the local electric field intensity. The normalized opti-
cal intensity of the local field against the incident light intensity
(with amplitude jE0j � 1V∕m) within the xy plane passing
the nanogap center, namely, z � 1 nm, is displayed in
Fig. 4(a). We can find that this nanogap mode has an
FWHM of about 5 nm, which is almost comparable with
the size of a single molecule. In addition, a significant enhance-
ment of local field intensity is observed. Then we place the mol-
ecule in various positions of this xy plane and analyze the
distribution of the three vectorial components of gradient force
upon the molecule. The distribution of the gradient force along
the x-axis direction Fx is shown in Fig. 4(b). The light intensity
at the center is the largest and the gradient force is directed to
the center of the hot spot. Thus, the force distribution in the
x-axis direction Fx is a restoring force directed to the center.
The distribution of gradient force along the y-axis direction
Fy is displayed in Fig. 4(c), which clearly shows that Fx and
Fy are almost symmetrically distributed. This symmetry can
largely be attributed to the circular symmetry of the geometric
configuration of TERS, although the incident light has linear p
polarization and has an inclination incident angle, which would
make the light–plasmon interacting system no longer be in
strict rotational symmetry. In addition, there is a potential well
at the center to stabilize the captured molecule. From Fig. 4(d),
it can be seen that the optical gradient force along the z-axis
direction can reach about 10−9 pN∕�W∕cm2� at the center of
the hot spot, which is large enough to capture the molecule.
In addition, due to the tiny hot-spot size (<10 nm), this optical
force allows tight capture of a molecule precisely within a spe-
cific site in space.

According to the above calculation results, the force of a sin-
gle molecule in the nanogap plasmonic hot spot of the TERS
system is similar to the situation of single laser beam optical
tweezers. Yet, whether the molecule can be stably captured
to the center of this hot spot depends on the longitudinal force
and the radial force. The radial force traps the molecule toward

Fig. 3. (a), (b) The xy plane (z � 1 nm) and xz plane electromag-
netic field distribution of an Ag tip (curvature radius of 6.25 nm).
(c), (d) The xy plane (z � 1 nm) and xz plane electromagnetic field
distribution of an Au tip (curvature radius of 6.25 nm). (e), (f ) The
xy plane (z � 1 nm) and xz plane electromagnetic field distribution
of an Ag tip (curvature radius of 25 nm).

Fig. 4. Electric field and gradient force distribution in the xy plane
located 1 nm below the Ag tip. (a) Electric field intensity distribution.
Optical gradient force distribution for (b) x-axis, (c) y-axis, and
(d) z-axis components.
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the center of the nanogap, as shown in Fig. 4. How about the
longitudinal force? For this purpose, we study the distribution
of the longitudinal field and force distribution within the xz
and yz planes, and the results are displayed in Figs. 5 and 6,
respectively. We can see from these two figures that the electric
field intensity distribution is basically the same in the xz and yz
planes. Obviously, in either the xz plane or yz plane the radial
gradient force at the center of the hot spot is zero. Therefore,
the molecule will stabilize at the center of the hot spot and thus
we can consider this hot-spot center as a stable capture point.

As shown in Figs. 5(d) and 6(d), the longitudinal force dis-
tribution (i.e., the z-axis force component Fz) of the molecule
in the nanogap is greatly enhanced because the electromagnetic
field is strongly enhanced at the tip and the silver substrate
by exciting the nanogap plasmon. Figure 7(a) shows the
longitudinal gradient force upon a single H2TBPP organic
molecule in different positions in the z-axis direction. Note that

z � 0 nm represents the position of the metal substrate
surface, while z � 2 nm represents the position of the tip bot-
tom surface. From the one-dimensional (1D) force curve we
can find that the molecule is subject to a positive gradient force
(namely, a force pushing the molecule up) when it is located
near the silver substrate. On the other hand, when the molecule
is located close to the tip bottom surface, it is subject to a neg-
ative force pulling it down. In addition, the optical force is very
small (but not strictly zero) in the middle region of the nanogap
(ranging between 0.4 and 1.65 nm).

As a result, we believe that there exists a stable region of
optical trapping in the longitudinal force of the molecule in
this gap, rather than a single stable point in the usual situation
of optical tweezers, as shown in Figs. 7(b) and 7(c) in the radial
direction. As shown in Fig. 7(a), the longitudinal gradient force
from z � 0.4 nm to z � 1.65 nm is several times smaller than
the force from z � 0 nm to z � 0.4 nm and from
z � 1.65 nm to z � 2 nm. It can be seen that the molecule
can still be trapped in the middle region of the nanogap in
the longitudinal direction. Furthermore, although in our

Fig. 5. xz plane field and gradient force distribution of the TERS
system. (a) Electric field intensity distribution. Optical gradient force
distribution for (b) x-axis, (c) y-axis, and (d) z-axis components.

Fig. 6. yz plane field and gradient force distribution of the TERS
system. (a) Electric field intensity distribution. Optical gradient force
distribution for (b) x-axis, (c) y-axis, and (d) z-axis components.

Fig. 7. (a) One-dimensional distribution of the gradient force of
the molecule along the z direction of the hot spot. One-dimensional
gradient force distribution in the (b) x and (c) y directions of the
hot-spot center (z � 1.65 nm).
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simulations we have assumed the H2TBPP molecule is a point
molecule with a certain polarizability, the ∼1 nm size of this
stable optical trapping region is large enough to accommodate
the H2TBPP molecule, which has a thickness of ∼0.5 nm.

To see whether this stable optical trapping region is a stable
3D optical trap for the molecule to be tightly captured, we ex-
amine the gradient force distribution in the xy plane intersect-
ing with a point (z � 1.65) in this longitudinal stable region.
In particular, we display the 1D gradient force curve along
the x-axis and y-axis, which is the radial force, in Figs. 7(b)
and 7(c), respectively. This means that the x � y � 0 point
is the stable capture point of the molecule in the xy plane.
When the molecule is located to the left of the stable capture
point, the force is positive, and the axial force pushes it toward
the stable capture point. On the other hand, when the particle
is located to the right of the stable capture point, the force is
negative, and the axial force pulls it back to the stable capture
point. The gradient force curve clearly exhibits the character-
istic of the restoring force in the conventional single laser beam
optical tweezers, where the particle deviating from the stable
trapping point will automatically return back to the pointing
center and thus be bound to the focal spot of the laser beam.
Summarizing Figs. 7(a)–7(c), it can be said that the cylindrical
region centering at the point x � y � 0 in the radial dimen-
sion, and ranging from z � 0.4 nm to z � 1.65 nm in the
longitudinal dimension, is the stable capturing area in 3D
space. This region represents the center of this nanoscale
hot-spot-induced 3D optical trap that can capture the mol-
ecule. It can also be seen from Figs. 7(b) and 7(c) that when
the molecule moves away from the trap center along the x-axis
direction, there exists a very small residual y-axis optical force
component in addition to the dominant x-axis restoring force
component, whereas when the molecule moves away from the
trap center along the y-axis direction, the residual x-axis force
component is larger, but still much smaller than the dominant
y-axis restoring force component. These features further con-
firm that the nanoscale hot spot does offer a 3D optical trap
that can trap the molecule in 3D space.

We proceed to examine the quantity of the hot-spot optical
trap in reference to the conventional single-beam optical tweez-
ers, which can be well described by the optical trap stiffness.
The optical trap stiffness, defined by the amount of change
in the optical trap force right at the center of the optical trap
against a unit distance of deviation, is an important parameter
for describing the stability of the optical trap. We find the stiff-
ness of single-beam tweezers is about 0.4 pN∕��W∕cm2� ·m]
(the horizontal plane), as calculated from Fig. 2(b). Meanwhile,
we calculate from Fig. 7 the stiffness of the TERS system and
find that the radial stiffness of the hot-spot trap in the horizon-
tal plane reaches a high value of about 2 pN∕��W∕cm2� ·m]
(the horizontal plane), while the longitudinal average (z � 0
to z � 2 nm) stiffness of the hot-spot trap along the ver-
tical axis direction reaches an even higher value of about
40 pN∕��W∕cm2� ·m]. Such values of stiffness are far larger
than that of the conventional single-beam optical tweezers
in the horizontal plane. The primary reason for this contrast
is that the conventional optical tweezers have only a microm-
eter-scale focus spot and thus much less steep trapping

potential. Thus, compared with the conventional single-beam
optical tweezers, the TERS has a greater ability to tightly trap a
molecule in a tiny space region at the vicinity of its tip via the
formation of a nanoscale hot spot.

Note that in our above calculations, we have taken a point-
dipole model, where the molecule is modeled as a point dipole
without geometric size but only with a certain size of electric
polarizability. We proceed to consider a much smaller mol-
ecule, such as a CH4 (with the radius of 0.2 nm) molecule
placed in this 2 nm nanogap to study the longitudinal force.
The point-dipole model becomes more accurate for this small
molecule. Figure 8(a) (for tip curvature radius of 6.25 nm) and
Fig. 8(b) (for tip curvature radius of 25 nm) show the longi-
tudinal gradient force upon the molecule in different positions
in the z-axis direction. The results show that the size of the
molecule will not affect the stable area but will affect the
strength of the molecule gradient force. The smaller the mol-
ecule, the weaker the gradient force. Meanwhile, the stable area
will be slightly affected by the radius of curvature of the tip
in the longitudinal direction. The reason is that the difference
in the radius of curvature of the Ag tip will change the electro-
magnetic field distribution of the hot spot. As shown in Fig. 8
(b), the longitudinal stability region of the tip with a radius
of curvature of 25 nm is ranging from z � 0.4 nm to
z � 1.61 nm.

3. CONCLUSIONS

In summary, we have theoretically studied and analyzed the op-
tical force of a molecule embedded within the nanoscale hot spot
of the TERS system. Usually, this system is dominantly used as a
powerful means to enhance, detect, and image the Raman scat-
tering signal of a molecule. The localized surface plasmonic res-
onance within the nanogap between the TERS tip and substrate
will induce a significant local electric field enhancement in the
nanoscale hot spot. The major purpose of this work is to explore
other physical effects that might be involved with this nanoscale
hot spot in addition to the well-established Raman scattering of
the molecule. The optical force comes into this scope of physical
insight and landscape of physical picture.

For this purpose, we have systematically investigated the
local electric field and field gradient of the nanogap plasmon
hot spot in 3D space within and around the nanogap via
3D FDTD simulations, and made a careful analysis over their
overall distribution pattern, from which the optical gradient

Fig. 8. One-dimensional distribution of the gradient force of a
CH4 molecule along the z directions of the hot spot; (a) curvature
radius of 6.25 nm, (b) curvature radius of 25 nm.
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force upon the molecule can be calculated and analyzed.
We have found that, due to the highly localized electric field,
a true 3D optical trap can form at the hot spot, which allows the
molecule to be trapped in the hot spot. Moreover, the optical
energy density and optical force acting on a molecule can be
greatly enhanced to a level far exceeding the conventional single
laser beam optical tweezers. Our calculation results have shown
that the stiffness of the hot-spot trap can reach a high value
of about 2 pN∕��W∕cm2� ·m] (the horizontal plane) and
40 pN∕��W∕cm2� ·m] (the vertical axis direction), which
is far larger than the stiffness of single-beam tweezers,
∼0.4 pN∕��W∕cm2� ·m] (the horizontal plane). This hard-
stiffness will enable the molecules to be stably captured in
the plasmon hot spot. Our results indicate that TERS can be-
come a promising tool of optical tweezers for trapping a micro-
scopic object like molecules and doing Raman spectroscopic
imaging and analysis at the same time. In addition, we expect
the current work can open up a new avenue to deeply explore
the multiphysics processes and effects that can exist and act
simultaneously in the unique nanoscale hot spot offered by the
TERS plasmonic nanogap. In some means, the well-established
fluorescence and Raman scattering processes, the relatively less
studied Rayleigh scattering process, and the optical force effect
studied in this work are just some examples. This suggests that
one can explore, examine, and analyze more deeply and system-
atically various optical, electronic, chemical, and mechanical
processes and effects acting upon a molecule located within
such a plasmonic nanogap. The results surely will greatly ex-
pand and deepen our understanding, knowledge, and insight
on light–matter interaction at nanoscale and even atomic scale
in these plasmonic nanostructures.
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