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ABSTRACT

Optical trapping is an effective tool for manipulating micrometer-sized particles, although its application to nanometer-sized particles remains
difficult. The field of optical trapping has advanced significantly, incorporating more advanced techniques such as plasmonic structures.
However, single-molecule trapping remains a challenge. To achieve a deeper understanding of optical forces acting on molecular systems,
a first-principles approach to analyze the optical force on molecules interacting with a plasmonic field is crucial. In our study, the optical
force and torque induced by the near-field excitation of C3Hg were investigated using real-time time-dependent density functional theory
calculations on real-space grids. The near field from the scanning tunneling probe was adopted as the excitation source for the molecule. The
optical force was calculated using the polarization charges induced in the molecule based on Lorentz force. While the optical force and torque
calculated as functions of the light energy were in moderate agreement with the oscillator strengths obtained from the far-field excitation
of C3Hg, a closer correspondence was achieved with the power spectrum of the induced dipole moment using near-field excitation. Time-
domain analysis of the optical force suggests that the simultaneous excitation of multiple excited states generally weakens the force because of
mismatches between the directions of the induced polarization and the electric field. This study revealed a subtle damping mechanism for the
optical force arising from intrinsic electronic states and the influence of beating.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0223371

I. INTRODUCTION cells, stem cells,” DNA,”” and biomolecular motors®’ modified
with dielectric spheres; consequently, it has made significant con-

The many controllable parameters of light, such as its ampli- tributions to the fields of cell and molecular biomechanics and has
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tude, phase, and polarization, make it an attractive tool for manip-
ulating the properties and reactivity of molecules. In addition to
manipulating the molecular physicochemical properties, light can
exert a force on molecules, thus enabling their position to be con-
trolled. Following the experimental observation of radiation pres-
sure’ and the establishment of methods for generating strong laser
fields, Ashkin reported the first optical trapping of micrometer-sized
dielectric spheres by tightly focusing a laser beam with a lens.” Later,
Ashkin et al., demonstrated that a single laser beam could be used
to trap and manipulate microparticles. This finding paved the way
for the application of optical forces’ and led to the development of
a technique known as “optical tweezers.” Researchers have shown
that this technique could be used to trap and manipulate red blood

since become a widely used tool in these areas.

However, although laser trapping has proved to be an effec-
tive tool for manipulating micrometer-sized particles, its application
to nanometer-sized particles remains challenging. This is because
the trapping force, that is, the gradient force, cannot overcome
the Brownian motion as the laser light cannot be focused onto a
region smaller than half of its wavelength owing to the diffraction
limit. This challenge has been overcome by developing plasmonic
nanotweezers.'" '® The use of plasmonic structures, such as gold
bowties or gold nanoparticles, makes it possible to confine elec-
tric fields to deep subwavelength regions because of the localized
surface plasmon resonance (LSPR).!” The gradient force produced
by a plasmonic nanotweezer can thus surpass that achieved with
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conventional optical tweezers because the gradient force is pro-
portional to the gradient of the field intensity. LSPR enables the
manupilation of nanometer-sized plasmonic materials,’™'" single
proteins’® and DNA,*! and macromolecular assemblies.”” In addi-
tion, a nanostructured semiconductor-assisted (NASSCA) optical
tweezer, which exploits the enhancement of an electric field by
the nanospikes on metal-free black silicon, was developed” and
subsequently used to control polymer chains.”

The possibility of single-molecule trapping was theoretically
demonstrated shortly after the advent of plasmonic nanotweezers;”’
however, the experimental realization thereof has remained difficult.
Unlike spherical nanoparticles, molecules have unique shapes and
orientations, and their electronic states must additionally be consid-
ered. Therefore, molecular polarizability varies, depending on the
choice of molecules and the molecular orientation in the optical
field. Because the gradient force is proportional to the polarizability
of a material, the polarizability of molecules is crucial for molec-
ular manipulation. The remaining targets for controlling materials
with the use of light are, therefore, molecules, and single-molecule
control is currently attracting researchers’ keen attention.”””’ In
recent years, several studies describing the use of plasmonic nan-
otweezers to trap molecular assemblies have been reported,”*
and small molecules have also been successfully controlled at room
temperature.’’”” Attempts have been made to enhance the optical
force by controlling the excitation state using chemical modifica-
tions.” An additional advancement involved the development of
photoinduced force microscopy, which uses optical force detection
with a scanning probe microscope to map the morphology and
chemical properties.”"”” This technique was subsequently used to
visualize the optical response of single molecules.”® These results
suggest the importance of target molecule selection, which points
to the future need for a method that would allow the optical force of
any molecule to be analyzed.

In our previous study, we developed an optical-force anal-
ysis method based on time-dependent density functional theory
(TDDFT) for simple spherical systems.”” In this study, we extend our
method to nonspherical molecules and develop a method with which
to analyze the optical torque, in addition to the optical force. Our
first-principles-based approach directly incorporates the electronic
states of molecules into the force analysis and enables a detailed
analysis of the forces experienced by any molecule and its light
characteristics. Time-domain analysis is performed to clarify the
relationship among the excited states of molecule, induced polar-
ization, and optical force and torque. For future reference, we will
discuss an outlook of the optical forces in near-field excitation from
the perspective of the wave function. Our method is expected to sig-
nificantly contribute to progress in the manipulation of molecules
with the use of light.

Il. THEORY

In this study, we employed a real-time real-space (RT-RS) dif-
ferential method to solve the time-dependent Kohn-Sham (TD-KS)
equation. The TD-KS equation is expressed as follows for the
wavefunction of the jth orbital y;(r, t):

2

0 h
iy (e - [—ﬁvz . VKs[pe](r,t)]w;(r, 0
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where m represents the electron mass and p, represents the electron
density for closed-shell systems,

N/2

pe(r,t) = 22 ly(r, ). )
£

The KS potential Vxs[p,](r,t) is a function of p, and comprises the
electron-ion interaction potential Vion(r), time-dependent Hartree
potential, the exchange-correlation potential Vi[p,](r,t), and
external field potential Ve (r, ),

1 /Pe(r,> t)
Vislpel (1) = Vin(£) + - / dr

e -l
+ Vie[pel(x,t) + Vexi(x, t). (3)

A norm-conserving pseudopotential was employed for the
electron-ion interaction potential of each atom.

Using the obtained electron density, optical force was cal-
culated using the Lorentz force between the induced polarization
charges and near field,

F(t) = /drF(r, t), 4)

F(r.t) = ~[pe(r.t) - pe(r, 0)JE(r, 1). (5)

The torque was obtained as follows:

N(t) = / dr[r x B(r, 1)), ©6)

Finally, the time average of these values gives the effective optical
force and torque for a pulsed near field of duration T,

(F) = %/OTth(t), %
N=1 [ " aN(), ®)

lll. MODEL AND COMPUTATIONAL DETAIL

We study cyclopropane (C3Hs) excited by near field. The near
field is modeled by generating in the vicinity of a scanning tunneling
microscopy (STM) tip. The model system and near-field distribu-
tions are shown in Fig. 1. The near field around the tip was modeled
using a point dipole field expressed by the following equation:

Enf(r) _ [311(: ) P)37 P] (9)
TIENT

where n is the normalized coordinate vector and p is the dipole
moment. The near field under the tip has radial distributions.’® The
interaction Hamiltonian between the near field and the molecule
in the minimal coupling form is given by the corresponding scalar
potential,*

_ (r-R)-p
4reo|r — R

#(r;R) (10)
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FIG. 1. (a) Computational model of C3Hs under the STM tip. The red arrows repre-
sent the light source dipole, (b) electric field intensity along the y axis, (c) electric

field lines (white arrows) and electric field intensity map on the yz plane, and (d)
the electric field intensity along the z axis.

Compared to the near field around the tip, which was simulated
using the finite element method, the electric field distribution is
qualitatively consistent.”” While quantitative differences in intensi-
ties, particularly in the lateral vs vertical intensity ratio, can occur, we
expect similar results even when using a coupled Maxwell-TDDFT
approach to obtain the near field between the tip and surface. The
near field beneath the tip would still exhibit a radial distribution on
the surface. Direct inclusion of the tip into the first-principles calcu-
lations by using a single atom or a cluster model is also a promising
improvement.*!

The distance between the molecular center and the point dipole
of 0.1 Debye is 10 A. An STM tip-enhanced Raman spectroscopy
(STM-TERS) study showed that the intrinsic vibrational modes of
the target molecule were unaffected when the distance between the
tip and the molecule was 5.8 A.*2 Therefore, chemical interactions
such as charge transfer and other perturbations can be very weak
or even ruled out in the present model. The electric field lines and
intensities are shown in Figs. 1(b)-1(d). The electric field mainly
existed along the z axis of the molecule, and the intensity of the field
has a steep gradient along this axis.

The geometry of C3Hg was optimized using TURBOMOLE" *
at the Perdew—Burke-Ernzerhof (PBE)"*" /aug-cc-pVDZ"*" level,
followed by the excited states calculation for basic understanding
of the molecule. All the remaining DFT and TDDFT calculations
were performed using the real-time and real-space TDDFT program
SALMON.” The PBE density functional and a norm-conserving
Troullier-Martins type of pseudopotential’’ that were generated
with thi98PP software’ were used. The calculation space was a cube
with a side length of 20 A centered on the molecule and a mesh width
of 0.25 A. Real-time propagation was performed for up to 20 fs with
a time step of 0.001 25 fs.

The absorption spectrum was obtained using a § pulse
method,” where the ground state wavefunction perturbed by /%"
(|6k| = 0.01 a.u.) was used as the initial wavefunction for real-
time propagation with the molecular Hamiltonian (i.e., without any
external fields).

For real-time propagation in the near field, the external
potential is expressed by the following equation:

Vet (R, ) = ¢(1;R) f (1 w). (11)
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We assumed that the electric field oscillates at a frequency of w. The
time profile f(t) of the electric field is given by

7'[. t—3to). (12)

f(t;w) =sin (wt)cosz(f
2 to
A pulse duration of 20 fs (to = 10 fs) was used for the calculations.
The time average of the optical force and torque was deter-
mined by using a time step of 0.03125 fs to limit the storage
requirements by reducing the number of required files; for the
integration, electron densities were stored as a cube file. The inte-
gration using Eq. (4) was, therefore, carried out every 25 steps of the
real-time propagation.
A short-time Fourier transform (STFT) was used to analyze the
dynamics,

3 ’ I\ —iwt’ 5.7
o) = [ Wl = (e d. (13)

where T is the width of the window function and the energy
resolution was set to 0.01 eV. The window function is expressed as

w(t) = 1-3(t/T)* +2(¢/T)’. (14)

The STFT was performed by repeatedly shifting the center at con-
stant intervals of At. The parameters for the induced dipole moment
were set as follows: T =1 fs, At=0.1 fs, and 1 <t <19 fs. The
parameters for the optical force were set as follows: T = 3.125 fs,
At =0.03125 fs, and 3.125 < t < 16.906 25 fs.

IV. RESULTS AND DISCUSSION
A. Static properties

Figure 2 shows the structural and electronic properties of C3He
obtained by TURBOMOLE. After geometry optimization, the C-C
and C-H bond lengths are 1.52 and 1.10 A, respectively. The fron-
tier orbitals and their corresponding energies are shown in Fig. 2(b).
The electronic transitions up to the seventh singlet excited state are
also indicated there. HOMO and LUMO are d orbital-like, while
LUMO+1 and LUMO+2 are p orbital-like. The absorption spectrum
shown in Fig. 2(c) indicates that S;-S¢ are very weak or even for-
bidden, as the d-d and d (in-plane) to p (out-of-plane) transitions
are forbidden in an atom. Ss to Sg are in-plane d-p-like transi-
tions. While all these excited states consist of doubly degenerate
HOMOs and LUMO+2s transitions, Sy and Sg have strong oscilla-
tor strengths, but S5 and Se are forbidden. This is in accordance with
Nakai’s pseudo-degenerate transition rule, which states that “(i) The
highest transition among transitions between degenerate orbitals is
dipole-allowed; (ii) The excitation energy of the highest transition is
larger than those of the other transitions.””"”

In this study, we focus on the lowest-lying excited states, includ-
ing at least one strong optically allowed excited state. Within the
energy range studied, we observe a strong peak attributed to Sy and
Sg and a small peak attributed to S; and S,. Although the exact
excited state energies from TURBOMOLE and SALMON do not
match precisely, the spectral shapes exhibit good agreement. There-
fore, we believe that a qualitative picture of the excited states is
shared by both methods/software. Moreover, by shifting the energy
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FIG. 2. Structural and electronic properties of C3Hs obtained by TURBOMOLE. (a)
Top and side views of the optimized structure and its interatomic distances. (b) The
frontier orbitals and their corresponding energies. (c) The absorption spectrum.
The black lines indicate the position of electronic excitations. (d) The transition
densities for these excited states.

scale by ~0.5 eV, the two absorption spectra align well. This energy
discrepancy likely arises from the Rydberg nature of cyclopropane’s
unoccupied orbitals, as shown in Fig. 2(b). In TURBOMOLE, we
employ the aug-cc-pVTZ basis set, which is among the largest
available atomic orbital basis sets. In SALMON, we utilize a real-
space box of substantial size that can stabilize these Rydberg states,
resulting in lower excited state energies.

Figure 2(d) shows the transition densities™ for these excited
states. As we discussed previously, the transition density corre-
sponds to the electron density differences obtained in the RT-
TDDFT.”” While the transition densities shown in the left column
(S1, S3, S5, and S7) show symmetric distribution with respect to the
molecular axis, those in the right (S, S4, S, Sg) show anti-symmetric
distributions. As shown in Fig. 1(c), the near field is symmetric with
respect to the molecular axis if the tip is on the molecular axis. There-
fore, the excited states with anti-symmetric transition densities will
not be excited.

B. Optical force

Figure 3(a) shows the z component of the optical force induced
by the near field and the oscillator strength, that is, the absorption
spectrum for the far field. It should be noted that the optical force is
induced by the near field, whereas the oscillator strength is obtained
from the dipole moment induced by far-field excitation. The inci-
dent energy of the near-field light was varied from 5 to 8 eV in
increments of 0.1 eV. In addition, three specific resonance energies
at 6.32, 6.76, and 7.55 eV were also investigated.

The optical force was induced in the positive z-direction, where
the intensity of the near field was strong. This confirmed that the gra-
dient force was induced by the intensity gradient. The optical force
is not induced in the x and y directions because of the symmetry
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FIG. 3. Time-averaged optical force in the z-direction (red curve) and (a) oscillator
strength for z-polarized far-field light (black curve) and (b) absorption cross section
for near-field light (black curve) as a function of the incident energy.

of the near field, in which the intensity gradient on the molecule is
canceled out, as shown in Fig. 1(b).

The optical force and absorption spectra exhibit similar spec-
tral shapes. The position of the peak in the absorption spectrum
represents the inherent excitation energy of the molecule. Reso-
nant excitation occurs when the incident energy corresponds with
the inherent excitation energy. Figure 3(a) shows the tendency
of the optical force to increase under the resonance conditions.
This tendency has been demonstrated in both experimental®® and
theoretical” ' studies. The optical force is enhanced because the
molecule is strongly polarized by the resonance. However, closer
inspection reveals that discrepancies exist between the optical force
and oscillator strength. The optical force reached a maximum at
6.60 eV, which was shifted to a slightly lower energy than the res-
onance condition, and the optical force weakened at the resonance
condition of 6.76 eV. Furthermore, the optical force is significantly
weakened and is minimized at 7.00 eV, which is between the two
adjacent resonance conditions of 6.76 and 7.55 eV. These discrep-
ancies were discovered by conducting a detailed analysis of the
electronic states. As the optical force is expressed by Eq. (5), these
decreases in the optical force observed near the resonance con-
dition suggest the existence of a strong relationship between the
polarization of the molecule and the external field.

Figure 3(b) shows the z-component of the optical force and
absorption cross section, both of which are from the near field. The
“absorption cross section” is obtained by integrating the Fourier
transform of the dipole moment induced by the near-field light
in the energy range from 0 to 10 eV. In this energy range, only
one peak was observed, irrespective of the frequency of the applied
near field. The integration was performed with an energy step of
0.1 eV. The absorption cross section represents the amount of light
energy absorbed to induce a dipole moment on the molecule. Over-
all, the spectral shapes of (F.) and the absorption cross section for
near-field light are in very good correspondence. While the optical
force exhibits a small peak at 6.2 eV and the oscillator strength also
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displays a small peak at 6.3 eV, the absorption cross section lacks a
corresponding peak. This discrepancy in the near-field cross section
might be attributed to the low energy resolution of the spectrum.
While optical force spectra are derived from the time average, the
near-field absorption cross section is computed by integrating the
induced dipole moment over a specific energy range. This integra-
tion process can broaden the main peak, causing it to overlap with
the small peak. As the absorption cross section was well correlated
with the optical force, we analyzed the time profile of the induced
dipole moments and optical forces in detail. In the following, the
optical force in the z-direction under off-resonance (5.00 eV),
on-resonance (6.76 eV), and minimum (7.00 eV) conditions are
analyzed in depth.

Figures 4(a) and 4(b) show the time profiles of the z-
components of the optical force F; and the induced dipole moment
d, respectively, whereas Fig. 4(c) shows the Fourier transform of
the induced dipole moment under the off-resonance condition.
The insets show snapshots of the difference in electron density
[p,(r,t) = p,(r,0)] when the optical force reaches its maximum
and minimum values, where red and blue represent the positive
and negative charges, respectively. In Fig. 4(b), the induced dipole
moment is shown in red, whereas the black line shows the time
profile of the external field. The amplitude of the external field
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FIG. 4. (a) Optical force with snapshots of the differences in the electron density,
(b) induced dipole moment (red) and applied pulse (black) in time-domain, and
(c) the power spectrum of the induced dipole moment under the off-resonance
condition at 5.00 eV. (d) The schematic for the mechanisms of the optical force.
Maps of (e) d; and (f) F; in a plane closest to the molecular plane (i.e., 0.24 A
above the molecular plane) at 10.63 fs when the optical force reaches a maximum
under the off-resonance condition. For the electron density difference in the inset
of panel (a), the red and blue colors show positive and negative charges.
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was adjusted to make it easier to observe the difference in phase
between the polarization and external field. Figure 4(d) shows the
relationship between the electric field, induced charges, and opti-
cal force. Figures 4(e) and 4(f) show the maps d.(xo,y,z) and
F.(x0,y,z) at 10.63 fs when the optical force reaches a maximum,
respectively, in a plane closest to the molecular plane (xo = 0.24 A,
see axes for Fig. 1).

Under off-resonance conditions, the optical force is always pos-
itive, as shown in Fig. 4(a), and directs the molecule toward the tip.
In addition, as shown in Fig. 4(b), the phases of the polarization
and the near field are always aligned. The relative phase between
the polarization and the electric field is crucial because it deter-
mines the direction of the optical force. As shown in Fig. 4(d), E; > 0
causes d; > 0, in which the molecule is simplified as a dipole with
positive and negative induced charges in its upper and lower parts,
respectively. The near field is stronger for the upper part due to the
intensity gradient, resulting in a larger F, in the upper part compared
to the lower part. Consequently, a positive net optical force toward
the tip arises under off-resonance conditions. The dipole and optical
force fields exhibit a strong correlation, as shown in Figs. 4(e) and
4(f).

Under on-resonance conditions, a negative force was observed
in the later part of the near-field excitation, as shown in Fig. 5(a). The
induced dipole moment increased constantly and did not decrease
even after the near field was turned off, as shown in Fig. 5(b). The
strong polarization continued to prevail even when the external field
weakened. This is a characteristic of forced oscillation.””*” When on
resonance, the amplitude of the induced oscillation increases linearly
with time. This behavior is also observed using real-time TDDFT
and discussed.®* Under resonance conditions, the inherent charac-
teristics of the electronic excited states in resonance become more
pronounced, whose spatial distributions do not necessarily align
with those of the applied near field. When the optical force reaches
its maximum at 11.09 fs, d, and F, exhibit patterns similar to those
observed under the off-resonance condition, as shown in Figs. 5(f)
and 5(g), while the intensity distribution no longer simply follows
that of the near-field pattern. This is clearer when the optical force
reaches its minimum at 13.72 fs. Comparing Fig. 5(d) with those
of Fig. 2(d), the electron density difference for min at 13.72 fs can
be attributed to the S; excited state. The charge distribution for the
maximum and minimum time is simplified to Fig. 5(e), where the
upper part is divided into positive and negative, while the lower part
remains unchanged as the detail of the upper part is more impor-
tant due to the stronger field intensity. As shown in Figs. 5(d) and
5(f), the charge distribution and the dipole field in the upper part
is opposite for the maximum and minimum time, resulting in the
larger positive and negative forces exerted on the upper part of the
molecule, as shown in Figs. 5(¢) and 5(g).

Finally, we discuss the force minimum condition at 7.0 eV
shown in Fig. 3. When the optical force is minimized, the direction
of the optical force is reversed from positive to negative, as shown
in Fig. 6(a). This reversal occurred at 13 fs and coincided with a
node in the beat pattern of the induced polarization, as shown in
Fig. 6(b). Figure 6(c) shows magnified views of the regions 0-5 and
11-16 fs. In the former of these two time windows, the phases of
the external field and the induced dipole moment corresponded.
However, beyond the node at 13 fs, the external field and polar-
ization became anti-parallel, resulting in a negative optical force, as
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FIG. 5. Time profile of (a) optical force and (b) induced dipole moment (red) and
applied pulse (black), and (c) the power spectrum of the induced dipole moment
under an on-resonance condition at 6.76 eV. (d) Electron density difference where
the red and blue colors show positive and negative charges, respectively, (e) the
schematic for the mechanisms of the optical force, and maps of (f) d, and (g) F,
in a plane closest to the molecular plane (i.e., 0.24 A above the molecular plane)
at 11.09 fs when the optical force reaches a maximum in the left and at 13.72 fs
when the optical force reaches a minimum in the right.

shown in Fig. 6(d). This negative force contributed to the minimum
observed time-averaged optical force. When the optical force reaches
its maximum at 9.28 fs, the electron density difference and the maps
of d; and F, resemble those shown in Figs. 4 and 5. In contrast, when
the optical force reaches its minimum at 15.19 fs, where the induced
dipole moment and electric field is anti-parallel, these appear dif-
ferent, as shown in Figs. 6(a), 6(g), and 6(h). In the latter part of the
dynamics, the induced polarization charge distribution opposed that
of the electric field due to the beat, thereby extending the negative
net optical force for longer duration compared to other conditions.
Consequently, the time average of the optical force decreases.

Let us analyze the beat. As shown in Fig. 6(i), the power spec-
trum consists of a broad peak with a shoulder, indicated by the
arrow. The peak position is shifted from the incident energy of
7.00 to 6.90 eV, with the appearance of the shoulder at 7.12 eV. The
superposition of these two waves results in a beat. The shift in the
peak position was attributed to the resonance state at 6.76 eV. To
confirm this hypothesis, a longer TDDFT calculation was performed
for up to 100 fs using the same pulse duration of 20 fs. The result-
ing time profile and Fourier transform are shown in Figs. 6(j) and
6(k), respectively. The Fourier transform now exhibits a sharp peak
at 6.79 eV, very close to the resonance energy of 6.76 eV, along with a
smaller peak at 7.1 eV, which is also considered to originate from the
resonant state at 7.55 eV. Even after the pulse was discontinued, the
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density differences shown in the inset of panel (a). (i) Power spectrum of d. (j)
Time-profile of the induced dipole moment for longer time-propagation and (k) the
corresponding power spectrum.

induced dipole moment continued to oscillate at a frequency cor-
responding to the resonant state (6.76 eV). This behavior occurs
because a short pulse encompasses a broader range of frequen-
cies than the applied field frequency (7.0 eV), thereby exciting the
resonance state closest to the energy.

We have summarized the electron dynamics induced by the
near field. Under off-resonance conditions, the electrons are forced
to oscillate by the electric field, and the induced dipole moment
vanishes upon the electric field’s termination. To interpret, light
absorption does not occur. Under resonant conditions, the induced
dipole moment persists after the pulse ends, a behavior attributable
to light absorption by the molecule. Under minimum conditions,
multiple excited states are excited, leading to beating in electron
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oscillations. Consequently, the duration of the envelope function for
the induced dipole moment differs from that of the applied field.
The resonance effects and multiple excitations can cause negative
force in the time profile, decreasing the net optical force. While the
energy spectrum of optical force generally resembles that of induced
polarization, there are deviations owing to multiple reasons arising
from the quantum mechanical nature of the molecular electronic
structure.

To visualize the energy dependence of the induced dipole
moment and optical force, STFT analysis were applied to both quan-
tities using Eq. (13) and plotted against time, as shown in Fig. 7. The
frequency of the optical force is twice the frequency of the induced
dipole moment because the force is proportional to the product of
the induced polarization and electric field, both of which exhibit
harmonic time dependence. This energy dependence numerically
confirmed the adequacy of the present calculations. Although the
induced dipole moment and optical force are not directly correlated,
they exhibit similar behavior. The optical force exhibits a narrower
energy distribution than the induced dipole moment, as the force
also depends on the electric field.

The dependence of the optical force on the intensity of the
near field was also investigated. The relationship between the time-
averaged near-field intensity at the center of mass of the molecule
and optical force is shown in Fig. 8. By varying the source dipole
moment from 0.001 D to 100 D, the near-field intensity at the cen-
ter of mass of the molecule was varied from 10* to 10'* W/cm?. The
period and duration of the pulsed electric field were fixed at 20 fs,
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FIG. 8. Log-log plot of time-averaged near-field intensity at the center of mass of
the molecule and optical force in the z direction.

and the incident energy was fixed at 5 eV (off-resonance condition).
In the near-field intensity range from 10° to 10'> W/cm?, the mag-
nitude of the optical force was proportional to this intensity. For
light of which the intensity exceeded 10" W/cm?, the calculation
became impossible because of ionization. Even in the presence of
an intense light field, the optical force depended linearly on the field
strength. However, in such an intense light field, if applied, fragmen-
tation might occur, particularly when (multiple) ionization takes
place. Even higher field intensities can cause multiple ionizations,
ultimately resulting in Coulomb explosion.®

As shown in Fig. 9(a), at an intensity of 107 W/cm?, the first-
order peak intensity is 10° times larger than the second-order or
higher peaks. The contribution of the linear response was large,
whereas the influence of the nonlinear response was considered neg-
ligible. However, at 10'! W/cm?, higher-order responses were clearly
observed, indicating the stronger influence of the nonlinear response
than at 107 W/cm?®. Nevertheless, the linear relationship shown in
Fig. 8 suggests that the nonlinear response never exceeds the linear
response. The time-averaged optical force in the z direction and the
oscillator strength of the z-polarized light for near-field intensities of
10" and 10" W/cm? at the center of mass of the molecule are shown
in Fig. 9(b). The qualitative relationship between the incident energy
and optical force is generally unchanged by the linear and nonlinear
responses. Quantitatively, upon exposure to high-intensity light, the
peak of the optical force near the resonance condition of 7.55 eV
undergoes slight redshift. The deviation may come from the fact
that the polarization becomes more complex due to the nonlinear
response.

C. Optical torque

The amount of torque that is generated by breaking the sym-
metry of the molecule near the field was investigated by analyzing
the optical force and torque by changing the relative orientation of
the molecule near the field. Schematic diagrams of the three different
excitation models are shown in Figs. 10(a)-10(c); the time-averaged
optical force for each of these models is shown in Figs. 10(d)-10(f);
and the time-averaged torque is shown in Figs. 10(g)-10(i).

Because the point group of C3Hg is D3, Model a, in which the
light source is aligned with the C, symmetry axis, represents the
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nent of force and torque, respectively. The torque is defined as positive for
counterclockwise rotation around the axis.

orientation with the highest symmetry of the combined system con-
sisting of the molecule and the near field. In Model b, the light source
was shifted by 3 A in the y direction relative to Model a, and in Model
¢, the molecule in Model b was rotated around the z axis by 90°. As
shown in Fig. 10(g), no torque was generated in Model a. However,
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FIG. 11. Mechanism of optical torque generation in Model b. (a) Induced optical
forces on each carbon atom (red arrows). (b) Components perpendicular to the
position vectors of the optical forces (blue arrows) and rotation trajectory of carbon
atoms around the center of mass of the molecule (white circle). The background
color map represents the electric field intensity, and the gray curves represent the
electric field lines.

in Models b and ¢, in which the light source was not on the sym-
metry axis, an optical force was induced in the y and z directions,
as shown in Figs. 10(e) and 10(f). The general shapes of the spec-
tra were similar for both models. However, as shown in Figs. 10(h)
and 10(i), the torque spectrum differs depending on the orientation.
In both cases, the rotation axis is the x axis, but in Model (b), the
rotation direction is clockwise and constant, whereas in Model (c),
the torque changes from counterclockwise to clockwise at a reso-
nance energy of 6.76 eV. This difference in the direction of rotation
is attributable to the difference in the intensity distribution of the
optical force caused by the orientation of the molecule. These results
demonstrate the potential for controlling the molecular rotation by
manipulating the molecular orientation and incident energy.

The amount of torque is determined by the relative orienta-
tion of the molecule with respect to the electric field. To investigate
this mechanism, we used Model b and extracted the optical forces
induced around the carbon atoms (C1, C2, and C3 shown in Fig. 11)
for simplification. Figure 11(a) shows the sum of the optical forces
induced around the carbon atom, indicated by the red arrows. The
length of each arrow corresponds to the magnitude of the optical
force. The color map represents the intensity of the electric field,
and the gray lines represent the electric field. The direction and rel-
ative magnitude of the optical force can be determined by the fact
that the optical force is induced in the direction of increasing electric
field intensity and that the intensity gradient is larger in the region
where the electric field lines are dense. The magnitudes of the optical
forces are C1, C3, and C2 in decreasing order. In Fig. 11(b), the com-
ponents perpendicular to the position vectors of the optical forces
are extracted and indicated by the blue arrows. Considering that
the molecule rotates around its center of mass, a force that drives
clockwise rotation is induced in C1 and C2, and a force that drives
counterclockwise rotation is induced in C3. Because the force driv-
ing the clockwise rotation is stronger, an optical force moment that
rotates clockwise around the x axis is generated.

D. Future perspective

In this study, we investigated the optical forces and torques
experienced by a molecule with fixed coordinates. The next step
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would be to move the coordinates. As shown here, if we were to
neglect the coupling between rotation and vibrations, the transla-
tional and rotational motions are driven only by the near field. Let
us write the Hamiltonian H as

H= Hmol + Hint, (15)

where Hy,o and Hine represent the molecular Hamiltonian and the
light-molecule interaction Hamiltonian, respectively. Because the
molecular Hamiltonian neither depends on the position g nor the
angle 6 of the molecule, we have

8Hmcvl _ 8Hmol
dg 08

=0. (16)

Conversely, the near field is spatially nonuniform; therefore, Hint
depends on g and 0 as follows:

OF  OEiy

P 1
g~ g #0, (17)
OE _ OFEint

20" 00 +0. (18)

Actual computation may require a certain extent of approximation
to reduce the computational cost. One promising approach would
be to propagate a stroboscopic molecular motion in which the time-
averaged forces are used for a short time, during which the atomic
positions are approximately unchanged.®

To consider molecular vibrations, we would need to determine
the forces acting on each atom. In this case, it would be more effec-
tive to use a molecular dynamics approach that includes all the
translational, rotational, and vibrational motions. These forces origi-
nate from light and electrons whose spatial distributions are changed
by light. The forces acting on the ith ion at R; with charge Z; are
expressed as follows: the force from light,

F, - Z? f dtE(R, 1), (19)

the force from electrons,

) 7. Ri—r
F.,= — f dr———p.(r), 20
en 47'[8() |R1 _ l'|3 PE( ) ( )
and inter-ion repulsion,
i 1 Z,7;
Fpy = — (R - R)). 21
nn ; 47‘[80 ‘Ri _ les ( 1 J) ( )

These forces may be computed at certain time steps to average faster
electron dynamics from the calculation. Alternatively, they can be
computed by including the electron dynamics using TDDFT, such
as the Ehrenfest approach®®® or the more cost-efficient Ehrenfest
density functional tight-binding approach.”””’

A simple dipole field was adopted in this study as a near
field; however, the use of multipolar formalism would allow the
generalization of the near field to an arbitrary spatial distribu-
tion.”! The multipolar Hamiltonian would enable the use of a near
field that is obtained by solving Maxwell’s equations.”” Further

ARTICLE pubs.aip.org/aipl/jcp

improvements would require magnetic interactions to be consid-
ered for spin-polarized molecular manipulations.”””” In addition,
a self-consistent treatment of light-matter interactions would be
required to consider the interplay between molecules and light
sources,””’*”” as well as a strong interaction between light and
molecules for polaritonic hybridizations.”” Solving the coupled
Maxwell-TDDFT equations is a straightforward approach, yet com-
putationally demanding.”"* Macroscopic quantum electrodynam-
ics theory may solve these issues; however, the combination thereof
with molecular dynamics remains a significant theoretical and

computational challenge.””

V. CONCLUSIONS

We studied the optical force and torque induced by the near-
field excitation of C3He under an STM tip using RT-TDDFT. In
principle, the optical forces point toward the tip with a stronger field
intensity. However, the resonance condition and simultaneous exci-
tation of multiple excited states as a result of the short pulse can
weaken the force. This can introduce a discrepancy between the far-
field absorption spectrum and optical force and the torque spectra.
The present study, performed from a quantum chemical perspective,
deepens our understanding of the optical force in smaller materi-
als, such as molecules, whose physicochemical properties depend
strongly on their electronic structures. Although the present study
only investigated the force and torque for a fixed molecular struc-
ture, in future studies, we aim to explicitly take into account the
dynamics of the atoms to clarify and enable the active optical
manipulation of the molecular properties, including the position,
orientation, and excited states.
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