Chapter 1

Near-Field Excitation Dynamics in Molecules:
Nonuniform Light-Matter Interaction Theory
Beyond a Dipole Approximation

Katsuyuki Nobusada

Abstract We have presented near-field excitation dynamics in molecules beyond
diffraction limit of the incident visible laser field. A generalized theoretical descrip-
tion of a light-matter interaction taking account of nonuniformity of the light due to
its intensity gradient has been developed on the basis of the multipolar Hamiltonian.
The computations are demonstrated in high-harmonic generation spectra of a linear
chain molecule of dicyanodiacetylene, NC¢N and also in optical forces induced by a
near-field for a 1 nm-sized metal particle mimicked by a jellium model and for Cgy.

1.1 Introduction

Optical response of molecules is undoubtedly essential for understanding their
physicochemical properties. For example, UV-vis light is used to study electronic
states of molecules, far-infrared light for molecular vibrations, microwave for
molecular rotations and so forth. In these optical responses, wavelengths of the
lights are usually considered to be much longer than molecular sizes. Thus, a tar-
get molecule is well approximated by a point dipole and the dipole feels an almost
uniform electromagnetic field. This condition underlies the conventional dipole ap-
proximation. Furthermore, light is an external field to excite molecules and its wave-
length is definitely determined by an apparatus condition. Since spatial resolution
of spectroscopy is limited by the wavelength of the incident light, it is impossible to
gain molecular properties in a local region shorter than the wavelength, i.e., diffrac-
tion limit. The conventional optical response mentioned above is referred here to as
a far-field and matter interaction.

However, recent development of nanofabrication and nano-optical techniques re-
quires a more general optical response theory for the following reasons. (We note
that the light is considered here to be a classical wave determined by the Maxwell
equations, although it should be treated in a narrow sense by resorting to the quan-
tum electrodynamics theory.) When noninteracting or weakly-interacting nanopar-
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Fig. 1.1 Schematic diagram
of a near-field and a far-field
from distant molecules 1 and
2 in the presence of an
incident laser field
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ticles are irradiated by an incident laser pulse, electric dipoles are induced in the
nanoparticles. The induced dipoles generate local electric fields, in addition to far-
fields, around the nanoparticles and then the adjacent particles can interact with each
other through the local fields. This local field is often referred to as a near-field in
contrast to a far-field. Figure 1.1 shows a schematic diagram of a near-field and a far-
field from molecules irradiated by the incident laser field. The near-field interaction
is significantly different from the far-field interaction [1-7]. If the near-field irradi-
ates adjacent particles, the new near-field is subsequently generated around the par-
ticles. The new near-field recursively irradiates other particles and these sequential
light-matter interactions between the particles persist self-consistently. As a result
of the self-consistent interaction, an enhanced electric field, which is closely related
to surface enhanced Raman scattering (SERS) [8—10], appears around the particles.
A schematic diagram of SERS of a metallic-nanoparticle and molecule system is
depicted in Fig. 1.2. Such locally enhanced electric fields have been observed ex-
perimentally [11] and intensively simulated in an effort to understand mechanisms
of SERS by solving the Maxwell equations [12, 13]. SERS has currently attracted
much attention in a wide range of research fields, and there is interest in both achiev-
ing a fundamental understanding of SERS itself and also in applications to engi-
neering, biology, medical science, and pharmacology [14—16]. For example, a large
enhancement in Raman intensity is expected to realize single-molecule detection
[17, 18]. SERS effects are also thought to be applicable for developing ultrasensitive
chemical sensors or imaging tools, especially for biomolecules [19, 20]. Second, as
shown in Fig. 1.1 the near-field is a non-propagating wave rapidly decaying from the
surface of a radiating-source particle, that is, the spatial variation of the near-field is
of the same order of magnitude as the particle size. Thus, the near-field interaction
occurs in a narrow region comparable with the size of the particle. In other words,
the near-field and matter interaction, in sharp contrast to the far-field interaction,
is a nonuniform one and the spatial structure of the near-field plays a crucial role.
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Fig. 1.2 SERS is
schematically illustrated. The
center particle and the right
and left circles represent a
metallic nanoparticle and a
near-field interaction,
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This means that the near-field overcomes the diffraction limit and gives in princi-
ple information about molecular properties associated with local structures even of
1-nm-sized nanoparticles or molecules. Conversely, those great advantages of the
near-field interaction, that is, the self-consistency and the nonuniformity, require to
describe light-matter interactions in a more general way.

Basic frameworks of optical response taking account of the full nonuniform and
self-consistent light-matter interactions have so far been developed [21-23]. Al-
though the studies were made in various molecular or nanostructure systems at
different levels of theory, the authors drew essentially the same conclusion that
those full light-matter interactions have a great influence on optical properties of
the systems. Very recently, to confirm the importance of the full light-matter in-
teractions in optical response, explicit computational demonstrations have been car-
ried out in more specific nanosystems such as nanocrystals, semiconductor quantum
dots, nanoparticles, and molecular compounds [12, 13, 24-28]. Every study clearly
showed significant effects of the full light-matter interactions beyond the dipole ap-
proximation. An electric field enhancement due to the self-consistent light-matter
interaction is a key ingredient in understanding a mechanism of SERS and its com-
putations have been intensively demonstrated as mentioned above [12, 13]. Mul-
tipole effects concerning the nonuniform light-matter interaction were discussed
in nanoparticles [25, 27], and molecular compounds [24]. Furthermore, the self-
consistent and nonuniform light-matter interactions were verified in detail to play
a crucial role in optical response to localized light fields generated between nanos-
tructures [27, 28]. These explicit demonstrations have usually been done for model
systems, simplifying the electronic structures of target nanostructures, for example,
the nanostructures were assumed to be dielectric particles or their optical suscepti-
bilities were given in advance. This is partly because it is computationally highly
demanding to fully quantum-mechanically solve electron dynamics of the target
nanosystems coupled with the electromagnetic field dynamics, in particular almost
impossible for real nanostructures in a 1 nm size or more. Nevertheless, in molec-
ular science, it is essential to calculate optical properties associated with details of
electronic structures, such as geometric structures, bond characters, charge distribu-
tion, and electron correlation of target nanostructures. To describe optical response
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of 1-nm-sized molecules, we split the full-light matter interaction into the issues of
self-consistency and nonuniformity. We first consider the nonuniform light-matter
interaction as an initial step and leave the self-consistent interaction (i.e., solving
the Maxwell-Schrodinger coupled equation) for the next. Here, a first-principles ap-
proach to treat a nonuniform light-matter interaction in real molecular systems is
developed. We place special emphasis on obtaining full quantum-mechanical so-
lutions of electron dynamics under the near-field (i.e., local field) to elucidate the
nonuniform light-mater interaction at the level of molecular theory.

The conventional optical response theory is usually formulated starting from the
minimal coupling Hamiltonian, and the formulation often relies on the dipole ap-
proximation. In contrast, we develop a more general theory without the dipole ap-
proximation, on the basis of the multipolar Hamiltonian derived from the minimal
coupling Hamiltonian by a canonical transformation [22, 29-31]. The light-matter
interaction in the multipolar Hamiltonian is described in terms of the space integral
of an inner product of polarization and an electric field, whereas the minimal cou-
pling Hamiltonian uses momentum and vector potential. The last two variables are
rather inconvenient for practical calculations. Noteworthy is the fact that in the mul-
tipolar Hamiltonian approach the polarization in the integral can be treated entirely
without any approximations. This means that infinite orders of multipole moments
are taken into account. Therefore, the present approach is a generalization of the
conventional optical response theory with the dipole approximation.

To investigate optical properties of real molecules, explicit time-evolution of
electron dynamics should be solved. To this end, we have incorporated our op-
tical response theory with the nonuniform light-matter interaction into our devel-
oped electron-dynamics simulation approach in real space [32—35] based on time-
dependent density functional theory (TDDFT). The integrated TDDFT approach has
been applied to and computationally solved for a test molecular system of dicyan-
odiacetylene (NCgN) as an example, to elucidate the electron dynamics of 1-nm-
sized molecules induced by the nonuniform near-field. Specifically, high-harmonic-
generation (HHG) spectra induced by the near-field excitation are compared with
those excited under the uniform light-matter interaction. The near-field excitation
dynamics is also computationally demonstrated in optical forces exerted in a 1 nm-
sized metal particle mimicked by a jellium model and in Cgp.

1.2 Theory

1.2.1 Multipolar Hamiltonian

Electron dynamics in a molecule interacting with electromagnetic field is generally
described by the time-dependent Schrodinger equation based on minimal coupling
Hamiltonian consisting of vector potential A and scholar potential ¢. Instead of
using the minimal coupling Hamiltonian, however, we start our theoretical formula-
tion from the multipolar Hamiltonian to include full spatial variation of an electric
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field for the nonuniform light-matter interaction. The multipolar Hamiltonian can be
derived from the minimal coupling Hamiltonian through a canonical transformation
[29, 30]. It should be noted that in this study the electric field is considered to be
a classical value and any magnetic interactions are neglected. The inter-molecular
distances are assumed to be large enough so that their electronic wavefunctions do
not overlap. The multipolar Hamiltonian of non-overlapping molecules interacting
with an electric field is then obtained as [31]

A

H=F1m01+Vimer—/dri’<r>~Ei<r,r>, (L.1)

where I:Imol is the Hamiltonian of the molecules and \A/imer is the static intermolec-
ular Coulomb interaction. P(r) =, P;(r) is the total polarization operator of the

system with Pi(r) being the polarization operator of the molecule i. E*(r, r) is the
transverse part of the electric field written in the form of

E*(r.t)=Ej (r.0)+ Y _Ef(r.1). (1.2)
j

where E éser (r,t) is an incident laser field and E ]*(r, t) is the electric field radiated
from the j-th molecule obtained by solving the Maxwell equations using P j-(r’, t—

|r — r’|/c) as a source with ¢ being the speed of light. The static intermolecular
Coulomb interaction is given by

5 1 | |
e = 3 [arbl)- P, (1.3)

i<j
where i’IH (r) is the longitudinal part of i’i (r). Then, Eq. (1.1) is rewritten as

N N 1 ~ N N
A = Aol + QZ/drPll-l(r)-Pljl»(r) —Z/drp,-(r).EL(r,t). (1.4)

i<j

The explicit form of P i(r) is [29-31]

1
Pir)=Y eud, —Ri)f dr8(r — Ri — M@, — R)). (1.5)
0

o

where ¢, and g, are the charge and the position operator of the a-th electron in
the molecule i, respectively, and R; is the center of mass of the molecule. The
integration in Eq. (1.5) with respect to A is introduced to express the polarization in
such a compact form, instead of using multipoles explicitly.

We address here the relation between our optical response formula and the con-
ventional approach based on a multipole expansion method. Eq. (1.5) can be ex-
panded in a Taylor series leading to the dipole, quadrupole, octapole, and higher-
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order multipole terms. The present formulation is thus a generalization of the con-
ventional optical response theory with the dipole approximation. Applying the Tay-
lor expansion to Eq. (1.5) and integrating the resulting equation with respect to A,
we obtain

fdri’(r) . El-(r,t) = (Ze“@“ — R)i) . Ef‘(R,t)
1 A A
- (E ZEa(qa —R)i(q, — R)j)V,’Ej‘(RJ)

1
- (5 2 cal@q— Ry~ R)j @y — R)k)

X ViV;EL(R,1) -

= ME; + QyViEf + OijaViV,Ep -+ | (1.6)

where [i;, Q ij»and O; ik represent the dipole, quadrupole, and octapole moments of
amolecule, respectively, and the indexes denote their (x, y, z) tensorial components.
These moments are defined at the molecular center R. V; is the gradient operator
along the i-th direction and acts on the electric field. We here use a contraction of
x;yi = »_; Xiyi. The dipole moment couples with the field itself, the quadrupole
with the first derivative of the field, and the octapole with the second derivative of
the field, and so forth. If an electric field varies slowly over a whole spatial region,
the optical response can be reasonably described by only the first term of this ex-
pansion (i.e., the dipole approximation). The higher multipole effect is taken into
account by including the higher terms of Eq. (1.6). However, the near-field interac-
tion requires an infinite number of terms in the expansion because of its nonuniform
spatial structure. Therefore, we use Eq. (1.5) as is, without performing the Taylor
expansion of the polarization.

1.2.2 A Molecule Interacting with a Nonuniform Near-Field

In the previous section, we have formulated a general theory of the light-matter
interaction. To demonstrate the electron dynamics in molecules interacting with a
near-field, we first introduce a theoretical model consisting of two molecules irra-
diated by a laser light. The multipolar Hamiltonian Eq. (1.4) is rewritten for such a
model system by

I:1m01+$[dri’kr)-i’g(r)—/dr(i’l(r)—i-i’z(r))-El(r,t). (1.7)

As mentioned in the beginning of this article, the near-field is a non-propagating
local field around nanostructures, generated in the presence of laser irradiation.
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Fig. 1.3 Nonuniform
light-matter interaction model
derived from the near-field
excitation process shown in
Fig. 1.1. The molecule 2 is
considered to be a radiation
source approximated by an
oscillating dipole. The
near-fields, i.e., nonuniform
electric fields, radiated from
the oscillating dipole are
shown in the thin curves with
arrows
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Although the near-field should be given by solving the Maxwell equations (or by
resorting to quantum electrodynamics theory in a narrow sense), it is reasonably ap-
proximated by the short-range term of an oscillating dipole radiation [6, 36]. Then,
the theoretical model given by Eq. (1.7) can be further simplified as follows. We
discuss here optical response of the molecule 1 interacting only with the near-field
radiated from the molecule 2, in which the molecule 2 is considered to be an oscillat-
ing dipole as shown in Fig. 1.3. This approximation means that the material Hamil-
tonian of the molecule 1 is solved quantum mechanically, whereas the molecule 2
is assumed to be a classical dielectric merely as a radiation source. Furthermore, we
neglect the near-field induced around the molecule 1, which might affect the dielec-
tric molecule 2 (i.e., the self-consistent effect) when the molecule 1 is electronically
excited in its resonance state [27]. Since we focus on roles of the nonuniform electric
field in electronic excitation of a molecule, the near-field frequency is chosen so that
the resonance excitation does not occur principally. In addition, if the molecule 1 is
smaller than the molecule 2, its induced polarization is also relatively smaller than
that of the molecule 2. Thus, it is reasonable for the moment to neglect the induced
near-field around the molecule 1. In other words, our light-matter interaction model
is expected to be useful for studies about spatially-resolved local spectroscopy tak-
ing advantage of the nonuniform light-matter interaction in real molecules, because
radiations from target molecules are usually weak compared to those of probe tips.
For these reasons, the self-consistent effect is left for the future investigation. The
incident laser field Eﬁser in the third term of Eq. (1.7) is required to induce the
polarization associated with the oscillating dipole in the molecule 2. From our pre-
liminary calculations, however, the incident field was found to be less important
for the light-matter interaction in the near-field region because the intensity of the
induced near-field is larger than that of the incident field. As a result, the electron
dynamics in this region is qualitatively unaffected even if the incident laser field is
neglected.
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Under these conditions, Eq. (1.7) can be reduced to the form of

A

Hyol — /dri’g(r) . Eg(r,t)
- /dr(i’l(r) + Py(r)) - (ElL(r, 1)+ E;(r, n), (1.8)

where the longitudinal part of the polarization operator IA’g is replaced with the

expectation (or c-number) value —eoEg. E represents the near-field part of E. Al-
though the far-field part of E can also be included in this derivation, we only use the
near-field part for simplicity. Equation (1.8) is rewritten in a more compact form of

ﬁmol—/dri’l(f)'Ez(r,t)
~ ~ 1 A ~1 ~1
—/dr[Pl(r)-El (r.0)+ Py(r)- (Ey (r,t) + E5 (r,0)], (1.9

where we used the relations of i’! . Eg =P, Eg and Eg + Ezl = E,. Since the

. . A =L, . S - 1 o~
self-interaction term P - E| is not important in this work and P, - (E| + E,)
does not act on the molecule 1, these terms can be omitted. Finally, the Hamiltonian
of a molecule interacting with the near-field becomes

A = B + Ain () = Fimol — fdrin(r) Earn). (1.10)

This nonuniform light-matter interaction Hamiltonian is used throughout this study.
Our computational model is rather oversimplified. However, it is computationally
demanding to fully solved coupled Schrédinger—Maxwell equations, taking account
of the properties of the self-consistency and the nonuniformity due to the light-
matter interaction at the 1 nm scale. This derivation can also be applied to three or
more particle systems, where only the dynamics of the molecule 1 interacting with
the near-fields generated by the molecules 2, 3, ... is solved quantum mechanically
in a similar way as in the two-particle system.

1.2.3 Near-Field Radiated from an Oscillating Dipole

Let us next model the near-field. The near-field is known to be a localized, non-
propagating part of the light generated from a molecule when irradiated by an inci-
dent laser field (see Fig. 1.1). We describe the near-field in this article as the near-
part of the electric field generated from an oscillating dipole, the simplest model for
a radiation. In Fig. 1.3, the electric lines of the dipole radiation are depicted as the
blue curves, the directions of which are shown by the arrows on the lines.
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The analytical expression of the dipole radiation field E 4;p(r, t) generated by the
oscillating dipole is given by [36]

kK ([Ba(n-p) —
Egip(r,1) = e <[ n(n(kr[l;l ad (1.11a)
Ba(n-p) — pl
_ l—(kr)z (1.11b)
[(n X ’L) X n] —iwt+ikr
+ 7(]“) )e (1.11¢)

where k is a wavenumber, & is the vacuum permittivity, n is the unit vector of r/r,
I is a dipole moment of the source placed at the origin, and w is a frequency of the
oscillation, where w = kc with ¢ being the velocity of light. The radiation field is
classified into three parts in terms of the radial dependencies, 73, r =2, and r—'. We
set the distance between the target molecule and the radiation source to be several
angstroms, which is comparable in size with the molecule. In this region, the dipole
radiation field is dominated by the local electric field depending on r—3 given by
Eq. (1.11a). This local field is referred to as the near-field E used in the nonuniform
light-matter interaction in Eq. (1.10). We can then neglect the magnetic interacting
terms because the magnetic field from the oscillating dipole, not shown here, has
the r~2 and r~! dependent terms.

Since we consider an optical interaction between very closely spaced particles,
it is reasonable to use the dipole radiation field as the electric near-field E» with-
out distinguishing its longitudinal and transverse components. For larger systems,
however, the longitudinal and transverse parts should be evaluated separately be-
cause there is a difference in time between them, i.e., the longitudinal interaction is
instantaneous, whereas the transverse one is retarded. The retardation effect can be
treated by solving the Maxwell equations using the time-dependent polarization as
a radiation source.

1.2.4 Light-Matter Interaction in the Kohn-Sham DFT Approach

For computational applications of the present formal theory, we will derive the light-
matter interaction Hjy; in the Kohn-Sham (KS) DFT form. In the following deriva-
tions, we take e, = —1 for simplicity. Although the KS Hamiltonian is obtained
by functional derivative of the expectation value of the total energy, it is enough to
consider here only the light-matter interaction term of Eq. (1.10). The expectation
value of I:Iim is expressed by

(Hin (D)) = / drw*(r, ) Hi ()W (r. 1)

= —/drdr’lll*(r, t)i’(r/)W(r, 1) - E(r’, 1)
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:/drdr’lll*(r,t)(r—R)
x /Oldw(r’—R—k(r—R))lII(r,t)-E(r/, 1)
:/dr[llf*(r,t)llf(r,t)](r—R)foldk
x /dr’a(r’ —R—Ar—R)E(r1)
E/dr,o(r,t)(r—R)-/()ldAE(R+k(r—R),t)
= /dr,o(r,t)(r —R) - Ecsi(r. 1)

E/drp(r,t)Veff(l‘,t) (1.12)

where ¥ is the ground state wavefunction of the molecule, and the electron density
p(r), the effective electric field Egf, and the effective potential Vg are given by

p(r,t)y=¥*(r,H¥(r,t), (1.13a)
1
Eeff(r,t)zf dAE(R+1(r — R). 1), (1.13b)
0
Vett(r, 1) = (r — R) - Eese(r, 1). (1.13¢)

The A-integration of E includes all the contributions of the spatial variation of the
electric field. As is clearly seen from Eq. (1.12), the nonuniform light-matter inter-
action is straightforwardly calculated in the conventional KS-DFT approach if the
effective potential V¢ is added to the external potential term in the KS equation.

1.3 Computational Application

1.3.1 Time-Dependent Kohn-Sham Approach in Real Space

In this section, the KS-DFT computational approach is explained to demonstrate the
electron dynamics of nanoclusters interacting with a near-field. The time-dependent
Kohn-Sham (TD-KS) approach in real space and time to electron dynamics has so
far been explained elsewhere [32, 37-39]. We review the approach with particu-
lar emphasis on extending it to the optical response to a nonuniform electric field.
A time-dependent N -electron interacting system is solved through a set of electronic
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wave functions ¥ (r, ¢) satisfying the following TD-KS equation

9 K2
ih@%(r, 1) = [—%Vz + Vkslel(r, t)i|¢j(l', 1), (1.14)

where m is the electron mass and p is the electron density given by

N/2

pr.) =23 |0l (1.15)

Jj=1

The factor of 2 indicates that each KS orbital is fully occupied (i.e., a closed shell
system). The KS potential Vks[p](r, ¢) is a functional of p, and it consists of four
terms of an ion-electron interaction potential Vi, (r), a time-dependent Hartree po-
tential, an exchange-correlation (XC) potential Vi.[p](r, ), and an external poten-
tial Vegr as follows:

1 /|
Vis p1(r, 1) = Vign(r) + —— [ 2820

dl‘/ + ch[P](L t) + Veff(r, t)- (116)
dreyg J |r—1|

The ion-electron interaction potential Vio,(r) is constructed from norm-conserving
pseudopotentials of each atomic component of the system considered. Following
the Troullier and Martins procedure [40], the pseudopotentials are numerically gen-
erated so that the pseudowavefunctions can imitate the all-electron atomic wave
functions. The potentials depend on the angular momentum components. In this ar-
ticle, we use the Kleinman-Bylander separable form to represent the nonlocal (i.e.,
angular momentum depending) potential terms [41].

To represent the XC potential, we use the following adiabatic local density ap-
proximation (ALDA)

Vielpl(r, 1) & VEPAp](r, 1) = VEPA 001 (1) | s r)=pr.0) (1.17)

where VEPA[po](r) is the ground-state LDA XC potential given by Perdew and

Zunger [42]. In ALDA, the XC potential at r and ¢ is approximated by that of the
ground-state uniform electron gas having the density p(r, t). Although the ALDA
XC potential does not take account of the nonlocality in both r and ¢ and more
accurate exchange-correlation functionals have been developed lately, the ALDA
has practically provided results for single-electron excitation processes sufficiently
below the lowest ionization threshold of systems [43—45]. Furthermore, it is rea-
sonable to use such a simple functional at this early stage of development prior to
performing highly accurate calculations towards material science.

In the present theoretical model of the nonuniform light-matter interaction, the
external potential Vegr is given by Egs. (1.13b) and (1.13c). As mentioned above,
E in Eq. (1.13b) is approximated as the oscillating dipole radiation Eqs. (1.11a)—
(1.11c), the main contribution of which is given by the r—3 dependent term of
Eq. (1.11a). We set the center of mass of the molecule to be the origin. The temporal
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shape of the near-field is taken as a pulse. Finally, the effective potential Eq. (1.13c)
is rewritten by

Vetr(r, t) = —r - Eo(r) sin(wt) sinz(n?t> O<t<T), (1.18)

where o is the frequency of the oscillating dipole, and 7 determines the pulse du-
ration. The pulse profile is approximated by sinz(”Tt) in which a few cycles of the
electric fields are included. The field intensity is related to the field strength by
I = l8()CE 2,

2

1.4 High-Harmonic-Generation Spectra Induced
by the Near-Field Excitation

1.4.1 Molecular System and Computations

A linear chain molecule is one of the better choices to demonstrate the nonuniform
light-matter interaction, in particular for such an electric field proportional to 3.
We choose a dicyanodiacetylene (NCgN) molecule [46] shown in Fig. 1.4(a) as an
example of a real molecule. The geometric structure has been optimized by using the
TURBOMOLE V5.10 [47, 48] package of quantum chemistry programs, employing
the LDA exchange functional developed by Perdew and Wang [49] with the basis
set of def-SV(P) [50] from the TURBOMOLE basis set library, which corresponds
to the basis set of 6-31G*. The simplest functional LDA was chosen for consistency
with the functional used in the TD-KS equation. The vibrational analysis showed
no imaginary frequency. The interatomic distances of the molecule are N1-C; =
1.176 A, Cr-C3 = 1.354 A, C3-C4 = 1.239 A, and C4—Cs = 1.340 A.!

The TDKS equation (1.14) for NCg¢N is solved numerically by a grid-based
method [32, 51] in a three-dimensional Cartesian-coordinate rectangular box, the
lengths of which are 30 A along the molecular (x-) axis and 20 A along the y- and
z-axes, utilizing uniform grids with a mesh spacing of 0.3 A. The Laplacian opera-
tor is evaluated by a nine-point difference formula [52]. The time-propagation of the
KS orbitals is carried out with a fourth-order Taylor expansion by using a constant
time step of 0.002 fs. The inner shell structures of the carbon and nitrogen atoms
are approximated by effective core pseudopotentials, and then the remaining four
electrons (2522 p?) for C and five electrons (2522 p?) for N are explicitly treated. In
other words, we have carried out 34-electron dynamics calculations for NCgN.

The effective potential for the dipole radiation on each grid is computed com-
bining Eqgs. (1.11a)—(1.11c¢), (1.13b), and (1.13c), where the main contribution in
Egs. (1.11a)—(1.11c¢) is its near-field part (1.11a). A point dipole u is placed at

IThese bond lengths remain almost unchanged (i.e., at most 0.0024 A for C3—Cy) even if the
geometry optimization was performed by using the B3LYP functional [58, 59].
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Fig. 1.4 (a) Geometrical (a)
structure of NCgN and the 3.56 A
position of the radiation 1 2 =€ £ = =€

source. (b) The intensities of
the effective electric fields on
the molecular axis calculated
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x =8.0 A (i.e., the value of 3.56 A is the distance between the rightmost nitrogen
atom N(8) and the dipole as shown in Fig. 1.4(a)) so that the nonuniform electronic
excitation due to the near-field is clearly demonstrated. The dipole is assumed to be
y-polarized, thatis u = (0.0, i, 0.0) Debye (D), where u is the absolute value of the
dipole moment. The dipole fields generated from u =4.0 D and 5.0 D are used in
this study. The integral of Eq. (1.13b) is calculated numerically with a constant step
of A =0.0423 A. The contribution of the dipole radiation field at its origin to the
integration is evaluated by 47 /3 [31]. Egjp is also replaced with 4 p/3 if | E gip|
is larger than |47 u/3|. This is done for a few points very close to the dipole, i.e.,
Ir] ~ 0.2 A. The intensity of the effective electric field varies largely as indicated
in Fig. 1.4(b). The effective field intensity at the right end of the NC¢N molecule is
two orders of magnitude larger than that at the left end (i.e., 10!" and 10° W/cm? at
the right and the left ends, respectively). Thus, the molecule is nonuniformly excited
by the oscillating dipole field. All the electric fields used in this study have the field
frequency w of 1 eV (the off-resonance condition). The pulse duration (7 = 30 fs)
is short enough to avoid considering the nuclear dynamics.

1.4.2 Near-Field Excitation Dynamics

Let us first demonstrate the electron density motions in the uniform and the nonuni-
form electric fields. Figure 1.5 shows four snapshots of differences of the electron
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Fig. 1.5 Snapshots of
difference of the electron
density at r = 6, 12, 18, 24,
and 30 fs from the initial

(t = 0 fs) static electron
density. The uniform fields
((a), (b)) and the nonuniform
(oscillating dipole) fields with
their dipole moments being
(¢)4Dand (d) 5D are
applied to the molecule. Four
schematic illustrations at the
top of each snapshot display
the ways of electronic
excitation

densities at t = 6, 12, 18, 24, and 30 fs from the initial (+ = 0) electron density. Each
snapshot indicates an increase and a decrease in the electron density, respectively.
Each column of the snapshots illustrates the different time evolution of the electron
density depending on the ways of electronic excitation. Four schematic illustrations
at the top of the figure display how the light-matter interaction works. The uniform
oscillating-electric-field with its intensity of 10'> W/cm? is applied to the molecule
along the (a) x- or (b) y-axis, whereas the nonuniform fields radiated from the os-
cillating dipoles (the black bold arrows) with their dipole moments being (c) 4 D
and (d) 5 D are applied to the molecule.

The electron densities in Figs. 1.5(a) and (b) oscillate uniformly and regu-
larly along the applied field directions, keeping the molecular symmetry. How-
ever, as shown in Figs. 1.5(c) and (d), the nonuniform electric field apparently
induces the symmetry-breaking time-evolution of the electron density. Such inho-
mogeneous electron dynamics clearly reflects the spatial distribution of the dipole
field. Since the oscillating dipole is y-polarized, the generated electric field on
the x-axis is also y-polarized, but its intensity sharply falls as r increases (i.e.,
or~3), where r is the distance from the oscillating dipole. Furthermore, only the
x-component of the dipole field E, is antisymmetric with respect to the x-axis (i.e.,
Ex(x,y,z2) = —Ex(x,—y,z)), whereas E, and E; are symmetric. For these rea-
sons, the time-evolved densities in Figs. 1.5(c) and (d) regularly oscillate to some
extent along the y-axis, whereas those are distorted along the x-axis. The electron
density distributions at 12 and 18 fs, for example, represent the antisymmetric mo-
tion along the x-axis. Specifically, the upper and lower half parts of the densities
with respect to the x-axis move toward the opposite directions. These irregular mo-
tions are really due to the electronic excitation by the symmetry-breaking, nonuni-
form electric field. The electron density distribution at 30 fs in Fig. 1.5(d) looks
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Fig. 1.6 Induced dipole moments along the x- and y-axes, d; (i = x, y). The dipole moments,
respectively, correspond to the time-evolutions of the density in Figs. 1.5(a)—(d). Insets in (a) and
(b) are schemes of the applied field direction

rather different from the others. The electron-density-differences in Figs. 1.5(a)—(c)
almost disappear at the end of the pulse of the external electric fields because the
applied laser frequency considered is not in tune with any resonance frequencies. In
contrast, the electron density distribution in Fig. 1.5(d), under the condition of the
stronger nonuniform electric field, still persists even after the end of the pulsed near-
field. This is attributed to the nonuniform excitation by the localized near-field. In
this study, the near-field frequency is not tune with any dipole resonance frequencies
of NCgN. Thus, the time-evolution of the electron density should not persist after
the end of the near-field radiation (see, Fig. 1.5(c)). However, higher harmonics are
more easily generated by the nonuniform excitation with increasing the strength of
the dipole radiation field. NCgN has a dipole resonance frequency at 5.75 eV, which
is close to the sixth harmonics (=6 eV). As the result of this, the resonance exci-
tation accidentally occurs in the case of Fig. 1.5(d). Such a resonance excitation
allows the electrons to move persistently after the end of the pulse. It should be
noted that this resonance effect is due to a high-order nonlinear effect and thus is
still minor in the present nonuniform light-matter interaction model, i.e., it hardly
affects the radiation from the molecule 2.

Figures 1.6(a)—(d) show the induced dipole moments along the x- and y-axes,
d; (i = x,y), corresponding to the time evolutions of the electron densities in
Figs. 1.5(a)—(d), respectively. The red and the dashed black curves represent d,
and dy. The insets in Figs. 1.6(a) and (b) schematically draw the applied field di-
rections. Similar overall time-profiles have been observed in d, (Fig. 1.6(a)) and
dy (Fig. 1.6(b)) induced by the uniform field and in d\ induced by the nonuniform
field. In sharp contrast, nonuniformly induced d,s do not follow the time-profile of
the applied field. To see this more clearly, we pick up d, in Fig. 1.6(d) and plot it
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in Fig. 1.7. In the early times until about 20 fs, d, takes negative values owing to
the sharp gradient in the field intensity. The oscillation frequency becomes much
faster than that of the applied field after ~20 fs. Such an irregular oscillation of d
is a consequence of the antisymmetric E, of the dipole field that acts strongly in
the right part of NCgN. Thus, the irregular time-evolutions of the density along the
x-axis in Figs. 1.5(c) and (d) were induced by the nonuniform, antisymmetric dipole
radiation field. We have further confirmed that such an irregular motion cannot be
induced even if we use either an electric field having a similar sharp gradient in the
field intensity or an antisymmetric electric field.

We next calculate the emission spectra for each electron dynamics to analyze
the uniform and nonuniform electronic excitations in an energy domain. Since the
emission spectrum is associated with the dipole acceleration [53, 54], we here
take the second derivative of the induced dipole moments and then perform a
Fourier transform. Figure 1.8 shows the power spectra of the dipole acceleration
ldi (w)]? (i = x, y) in the unit of A? fs~2 as a function of energy. We refer to
the power spectra of the dipole acceleration as harmonic-generation (HG) spec-
tra. The HG spectra in Figs. 1.8(a)—(d) correspond to the induced dipole moments
in Figs. 1.6(a)—(d), respectively. The red and the dashed black curves represent
|dx (a))l2 and |d (a))|2 Comparing Figs. 1.8(a) and (b), the harmonics along the x-
axis (dy) seem relatively easier to generate than that along the y-axis (dy) A com-
paratively large peak appears at around 6 eV in Fig. 1.8(a). As discussed in the
time-evolution of the electron density in Fig. 1.5, this large peak is due to the fact
that the sixth harmonics is accidentally close to a dipole resonance peak (=5.75 eV)
of NCgN. Despite the inversion symmetry of NCgN, the nonuniform electric field,
in contrast to the uniform one, causes the even harmonics in addition to the odd har-
monics as shown in Figs. 1.8(c) and (d). Interestingly, the even and odd harmonics
are respectively due to the induced dipole moments along the x- and y-axes. The
even harmonics, therefore, have proved to be generated by the nonuniform electric
field breaking the symmetry along the x-axis. Furthermore, in comparison with the
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Fig. 1.8 HG power spectra of the dipole acceleration. The ways of electronic excitation corre-
spond to those in Figs. 1.5(a)—(d) and also in Figs. 1.6(a)—(d), respectively

HG spectra by the uniform electric field, relatively higher harmonics are clearly seen
in the HG spectra by the nonuniform electric field. In addition, their peak intensities
do not decay linearly against the order of the harmonics.

Before ending this section, we demonstrate that the nonuniform electronic exci-
tation also induces the quadrupole moment, which is never induced by the uniform
electric field, as one of the phenomena beyond the dipole approximation. Such non-
dipole excitation was observed in an experiment [55], although both nanostructure
systems are different from the present one. The xy component of the quadrupole
moment (Qyy) for the time-evolution of Fig. 1.5(d) and its HG power spectrum are
shown in Figs. 1.9(a) and (b), respectively. The quadrupole moments both in the
time and the energy domains provide the structural patterns quite similar to those of
the dipole ones. To verify that Qy, is non-negligible in the nonuniform excitation,
we consider the charge distribution that causes dipole and quadrupole moments.
The calculated value of the quadrupole moment in the unit of A? is about an order
of magnitude larger than that of the dipole moment in the unit of A. The dipole
moment of two charges ¢ and —g with the inter charge distance a is ga A, whereas
the quadrupole moment of two positive ¢” and two negative —¢q’ charges disposed at
the corners of a square with its side being a is ¢’ a® A%, Then, [Qxyl ~ 10|dy]| (see
Figs. 1.6(d) and 1.9(a)) and a is ~10 A for NCgN. Thus, we have q ~ q' because
g'a* ~10 x ga — q'a ~ 10 x g — ¢’ ~ g. This indicates that the dipole-like and
quadrupole-like charge distributions have been induced in almost the same amount
as a consequence of the nonuniform light-matter interaction.
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Fig. 1.9 (a) xy-component of the induced quadrupole moment as a result of the nonuniform ex-
citation with o =5 D and (b) its power spectrum

1.4.3 Even and Odd Harmonics

Let us next carry out a perturbation analysis of the HG power spectra generated
through the nonuniform light-matter interaction. As shown in Figs. 1.8(c) and (d),
the even harmonics appear despite the inversion symmetry of NCgN. The even and
odd harmonics are due to the induced dipole moments d, and dy, respectively. This
even and odd alteration is easily understood in terms of the symmetries of the molec-
ular wave functions and the external field.

According to the time-dependent perturbation theory [56, 57], n-th dipole mo-
ment dé’l) (n=1,2,... and @ = x, y, z) in powers of the perturbation V¢ can be
evaluated by the following matrix elements,

(Oleld) (i Vee| j) (/| Vefelk) - - - (1] Ver|0) (1.19)

n brackets

where |0) and |i) are the ground and the excited eigen states of the nonperturbative
Hamiltonian of the molecule, respectively. As typical examples, d,Ez), d}(,z), df), and
d)(?) are considered. Table 1.1 summarizes the evaluation of the matrix elements of

d;z) and dﬁz). The symmetries of the eigen states and the applied field are labeled as
“e” for the even symmetry and “o” for the odd one. Since NCgN has mirror sym-
metries in every direction, the eigen state {|i)} is either even or odd with respect to
Xx-, y-, or z-axis, namely, ¥ (x, y,z) = £y (—x,y,2), ¥ (x,y,2) = £¢(x, -y, 2),
or ¥(x,y,z) =¥ (x,y, —z). The effective potential Vg given by Eq. (1.13c¢) is
neither an even nor an odd function of x, an odd function of y, and an even func-
tion of z, i.e., Vegr(x,y,2) # Vegr(—x, ¥,2), Vegr(x,y,2) = —Vegr(x, —y, 2), and
Vere(x, ¥, 2) = Vegr(x, y, —z). Thus, the brackets can be estimated by decompos-
ing them into the integrations with respect to the x-, y-, and z-coordinates. [ do
(0 = x,y,z) in Table 1.1 denotes each component of the integrations. The sym-
metries of the ground state |0), the operators (x and y), and the potential Vg are
specified in bold characters. The symmetries of |i) and |j) are then specified so that
the matrix elements have nonzero values. As a result, dﬁ” becomes nonzero, but
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Table 1.1 Matrix elements of the second-order dipole moments along the x- and y-axes in the
power of Vefr. e and o denote even and odd symmetries, respectively. The symmetries of the ground
state and Vg are indicated by bold characters

a? (Olx1i) (i [Vetel ) {j| Vetrl0)
fdx (elo|o) (o|eoleo) (eoleole) #0
Jdy (elle) (elolo) (olole) #0
J dz (elle) (elele) (elele) #0
dy (Olyli) (i Vettl ) (j Vet |0)
[dx (e||e) (e|eo|eo) (eoleole) #0
Jdy (elolo) (olole) (elole) =0
[ dz (elle) (elele) (elele) #0

Table 1.2 Same as Table 1.1 but for the third-order dipole moments. As in the case of Table 1.1,
[ dxdz is always nonzero, and thus only [ dy is summarized here

dyy (01x17) (i Vel j) (j| Verrlk) (k| Vet [0)

Jdy (elle) (elolo) (olole) (elole) =0
a’ Olyli) (i Vetrl ) (1 Vettlk) (K| Vetrl0)

Jdy (elolo) (olole) (elole) (olole) £0

df) must be zero because the integral of (j|Vegr|0) with respect to the y-coordinate
vanishes. The same analysis can be applied to df) (see, Table 1.2). Then, d,({g) must

be zero but d§3) becomes nonzero. The above analysis clearly explains the even-odd
alteration appears in the HG power spectra obtained by the nonuniform excitation.

1.4.4 Control of Harmonic Generation by Interference

Finally, it is demonstrated that the harmonics induced by the near-field can be con-
trolled. Figure 1.10 shows the HG power spectra obtained when both ends of the
NCgN molecule are excited by the near-fields radiated from two oscillating dipoles
with different phases by /2. The inset illustrates the schematic diagram of the
near-field excitation by two radiation sources. It is clearly seen from the figure that
harmonics selectively appear every 4w, starting from the second harmonics (2wip).
The forth and eighth harmonics (4wi, and 8wi,) completely disappear as a result of
the interference between the two near-fields having different phases. We expect that
this idea of the near-field excitation with different phases can control intensities and
orders of HG spectra.
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Fig. 1.10 Power spectra of 1
the dipole acceleration along
the x- and y-axes. Two
oscillating dipole fields with
different phases disposed at
both ends of the molecule are 104
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1.4.5 Concluding Remarks

We have presented a generalized theoretical description of optical response in an
effort to understand a nonuniform light-matter interaction between a near-field and
a 1-nm-sized molecule. The light-matter interaction based on the multipolar Hamil-
tonian, instead of the minimal coupling Hamiltonian, was described in terms of a
space integral of the inner product of the total polarization of a molecule and an
external electric field. Noteworthy is the fact that the polarization in the integral can
be treated entirely without invoking any approximation such as a dipole approxima-
tion. Therefore, the present light-matter interaction theory allows us to understand
the inhomogeneous electron dynamics associated with local electronic structures of
a molecule at the 1 nm scale, although the wavelength of an incident laser pulse is
much longer than the size of the molecule. For a computational application, we have
studied the near-field-induced electron dynamics of NCgN by using the TD-KS ap-
proach in real space incorporated with the present nonuniform interaction theory.
The electron dynamics induced by the nonuniform light-matter interaction is com-
pletely different from that by the conventional uniform interaction under the dipole
approximation. Specifically, in the nonuniform electronic excitation high harmonics
were generated more easily and much more interestingly the even harmonics were
also generated in addition to the odd ones despite the inversion symmetry of NCgN.
Perturbation theory clearly explained that the even harmonics were generated ow-
ing to the symmetry-breaking (nonuniform) electric field along the x-axis radiated
from the oscillating dipole. It has also been found that the nonuniform fields with
different phases control HG though their interference effect.
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1.5 Near-Field Induced Optical Force in a Metal Nanoparticle
and C60

1.5.1 Brief Review of Optical Force

Optical trapping of micronsized particles by lasers was reported in the pioneering
work by Ashkin [60] and its idea was eventually realized as an innovative tool of a
single-beam gradient force optical trap for dielectric particles, called “optical tweez-
ers” [61]. In a series of papers since this seminal work, Ashkin and coworkers have
succeeded in optically trapping and manipulating various types of objects [62]. The
optical tweezers using force exerted by a highly focused laser-beam can trap and
manipulate objects, now in practice, ranging in force up to 100-200 pN with sub-
pN resolution and in size from tens of nanometers to tens of micrometers. Such
laser-based optical traps have been used in a wide-range of applications [63, 64] to
atoms and small molecules [62], colloidal particles [65, 66], and biological objects
[67-69]. In particular, biological applications have been extensively made to study
mechanical or functional properties of cells, intercellular materials, and filaments,
and also to study biological motors. A large number of references of those biological
applications were compiled in the resource letters [70].

Although a complete description of the laser-based optical traps needs a fully
quantum-mechanical treatment, the optical force exerted on trapped objects can be
derived from the Maxwell stress tensor into two limiting cases where the size of
the object is much larger (i.e., infinitely extended systems) and much smaller (i.e.,
small particle systems) than the wavelength of an incident laser field [6]. In the lim-
iting case of the extended systems, the net force is associated with so called optical
pressure. In the other limiting case of the small particle systems, the net force con-
sidered to be a gradient force. Since in this article we study nanoparticle and light
interaction, the gradient force exerted by optical field is only discussed. The gradi-
ent force is expected to be exerted more efficiently by using a near-field in optical
traps because the near-field is a very short-ranged electromagnetic field with strong
intensity gradient. Such a short-ranged field has the advantage of improving resolu-
tion beyond the diffraction limit. In addition, the near-field enhancement, which is a
consequence of self-consistent light-matter interaction, enables to trap objects with
weaker intensity of an incident laser beam. Novotny and coworkers proposed a the-
oretical scheme for using optical forces by the near-field close to a laser-illuminated
metal tip [71]. They demonstrated that strong mechanical force and torque were
exerted on dielectric particles in aqueous environments at the nanometer scale.

In recent years, laser-based optical phenomena in nanostructures including op-
tical traps mentioned above have been intensively studied in a rapidly growing re-
search area, referred to as “nano-optics” or “nanophotonics”. The fundamental fea-
tures of those optical phenomena are understood in the more general context of
light-matter interaction in optical response theory. A semiclassical approach has so
far been employed to understand these phenomena because a fully quantum me-
chanical treatment, i.e., quantum electrodynamics theory, is almost impossible in
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practice to perform for real nanostructure systems. In the semiclassical approach,
an optical field is determined by the Maxwell equation and a material is described
quantum mechanically, and the resulting Maxwell and Schrédinger coupled equa-
tion should be solved self-consistently [21-23]. However, it is still computationally
highly demanding to carry out the coupled equation in real systems [72, 73]. Instead
of treating the coupled equation rigorously, many authors employed numerically
feasible approaches in which, particularly, the target objects were phenomenolog-
ically approximated by model materials such as dielectrics to avoid fully solving
electronic structure calculations [71, 74-78].

Detailed electronic structures of molecules play an essential role in molecular
science because they determine all the properties of materials such as geometry,
bonding character, stability, functionality, reactivity, and so forth. In general, ab-
sorption spectra of molecules become discrete with many sharp peaks as the system
decreases in size. Each peak is apparently associated with detailed electronic struc-
tures consisting of discrete energy levels of molecules. This is due to the fact that the
light-matter interaction in such molecular systems can change drastically depend-
ing on the electronic structures. One simple and clear example is resonance effect
in absorption spectra. As easily inferred from this characteristic, the optical force
also strongly depends on details of the electronic structures of nanometer-sized ob-
jects. This means that we can optically trap and manipulate an object more precisely
by changing the incident laser frequency or the position of the exerted force on an
object. For these reasons, it is very important to analyze the optical force on nanos-
tructures, explicitly taking account of the electronic structures of objects.

As described in the previous section, we recently reported the first-principles
electron dynamics simulation approach to solving optical response fully taking ac-
count of nonuniform light and matter interaction [79]. This approach has following
advantages.

(1) Electronic structure and electron dynamics calculations are carried out at the
level of density functional theory (DFT) and time-dependent (TD) DFT, re-
spectively.

(i1) Full nonuniform-light and matter interactions (i.e., full-multipole effects) are
included.

(iii) Electron dynamics simulation in real space and real time makes it much easier
to analyze and visualize optical response of a target molecule.

We here employ this approach to understand the mechanisms of the optical force ex-
erted on nanostructures interacting with a near-field. Special emphasis is placed on
elucidating the effect of the detailed molecular-electronic-structures on the optical
force.

1.5.2 Optical Force Exerted on a Particle

Optical response to the near-field has been described in the previous section. Here,
we present the method of calculations of optical force exerted on a particle. The
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optical force exerted on the center of mass of a nanoparticle in the time-domain can
be written in the form of

F@)=— /[p(r, 1) —p(r,0)]E(r, t)dr. (1.20)

It should be noted that p(r, t) — p(r, 0) is the net or true induced charge distribution
and numerically includes the full contributions of the charges screening the external
electric field within the molecule, i.e., an internal electric field effect. To obtain the
net force, the time-average of this quantity over the pulse duration T is taken,

1 T
(F)= —/ F(t)dt. (1.21)
T Jo

If a target material has a complex structure unlike a sphere used in this paper, it
might be useful to define local optical forces acting on each local structure of a
material.

We do not consider the damping effect due to an electron-nuclear coupling or
thermal relaxation on the electron dynamics. Thus, the response of the molecule
could be artificially strong in the present model. Ideally, it is necessary to treat the
electron dynamics in the presence of such relaxation, although it is practically al-
most impossible in real nanostructure systems. In an effort to accurately describe
optical force exerted on molecules at the level of molecular theory, we here carry
out the first-principles calculations of electron dynamics as a first step and leave the
relaxation effect for future investigation.

1.5.3 Model System and Computations

We consider that a nanoparticle interacts with the near-field radiated from an x-
polarized oscillating dipole at 10 A above the molecule center, (x, y,z) = (0,0,0),
as shown in Fig. 1.11(a). The spatial distribution of the near-field is given by [36]

[Br(n-p) — pl oik-(r—Raip)

E(r — Ri,) =
= Rain) = Coolr — Rap))?

(1.22)

where Ryjp is the coordinate of the oscillating dipole, k is the wavenumber, gy is
the vacuum permittivity, n is the unit vector of (r — Rgip)/|r — Raip| and p is
the dipole moment of the radiation source. We set Rg;p = (0.0, 10.0, 0.0) A and
r = (0.01, 0.0, 0.0) Debye. As shown in Fig. 1.11(b), the intensities of the near-field
are 7.4 x 10%, 1.2 x 10*, and 1.0 x 10°> W/ecm? at (x, y) = (0.0, 5.0), (0.0, 0.0), and
(0.0, —5.0) A, respectively. The external potential Vg is calculated by Eq. (1.13c¢)
with the effective electric field Eq. (1.13b) where the electric field E is given by
the dipole radiation, Eq. (1.22). We set the center of mass of the molecule to be the
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Fig. 1.11 (a) Schematic of a (a) Y (b)
near-field fiber tip (upper
ball) and a target particle
(lower ball). The near-field is
approximated by the radiation
from an x-polarized
oscillating dipole (solid
arrow). The thin curves with
arrows denote the electric
field lines. (b) Electric field
intensity as a function of
distance between the tip and
the particle
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origin. The temporal shape of the near-field is taken as a pulse. Finally, the effective
potential Eq. (1.13c) is rewritten by

Vegg(r,t) = —r - E¢g(r) sin(wt) sin2<%t> O<t<T), (1.23)

where w is the frequency of the oscillating dipole, and T determines the pulse dura-
tion.

We demonstrate the TDDFT simulation of the optical force in different two sys-
tems: a metal nanoparticle and Cgp. The metal nanoparticle is simplified by a jellium
model, in which the ionic background is given by

. 3 rl—a\1™!
1On(r)—m 1+4exp ” , (1.24)

N

where r; is the density parameter [80], a is the radius of the sphere and w is the
smoothed out factor for the jellium surface. The jellium parameters for the metal
nanoparticle are set to rg = 1.60, which corresponds to a silver atom (34 electrons),
a = 0.5 nm, and w = 0.538. For C¢p, on the other hand, the ionic background
Vion (r) of an atomic component C is constructed from a norm-conserving pseudopo-
tential generated numerically following the Troullier and Martins procedure [40]. In
this article, we use the Kleinman-Bylander separable form to represent the nonlocal
(i.e., angular momentum depending) potential terms [41]. The C—C distances are
set to be 1.457 A for the single bond and 1.384 A for the double bond. The inner
shell structure of the carbon atom is approximated by an effective core pseudopoten-
tial, and then the remaining four electrons (2522 p?) are explicitly treated, i.e., 240-
electron dynamics simulation in total for Cgg. To represent the exchange-correlation
potential Vi (r,t), we use the local density approximation given by Perdew and
Zunger [42] as in the previous study.

The computational approach is based on TDKS. The approach was described in
the previous section. The TDKS equation (1.14) for these particles is solved numer-
ically by a grid-based method [25, 32, 33, 35, 38, 39, 51, 52] in a three-dimensional
Cartesian-coordinate cubic box. For the metal particle, the length of the cubic box is
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26 A and the uniform grids with a mesh spacing of 0.5 A are used, while the length
and the mesh spacing are 16 A and 0.3 A, respectively, for Cgo. The Laplacian op-
erator is evaluated by a nine-point difference formula [52]. The time-propagation
of the KS orbitals is carried out with a fourth-order Taylor expansion by using a
constant time step of 0.005 fs for the metal particle and 0.002 fs for Cgg.

The effective potential for the dipole radiation on each grid is computed com-
bining Egs. (1.13b), (1.13c), and (1.22). The integral of Eq. (1.13b) is calculated
numerically with a constant spacing of AA = 0.0423 A. In the integration, E is eval-
vated as 4w u/3 if | E| is larger than |4 /3], including the position of the dipole
[31]. This is done for a few points very close to the dipole, i.e., [r — Rgip| ~ 0.2 A.
The pulse duration (7 = 20 fs) is short enough to avoid considering the nuclear
dynamics and thus the ion position is fixed during the time evolution.

Before ending this section, we make comments on the validity of the theoretical
model. We do not consider the self-consistent light matter interaction between the
target molecule and radiation source. More specifically, we employ a theoretical
model as in the case of the previous study in which the near-field is considered to
be a radiation field from an oscillating dipole source and the back reaction of the
electric field due to the target molecule on the source field is negligible. However, in
the present theoretical model the size of the target molecule is relatively small and
its induced dipole is not so strong. Thus, it can be reasonably assumed that the back
reaction does not primarily affect the external source field. We need to explicitly
take account of the back reaction when the target molecule becomes larger and its
induced dipole is comparable with the oscillating dipole of the radiation source.
The effect of the back reaction might be noticeable especially under the resonant
condition and then should be treated by solving the Maxwell-Schrodinger coupled
equation in a self-consistent manner. As mentioned in the beginning of this article,
it is still computationally highly demanding to solve such a coupled equation in real
nanostructure systems. In a model two-particle system, for instance, Govorov et al.
discussed the effect of the back reaction [27].

1.5.4 Optical Force on a Silver Nanoparticle

Figure 1.12 shows the time-dependent optical force exerted on the silver nanoparti-
cle in the y direction calculated by Eq. (1.20) at (a) w = 1.0 eV (off-resonance) and
(b) @ =2.7 eV (resonance) in the unit of aN. Figure 1.12(a) clearly shows that the
optical force is biased so that F), takes the positive value during the excitation. This
means that the near-field induces an attractive force on the nanoparticle. On the other
hand, under the resonance condition in Fig. 1.12(b) F), takes both positive and neg-
ative values even though the force is also biased to the positive value. Focusing on
the maximum values of Fy in these excitations, the resonantly induced optical force
is slightly larger than the off-resonantly induced one. The time-averaged forces cal-
culated by using Eq. (1.21) for each excitation are (a) 16.8 aN and (b) 16.9 aN. (As
a reference, the gravitation acted on the nanoparticle is of the order of 10~1> aN.)
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Fig. 1.12 Time dependence of optical force on a silver particle exerted by the near-field at
(a) w = 1.0 eV (off-resonance) and (b) 2.7 eV (resonance). Insets are the snapshots of the in-
duced electron densities where the red and the blue show increase and decrease in the electron
density, respectively, compared to those of the ground state

This implies that the resonant condition does not necessarily significantly enhance
the optical force.

The underlying mechanism of the near-field induced optical force on the
nanoparticle can be schematically explained. As shown in Fig. 1.11, in the near-
field region the electric field lines curve across the nanoparticle and the field inten-
sity decreases with distance from the radiation source. When such a near-filed is
applied to the nanoparticle, polarization charges (+Q) are induced in accordance
with the curved electric-field-lines and the electron density distribution is biased,
see the schematic of the induced charges in Fig. 1.13. In addition, the screening
charges (F¢q) are generated as counterparts of the polarization charges (£ Q). The
terms of the polarization and screening charges were introduced to qualitatively
explain the generation mechanism of the optical force. The computed results nu-
merically take account of full contributions of these charges by solving the TDDFT
calculations. Thus, the polarization and screening charges are not calculated sepa-
rately and we cannot clearly distinguish one from the other. Then, the local effective
force is exerted on the polarization and screening charges, depending on both their
distributions and their signs of the charge. Similar optical response is commonly
found in conventional photoinduced phenomena, irrespective of whether a uniform
or nonuniform electric field is applied to a nanoparticle. However, oscillating uni-
form electric fields, which have frequently been used in the studies of optical re-
sponse under the dipole approximation, exert no net force on a time average because
the uniform (or symmetric) polarization and screening charges are induced. On the
other hand, since the near-filed is highly localized around a radiation source and
the intensity of the filed decreases rapidly with distance from the radiation source,
net force is induced depending on intensity gradient of the near-filed and on a bal-
ance between the amounts of the polarization and screening charges. In the present
system, the force acting on the polarization charges (bold arrows in Fig. 1.13) is
generally larger than on the screening charges (thin arrows). As a result, the near-
field induced optical force is biased so that the attractive force (F, > 0) is exerted
between the near-field fiber tip and the nanoparticle as shown in Fig. 1.12.
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Fig. 1.13 Scheme for the optical force due to the interaction between inhomogeneously induced
charges and a near-field. The rop curve with arrows shows the electric field, the sphere shows
a nanoparticle, and Q and ¢ are the polarization and screening charges, respectively. The black
arrows indicate locally induced optical forces. The net optical force in the y direction is positive

The actual electron dynamics is more complicated. The four insets in Fig. 1.12
illustrate the snapshots of time evolution of the polarization and screening charges
on the xy plane, where the red and the blue indicate increase and decrease in
the electron density, respectively, compared to those of the initial ground state.
The charge distributions are rather complex but appear to be somewhat regular
in the sense that those nodal patterns are antisymmetric to the y-axis. Although
it is difficult to clearly distinguish between the polarization and screening charges
in the charge distribution, the snapshots of these charges are reminiscent of the
schematic in Fig. 1.13. We computationally confirmed that in the resonance exci-
tation (Fig. 1.12(b)) the polarization charges are induced in an inner region and
the corresponding screening charges are localized around the nanoparticle surface.
This is mainly because in the off-resonance excitation the electrons are forced to
oscillate near the radiation source, whereas in the resonance excitation the specific
electrons which are strongly associated with the details of the electronic structures
primarily oscillate resonantly. Thus, in the resonance excitation the optical force
partly becomes negative because the net force is determined by a balance between
the amounts of the polarization and screening charges.

We next discuss the energy dependence of the optical force. Figure 1.14 shows
the time-averaged force (red solid curve) and the absorption spectrum (black bro-
ken curve). The force spectrum was obtained by plotting the averaged optical force,
varying the frequency by 0.1 eV from 0.8 to 3.6 eV. The absorption spectrum was
obtained under a dipole approximation as in a similar way of previous methods.
[32, 51]. The averaged force spectrum has peaks at 1.3 eV and 2.2 eV, which are
different from the resonance frequency. Although the polarization charges are sig-
nificantly induced when the laser frequency is in tune with the resonance frequency,
this figure proves that the resonance excitation does not necessarily maximally in-
duce the net force. This is because the screening charges partly (and sometimes
largely) cancel the polarization charges. As a result of the sensible balance between
the polarization and the screening charges, several maxima and minima appear in
the force spectrum. Conversely, this result indicates that we can manipulate atoms
and molecules in nanostructures by controlling the strength of attractive force (and
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Fig. 1.15 Time-averaged
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possibly repulsive force), changing the laser frequency. To do that, electronic struc-
ture calculations of target nanostructures must be carried out. Our electron dynamics
approach combined with nonuniform light-matter interaction theory fulfills such a
requirement.

Before discussing the results of Cgp, we show the field-intensity dependence of
the optical force. Since the present near-field is approximated by the oscillating
dipole in the form of Eq. (1.22), we calculated the intensity dependence by varying
the dipole moment of the radiating source, which is associated with the field inten-
sity. The laser frequency w is set to 1.0 eV (off-resonance). Figure 1.15 shows the
time-averaged optical force as a function of the square of the dipole moment of the
radiation source. The x and y axes are shown in a logarithm scale with base 10. We
found that the optical force is linearly proportional to the near-field intensity. The
optical force amounts to 10~!> N when the radiation source has the moment of 1D.
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1.5.5 Optical Force on Cg

We have also calculated the optical force for Cg interacting with the near-field.
Contrary to the case of the metal particle, the force on Cgp does not become negative
both for off-resonant (1 eV) and resonant (3.6 eV) conditions. This can be attributed
to the hollow structure of Cg because there are no effective screening charges. The
time-averaged forces are 1.29 aN (off-resonance condition) and 1.41 aN (resonance
condition). In this case, stronger force is induced under the resonant condition than
the off-resonant condition. The force on Cg is an order of magnitude smaller than
that on the silver particle because of less mobility of the charges and of the absence
of charges inside the sphere. We plot the time-averaged force (red solid curve) as
a function of energy in Fig. 1.16. The absorption spectrum (black broken curve) is
also drawn as a reference. The optical force has several peaks as similar to the force
spectrum of the metal particle and generally increases as a function of the energy.
The figure clearly demonstrates that the optical force is largely determined by the
detailed electronic structures of the molecule.

1.5.6 Concluding Remarks

We have calculated the near-field induced optical forces acted on a silver particle
mimicked by a jellium model and on Cgp. The grid-based real-time and real-space
time-dependent density functional theory approach combined with the nonuniform
light-matter interaction formalism, recently developed by the authors, was employed
to accurately calculate the inhomogeneous charge polarization induced by the full
multipole interaction with the near-field. The induced force is rationally explained
in terms of the polarization and screening charges. The local optical force on the
silver particle in the y direction takes both positive and negative values depending



30 K. Nobusada

on the spatial distribution of these charges, and the net force becomes attractive
as a result of a balance between the polarization and screening charges. The opti-
cal force on Cgg is an order of magnitude smaller than that on the silver particle
because of the less mobility of the electrons. The energy dependence of the opti-
cal force of these particles showed several maxima and minima, indicating that the
resonance excitation does not necessarily induce the optical force most efficiently.
Such a non-monotonic energy dependence of the optical force will be utilized when
manipulating nanoparticles at the nanometer scale by controlling the near-filed fre-
quency. To calculate the optical forces induced by a highly nonuniform electric field
in real molecules, a sensible balance of the polarization and screening charges must
be determined. The present first-principles TDDFT approach taking account of full
light-matter interactions can be a powerful tool for optical manipulation in nanos-
tructures at the level of single atoms and molecules.

1.6 Summary

We have presented a generalized theoretical description of optical response in an
effort to understand a nonuniform light-matter interaction between a near-field and
a molecule. The present optical response theory fully taking account of the nonuni-
form light-matter interaction allows us to elucidate inhomogeneous electron dynam-
ics associated with local electronic structures of a molecule at the 1 nm scale, even
though the wavelength of an incident laser pulse is much longer than the size of
the molecule. The near-field electron dynamics was computationally demonstrated
for high-harmonic-generation and optical force. In contrast to a conventional elec-
tronic excitation process due to uniform light-matter interaction, the computed re-
sults illustrated unusual electron dynamics caused by the nonuniform light-matter
interaction. We expect that the nonuniform light-matter interaction/TD-KS approach
incorporated with the Maxwell equations will enable us to elucidate electron and
electromagnetic field dynamics in nanostructures.
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