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Abstract: Nano-manipulation technology, as a kind of “bottom-up” tool, has exhibited an excellent
capacity in the field of measurement and fabrication on the nanoscale. Although variety manipulation
methods based on probes and microscopes were proposed and widely used due to locating and
imaging with high resolution, the development of non-contacted schemes for these methods is still
indispensable to operate small objects without damage. However, optical manipulation, especially
near-field trapping, is a perfect candidate for establishing brilliant manipulation systems. This paper
reports about simulations on the electric and force fields at the tips of metallic probes irradiated by
polarized laser outputted coming from a scanning near-field optical microscope probe. Distributions
of electric and force field at the tip of a probe have proven that the polarized laser can induce nanoscale
evanescent fields with high intensity, which arouse effective force to move nanoparticles. Moreover,
schemes with dual probes are also presented and discussed in this paper. Simulation results indicate
that different combinations of metallic probes and polarized lasers will provide diverse near-field
and corresponding optical force. With the suitable direction of probes and polarization direction,
the dual probe exhibits higher trapping force and wider effective wavelength range than a single
probe. So, these results give more novel and promising selections for realizing optical manipulation
in experiments, so that distinguished multi-functional manipulation systems can be developed.

Keywords: nano-manipulation; optical tweezers; near-field; evanescent field; atomic force microscope;
scanning near-field optical microscope

1. Introduction

Since xenon atoms were successfully positioned and assembled with atomic preci-
sion [1], nano-manipulation technology, as a kind of “bottom-up” tool, has attracted wide
attention in the fields of nano-measurement, nano-fabrication, nano-optics, nano-robot,
and so on [2–5]. Among various nano-manipulation methods, the most widespread is
probe manipulation based on high-resolution microscopes, including atomic force mi-
croscope (AFM), scanning tunneling microscope (STM), scanning electron microscope
(SEM), and transmission electron microscope (TEM) [6–9]. With images feedback of tar-
gets, these systems use probes, which are carried by manipulators with nanoscale res-
olution of movement, as end-effectors to push, pick, stretch, place, and bend nanoma-
terials. The manipulation mechanism of this method is mainly based on the control of
mechanical forces (e.g., contact force, Van der Waals force, friction) between probes, objects,
and substrates [10,11]. So, due to the convenience of locating and imaging, this method
exhibits outstanding manipulation capacity, and enormous potential in the application of
nanomaterials, like tuning electrical and optical properties, constructing nanostructure,
and even fabricating nano-devices. For instance, nanoparticles (NPs) and nanowires (NWs)
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can be stacked together by a tweezer which consists of two individually actuated probes in
AFM or SEM [12,13]. Two-dimensional materials were folded and unfolded precisely by
the STM-based manipulation system to improve electrical and quantum properties [14].
The AFM-based manipulation also has the capacity to assemble and weld gold nanowires
for fabricating nano-circuits [15]. However, the most of manipulation methods mentioned
above are always performed by direct contact between nanomaterials and probes, so that
the damage of both is inevitable during processing. In addition, it also limits the ability of
manipulating small objects due to the size of contact tips. Hence, the further exploration
of non-contact manipulation benefits from the development of state-of-the-art methods
and systems.

Optical tweezers, presented by Ashkin, represent a revolutionary tool for manipulating
nanomaterials due to non-contact optical trapping, with or without less damage [16]. It has
also proven useful not only for trapping and spinning nanomaterials and cells, but also
for significant applications in nano-devices so far [17–20]. To manipulate much smaller
NPs, near-field (also named as evanescent field) optical tweezers, which are beyond the
optical diffraction limit, provide a novel high-resolution scheme. However, the capacity of
this is also restricted by the small optical forces induced by weak evanescent fields. Hence,
variety enhancement solutions have been proposed sequentially. For example, Mandal
presented a kind of silicon photonic crystal resonators to trap dielectric NPs ranging in
size from 50 to 500 nm. This method provided a several-orders-of-magnitude stronger
force and an order of magnitude stiffer than other conventional near-field tweezers [21].
Zhang successfully fabricated plasmonic dipole antennas to enhance near-field, which
were capable of trapping 10 nm metal NPs [22]. Similarly, Abhay also built optical traps,
based on a structure of double nano-hole, with high stiffness when manipulating 20 nm
polystyrene NPs [23]. Although these solutions have proven their excellent ability for
steady trapping, the targeted and flexible manipulation of small objects is still limited by
the fixed enhancement structures and corresponding laser source. The limitation creates
a high barrier of application. Hence, optical manipulation using mobile probes, like fiber
probes, scanning near-field optical microscope (SNOM) probes, AFM probes, and even
customized probes, has appeared to break through the bottleneck. Keyi proved that
nanometer scale particles could be trapped using a SNOM probe by calculations [24].
Berthelot engineered a single SNOM probe with a bowtie aperture at the extremity to
realize near-field nano-tweezers, and achieved the movement of trapped 50 nm objects in
water [25]. Liu demonstrated a scheme which produced an optical trap at the tip of a single
AFM probe, illumined by a near-field from the SNOM probe [26,27]. This novel method can
trap NPs with sizes down to 20 nm. Moreover, simulations proved that the trapping force
depended on the distance between two probes, an incident angle, an incident polarization
direction, and the wavelength of the laser. So, this scheme not only shows promising
trapping ability, but also the convenience of moving the target due to the AFM system
with high-resolution imaging and locating. In addition, this combination of enhancement
near-field and AFM system also provides promising ways to achieve more multiple and
accurate manipulation, and extend the application in nano-fabrication [28]. However,
the present simulations and experiments of this scheme still mainly focus on laser-irradiated
single probes in the AFM system. Thus, due to the development of a microscope-based
manipulation system with multi-probes, a deeper insight into optical manipulation with
different configurations of probes irradiated by near-field laser is promising and urgent for
future application.

This paper presents schemes of metallic single and dual probes irradiated by a po-
larized laser coming from a SNOM probe, and calculates near-fields and corresponding
optical forces around tips and an NP. The effect of laser wavelength, polarization direction
and probe configurations on near-field was investigated via the three-dimensional finite
difference time domain method (3D FDTD) to obtain effective optical traps. The calculation
results demonstrate that the intensity and location of enhanced near-field heavily depend
on the polarization direction for the different configuration of probes. Furthermore, optical
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forces applied on a silver NP were calculated by a Maxwell stress tensor. A single AFM
probe was proven to induce a stable optical trap when the laser source polarized along
the axis of the probe. Moreover, the dual probe also exhibits a more promising capacity of
nano-manipulation, with a higher force and a wider range of the effective wavelength of the
laser than the single probe. So, this work presents novel and more outstanding strategies
for manipulating nanomaterial by combing metallic tips and a polarized near-field laser.

2. Methods

The simulations of near-field nano-manipulation were preformed based on 3D FDTD.
Figure 1 shows the configurations of single probe and dual probe irradiated by polarized
near-field laser coming from an SNOM probe. According to commercial probes, the model
of the SNOM probe consists of the waveguide region and tip region. Both regions have
a SiO2 core and an aluminum shell with thickness h = 80 nm. The maximum and minimum
diameters of SiO2 core in tip region are φ1 = 700 nm and φ2 = 200 nm, and the length is
L = 600 nm. Likewise, the model of an AFM probe was simplified to a gold cone with angle
θ = 36◦ and a spherical tip (the radius is set to 10 nm). According to previous simulations,
the enhancement of near-field and trapping force are stronger when the incident angle
is 90◦, with lower distance between the AFM and SNOM probes [26]. So, considering
experimental feasibility, the incident angle and distance along x direction of two probes
were set to 90◦ and 100 nm, respectively. For dual probes, two configurations with an-
gles 90◦ and 180◦ of axes of two AFM probes in xz plane, named as orthogonal dual
probes (ODPs) and coaxial dual probes (CDPs) respectively, were simulated in this paper,
as shown in Figure 1c,d. A silver NP (the diameter is d) was located under the AFM tip
with distances D1 (single probe) or D2 (dual probe, the distance between two tips was
marked as D3) to study the near-field enhancement and trapping force. Vertical polar-
ized (VP, along axis z) and horizon polarized (HP, along axis y) lasers were coupled with
the SNOM probe. In consideration of calculation efficiency, the incident laser was set to
a normalized signal, as Figure 1e showed. Since the maximum amplitude was 1, the electric
field intensity E and trapping force F calculated in this paper were both relative val-
ues. In this paper, relative values are enough to discuss the influence of the polarized
laser and the configurations of probes on the trapping ability. Wavelengths ranging from
300 nm–1200 nm were adopted to explore the effect on manipulation. For global FDTD
calculations, the simulation temperature was 300 K. The size of the simulation area was
2 µm (x) × 1.1 µm (y) × 1.1 µm (z) with mesh size 2 nm, as the origin dash lines showed
in Figure 1a,b. Moreover, to guarantee calculation accuracy, the area of AFM tips and NP
(red dash lines) had a fine mesh with a 1 nm resolution. A perfectly matched layer with
a minimum layer number of 12 was used to avoid energy reflection in the boundary. The
simulation time 300 fs was more than enough to achieve desirable results.

To calculate the trapping forces, the method based on Maxwell stress tensor combined
with FDTD was applied. Given that the volume v and corresponding external boundary S
contain NP, the force exerted on the NP can be written as:

F =
∫
v

f · dv =
∮
S

↔
T · ndS− ε0µ0

∫
v

∂S
∂t

dv (1)

where S is Poynting vector. Here, for static magnetic field, ∂S/∂t = 0.
↔
T is Maxwell stress

tensor, which was defined as

↔
T = ε0(EE)− ε0

2

(↔
I E2

)
+

1
µ0

(BB)− 1
2µ0

(↔
I B2

)
(2)

where ε0 and µ0 are vacuum electric constant and magnetic constant, respectively.
↔
I is

Kronecker’s delta. E and B are electric and magnetic field respectively, which can be



Appl. Sci. 2022, 12, 815 4 of 12

calculated by FDTD. So, Maxwell stress tensor and FDTD can be used to calculate the
optical forces around NPs.
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Figure 1. Configurations of single probe and dual probe irradiated by polarized near-field laser
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angles 90◦ (c) and 180◦ (d); (e) Time signal of normalized laser.

3. Results and Discussion
3.1. Distribution of Electric Field around Tip without NP

According to the expression of the Maxwell stress tensor, before calculating the trap-
ping force applied on an NP, the distribution of the electric field induced by polarized
near-field laser around the AFM probe tips should be lucubrated. Figure 2a shows the
distributions of electric field in the x-z plane, which was produced by the VP laser coming
from a SNOM probe. The incident laser propagated in the SiO2 core and was reflected
inward by the Al shell of the SNOM probe, so that the light formed an evanescent field
along x direction and then irradiated the tip of AFM probe through the output aperture.
Hence, an enhancement field with size down to subwavelength was excited due to the
localized-mode surface plasma at the surface of metallic tip. This small, enhanced field
evanescent field is essential for manipulating NP. Although there are some enhancement
fields at the edge of the output aperture and the cover shell of SNOM probes, the intensities
of these are relatively lower and far from NPs. So, the effects of these enhancement fields
on the NP can be ignored. To gain deep insight into the influence of the wavelength and
polarization direction of laser on field enhancement, the electric intensities of the point
under the probe tip are calculated, as in Figure 2b. According to the results, the VP laser
induces particularly stronger enhancement at the end of the probe tip compared to the
HP laser. The highest intensity is ~8.7 V/m for a wavelength around 717 nm. Although
there is a peak at 511 nm for the HP laser, the intensity is just ~0.5 V/m. Figure 2c,d



Appl. Sci. 2022, 12, 815 5 of 12

presents the distribution of electric field in y-z plane excited by the VP and HP laser with
a wavelength of 717 nm. Figure 2e,f also gives the corresponding line distributions of the
electric field along the y-axis and x-axis, respectively. The white dash lines in Figure 2c,d
show the line paths. Illumined by the VP near-field laser, the AFM probe has a symmet-
rical evanescent field at the extremity, with the highest intensity of ~11 V/m. Moreover,
the intensity of this enhanced field decays exponentially along all directions, so that it has
an effective area with a diameter lower than 80 nm. Hence, this evanescent field provides
a strong 3D gradient field to manipulate small NPs. If an NP is placed beneath the AFM
probe, it could be trapped and moved towards the extreme intensity points of the gradient
field. However, for the HP light, the enhancement exists at the two sides of the probe
instead of at the end, as Figure 2d showed. The maximum intensity is only ~1.8 V/m. So,
this weak and dispersive electric field cannot form a stable trap for NPs. Besides, there
is also a small area with lower intensity at the end of the tip, see Figure 2e. The electric
field induced by the laser with different wavelengths also has similar distributions (see
Figure S1 in Supplementary Materials). So, comparing the two schemes, it is found that
the intensity and location of near-field around the AFM probe tip heavily depend on the
polarization direction of the incident laser rather than wavelength. If the polarization
direction is parallel to the axial direction of the AFM probe, the near-field laser will induce
an intensive nanoscale evanescent field, which is suitable for the stable trapping of NPs.
However, when the polarization direction is perpendicular to the axial direction of the
AFM probe, the evanescent exerted is incapable of desirable manipulation.
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(a) Distributions of electric field around two probes induced by VP laser; (b) Electric intensities
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Besides metallic tips, laser-irradiated structures with nano-gaps, like nano-antennas,
nano-holes, and nano-bowties, are also advance methods to arouse and tune the evanescent
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field by adjusting the distance of the gap [22,23,25]. Considering that the probes of AFM-
based or SEM-based manipulation systems can be located and moved with nanoscale or
even sub-nanoscale resolution, nano-gaps can also be acquired by two metallic tips. So,
in this paper, optical manipulating based on two configurations of ODPs and CDPs (see
Figure 1c,d) was further simulated. Similar to single probe, the calculation results of the
dual probe show that the wavelength of the laser mainly influences the maximum intensity
of enhancement fields instead of the distribution. So, VP and HP lasers with a wavelength
of 717 nm were taken as examples to explore the electric field around ODPs and CDPs.
Likewise, the distances between two tips of all configurations were set to D3 = 10 nm. The
distributions are shown in Figure 3. For ODPs irradiated by the HP laser, the maximum
intensity is ~11.6 V/m, which is approximately equal to the single probe irradiated by the
VP laser. According to the simulation results of the single probe irradiated by the VP and
HP lasers in this paper and other previous works [26], the increase of the angle between
the axis of the AFM probe and the polarized direction of the laser can lead to a decrease in
enhancement intensity. Hence, if there was only one probe in the configuration of ODPs,
the maximum intensity would be lower than the single probe irradiated by the parallel
polarized laser (see Figure S2), because the probe has an angle with the polarized direction
of the incident laser. However as the nano-gap between two nano-structures can improve
the enhancement of the near-field [25], the small gap of the ODP helps to enhance the
intensity of the optical field further. So, these negative and positive effects both result
in the similar maximum intensity of the ODPs irradiated by HP laser comparing to the
single probe irradiated VP laser, which also proves the capacity of dual probes to enhance
the near-field. Moreover, the enhanced field, which is aroused between two metallic tips,
has a larger high intensity area than the single probe. When the source changes to the VP
laser, the enhanced field is divided into two parts located at the bottom of every probe,
which is more like that of a single probe, as shown in Figure 3b. However, the intensity
is lower (the maximum is ~5.4 V/m). The decrease in intensity can also be attributed to
the existing angles between the polarization direction of the laser and axial direction of
AFM probes. If using CDPs, the HP laser induces an effective electric field for trapping
a NP, since the axes of both probes are parallel to the laser polarization direction. The
distribution of the electric field in Figure 3c also demonstrates that this configuration can
provide the strongest enhancement and corresponding largest area with higher intensity
(maximum: ~18.4 V/m) than the others. However, the VP laser cannot produce a trap for
manipulation, due to the dispersive electric field presented in Figure 3d. So, according to
the electric distribution, three configurations, including ODPs irradiated by HP and VP
lasers and CDPs by the HP laser, are suitable candidates for stable manipulation.

Since the size of the nano-gap has a significant effect on the enhancement, the electric
fields of three desirable configurations with different probe distances D3 were calculated.
Figure 4 provides detailed distributions along the y direction (the locations in z direction are
the same as for the white dash lines in Figure 3). For the HP laser, although the intensities of
the enhancement field around ODPs and CDPs with small distances are higher than for the
VP laser, they quickly decay as the distance increases. This phenomenon is consistent with
previous works on the optical enhancement using nano-gaps [25]. So, it can be concluded
that the conditions of forming desirable fields in these two schemes are stricter. However,
despite relatively lower intensity, ODPs with different tip distances irradiated by the HP
laser give a stable enhancement because of the separated two evanescent fields, as shown
in Figure 4b. Moreover, the fields located at the bottom of metallic tips may be better
than between two tips (induced by the VP laser), since the target nonmaterial is located
at the bottom of AFM probes with high probability during the manipulation process,
as Figure 1c,d shows. Hence, the electric field and trapping force around an NP should be
investigated further.
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3.2. Trapping Force of an NP in Enhanced Near-Field

To reveal the manipulation ability of near-field induced by the combination of the
SNOM probe and AFM probe, the electric field and trapping force exerted on an NP were
calculated further. According to the above results, simulations of the single AFM probe
irradiated by the VP laser from an SNOM probe were performed first. Figure 5a shows the
distribution of the electric field when a silver NP with diameter d = 70 nm was added into
the near-field (the distance between the probe tip and the NP was D1 = 10 nm). Similar
to the electric distribution of AFM probe without the NP, there is still an evanescent field
between the AFM tip and the NP. However, the maximum intensity increases to 19.1 V/m,
which is higher than the intensity without an NP. This strong enhancement with nanoscale
size will apply an effective force on the silver NP. The intensity of the near-field at the end
of the tip, as shown in Figure 1b, demonstrates that the suitable wavelength is still about
717 nm due to the strongest enhancement. Sequentially, based on the Maxwell stress tensor,
total trapping force exerted by the near-field was calculated. Figure 5c presents the total
force induced by VP laser with wavelength in the range 300 nm–1200 nm. The variations
of optical force and electric intensity are highly correlated. So, it can be concluded again
that evanescent fields with strong enhancement are the essential conditions for optical
manipulation. The maximum force is about 8.2 × 10−26 N (the value does not present
the real value, due to the amplitude of the source laser being set to 1). To gain deeper
insight into the orientation of the optical force, component forces along the x, y, z axes
were plotted in Figure 5d. For the laser wavelength from 600 to 1200 nm, the component
force along the z axis is dominant, so that the evanescent field at the tip can trap the NP
and move it toward the AFM probe. Optical force per unit volume also confirms this
conclusion, as shown in Figure 5e. The red vectors, only at the top of the silver NP, mean
that a large force along the z direction is applied. However, in other directions, the disorder
and the weak force are incapable of nano-manipulation, as the blue vectors show. So,
the forces aroused by the near-field provide a possibility for the expected manipulation
of an NP, while controlling the movement of the AFM and SNOM probes or the sub-
strate. However, component force along the x axis is significant in the wavelength range
300–600 nm. This result can be attributed to forming the near-field around the aperture of
the SNOM probe; see the distribution of the electric field for the 515 nm laser in Figure S3.
These undesirable fields lead to disordered forces along the x and z directions, which will
result in ineffective manipulation. So, avoiding the useless effect of the SNOM probe is also
critical during manipulation. Then, the capacity of manipulation was evaluated further,
varying particle size and the distance between the tip and NP. Figure S4 shows the total
force versus wavelength. Here, Figure 6a,b gives the total force as functions of diameter d
of an NP and the distance D1, when the wavelength is 717 nm. The optical force is linearly
correlated with the diameter, which is similar to other optical trappings [29]. Since the
effective area of the near-field is so small, the effect of diameter also reflects the edge shape
of the nano-objects on manipulation. Apparently, the smaller curvature of the edge in the
effective area causes higher enhancement and corresponding optical force, but the shape
out of the effective area has limited influence. Figure S5 shows the larger trapping force of
a nano-cube with a size of 70 nm greater than NPs, which confirms the conclusion. How-
ever, optical force decays exponentially as the distance increases. It is reasonable because
the intensity of electric field also drops exponentially, as shown in Figure 2f. So, trapping
ability is sensitively dependent on some critical factors, like the wavelength of the laser,
the size and shape of objects, and the distance between probes and objects, which should
be investigated further with experiments.
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Figure 5. Trapping force of an NP using single probe irradiated by VP laser. (a) Distributions of
electric field in y-z plane; (b) Electric intensities at the end of probe tip versus wavelength of incident
laser; Total optical force (c) and component forces along x, y, z axis (d) applied on the NP versus
wavelength of incident laser; (e) Distributions of optical forces per unit volume in vector form for
wavelength 717 nm.
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Figure 6. Total trapping force induced by VP laser with wavelength 717 nm as functions of some
critical factors. (a) Diameter of NP; (b) Distance between the tip and the NP.

The simulations of trapping force with the single AFM probe have proven the feasibil-
ity of nano-manipulation using a polarized near-field laser. As a laser-irradiated dual probe
can also arouse the effective electric-field, trapping forces of three configurations of the
dual probe (ODPs irradiated by the HP laser, ODPs irradiated by the VP laser, and CDPs ir-
radiated by the HP laser) were calculated to explore the excellent methods of enhancement.
To make a comparison with the single probe, the distance between tips and NP was set to
D3 = 10 nm, as shown in Figure 1c. Figure 7 gives the component forces along x, y, z axis
applied on the silver NP versus the wavelength of the incident laser and corresponding
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distribution of electric field when the z component forces are at their maximum. For the
ODPs and CDPs irradiated by the HP laser, the max forces along the z direction are about
2.6× 10−26 N and 3.0× 10−26 N respectively when the wavelengths are 964 nm and 744 nm.
These forces are even lower than the single probe irradiated by the VP laser, because the
enhancement fields are located between two tips of AFM probes rather than between the
tips and the NP, as the bottom diagrams of Figure 7a,c show. So, even the enhancement
intensities of these two schemes with or without NP are high enough, but the trapping
force also heavily depends on the location of the evanescent field. Figure 7b presents
a preferred manipulation scheme with maximum trapping force ~11.3 × 10−26 N. Com-
pared to the single probe irradiated by the VP laser (seeing Figure 5d), the dual probe
has not only a higher trapping force, but also two suitable ranges of wavelengths around
717 nm and 646 nm. If trapping forces along the z direction larger than 7 × 10−26 N were
assumed to be effective for moving the NP, the suitable range wavelength of single probe
would only be about 709–757 nm, but 600–767 nm for dual probes. Such a wide wavelength
range gives a more stable trap and also enormous potential in the aspect of application.
The bottom diagram of Figure 7b gives a deeper insight into the excellent manipulation
capacity of the dual probe irradiated by the VP laser. The excellent manipulation ability
can be attributed to the two metallic tips which provide a lager effect area of evanescent
between the tips and the silver NP than the other two configurations. As the distance
D2 between tips and NP also has an effect on the trapping force, Figure S6 presents the
trapping force and electric field of a dual probe with a narrow gap ~5 nm. The intensities of
the optical force of all configurations increased as the distance decreases. No new effective
peak of the force emerges, which means that the distance has little influence on the effective
wavelength of the laser source for manipulation. Besides, a small gap can induce new
evanescent fields between the tips and the NP for the dual probe irradiated by the HP
laser, as the electric fields showed in Figure S6a,c. However, despite these new near-fields,
compared to ODPs irradiated by the VP laser, the trapping forces of ODPs and CDPs
irradiated by HP laser are still smaller. So, it is proven that the polarization direction of the
incident laser and the configuration of two probes are dominant in optical manipulation,
based on the combining scheme of the SNOM and AFM probes.
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polarized near-field laser. (a) ODPs irradiated by HP laser; (b) ODPs irradiated by VP laser; (c) CDPs
irradiated by HP laser.
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4. Conclusions

This paper investigates the near-field and corresponding optical force around metallic
single and dual probes irradiated by the polarized laser. The models of combing the AFM
probe and SNOM probe were built and simulated based on the FDTD and Maxwell stress
tensor. The distributions of electric fields around the tip of the single probe demonstrate
that a polarized laser can induce nanoscale evanescent fields with high intensity, which are
essential for optical manipulation. The intensity, area, and location of effective optical fields
are mainly determined by the polarized direction of the laser and the configurations of
probes. Moreover, near-field is easily aroused along the polarization direction at the surface
of metallic probe, and the enhancement is higher if the angle between the polarization
direction of the laser and the axis of the probe is smaller. Consequently, optical forces
applied on an NP have proved that enhanced near-fields, in the condition of suitable
parameters (e.g., wavelength, polarization direction, distance, configuration of probe),
are capable of trapping the NP toward the tip. This means that NPs can be moved by probes
with non-contact in the manipulation system. In addition, deeper insight into the dual
probe scheme also shows that the different combinations of metallic probes and polarized
lasers give a variety distribution of near-field and corresponding optical force. In particular,
ODPs irradiated by VP laser exhibit higher trapping force and wider effective wavelength
range than a single probe, which will improve the capacity of optical manipulating and
expand the application of it. So, simulations in this paper provide a fertile library and
are fundamental for realized promising manipulation by combining optical tweezers and
probe manipulation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12020815/s1, Figure S1: Distributions of electric field in y-z plane induced by polar-
ized laser with different wavelengths, Figure S2. Distributions of electric field in y-z plane for
the configuration of ODPs with only one probe irradiated by HP laser with wavelengths 717 nm,
Figure S3: Distributions of electric field in y-z plane induced by VP laser with wavelengths 511 nm,
Figure S4: The influence of diameter of NP and distance between the tip and the NP on the total
optical force, Figure S5. Trapping force of a nano-cube using single probe irradiated by VP laser,
Figure S6: Component forces along x, y, z axis applied on the NP versus wavelength (top diagram)
and distributions of electric field in y-z plane (bottom diagram) around dual probe with distance
D2 = 5 nm between tips and NP.
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