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We review our recent developments in the ab initio simulation of excited-state dynamics within the framework of
time-dependent density functional theory (TDDFT). Our targets range from molecules to 2D materials, although the
methods are general and can be applied to any other ﬁnite and periodic systems. We discuss examples of excited-state
dynamics obtained by real-time TDDFT coupled with molecular dynamics (MD) and the Ehrenfest approximation,
including photoisomerization in molecules, photoenhancement of the weak interatomic attraction of noble gas atoms,
photoenhancement of the weak interlayer interaction of 2D materials, pulse-laser-induced local bond breaking of
adsorbed atoms on 2D sheets, modulation of UV light intensity by graphene nanoribbons at terahertz frequencies, and
collision of high-speed ions with the 2D material to simulate the images taken by He ion microscopy. We illustrate how
the real-time TDDFT approach is useful for predicting and understanding non-equilibrium dynamics in condensed
matter. We also discuss recent developments that address the excited-state dynamics of systems out of equilibrium and
future challenges in this fascinating ﬁeld of research.

1.

Introduction

Density functional theory (DFT)1,2) can be used for
predicting material properties by dealing with the complex
exchange correlation of many-body electronic systems as a
functional of the electron charge density. The one-to-one
relation between charge density and external potential holds
for the electronic ground state. This one-to-one relation was
extended to time-dependent systems, resulting in timedependent density functional theory (TDDFT),3) which has
become a powerful tool for studying excited-state dynamics
in many-body interacting systems.
Instead of the direct solution of the time-dependent Kohn–
Sham equation,3)
iħ
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¼ HKS ðr; tÞ

n ðr; tÞ;
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the main technique for the excited-state calculation remained
perturbation theory using the imaginary time scheme to
compute the real-space dielectric response function4,5) until
the beneﬁt of real-time propagation of electrons in computing
the (non-linear) optical responses was demonstrated.6) In
equation (1), n ðr; tÞ and HKS ðr; tÞ represent the timedependent Kohn–Sham orbitals of the n-th state and the
Hamiltonian, respectively. The direct solution of the Kohn–
Sham equation was also applied to excited-state molecular
dynamics (MD)7–9) within the Ehrenfest approximation.10)
Photoexcited ultrafast dynamics within 1 ps (1 ps =
1012 s) have become a hot topic since the development of
the pump-probe measurement technique using femtosecond
lasers,11–13) and attosecond resolution has now been achieved.14) For example, photoexcitation was found to cause the
very fast cis–trans transition of retinal with a time constant
of 500 fs15) (1 fs = 1  1015 s), whereas this process was
previously believed to take several picoseconds. The ability

to control the chemical reactions of molecules16–18) has also
been demonstrated, and the amount of products obtained
from a laser-induced chemical reaction was used as feedback
to tune the pulse shape to maximize the product yield.19)
Structural changes in solids caused by femtosecond lasers
have also been reported.20–22) Furthermore, the development
of a short-pulse high-intensity laser source enabled us to
fabricate nanoscale patterns in materials in a controlled
manner,23) although the underlying physics was not well
understood.
The ultrafast dynamics cannot be directly explained by
thermal equilibrium dynamics; electrons are excited and are
not steady but transient with a ﬁnite lifetime before decaying
into lower-energy states (non-radiative decay). The pumpprobe experiments require a full dynamical non-equilibrium
description of a combined electronic-ionic system. The
present review will address some aspects of this issue. It
may be a good approximation to treat electronic excited states
by introducing an electron temperature of several thousand
kelvin alongside the lattice temperature.24) However, this
approximation does not hold after laser excitation, as has
been measured experimentally.25) If the real-time dynamics of
electrons can be considered throughout the simulation, the
non-equilibrium dynamics triggered by a strong laser can be
treated.
In contrast, the DFT ﬁrst-principles MD approach within
the excited-state Born–Oppenheimer approximation assumes
the electronic states are steady states [obtained by either
perturbation theory or constraint DFT (ΔSCF) techniques as
mentioned later]. However, this scheme is not generally
applicable for the case where non-adiabatic phenomena
induced by the laser pulse play a pivotal role.26) Therefore,
a perturbation approach within the TDDFT scheme may be
applicable27,28) unless the perturbation is strong. However,
using real-time TDDFT for Ehrenfest dynamics appears to be
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a useful approach, because electron dynamics are directly
treated throughout the MD simulation. Therefore, transient
dynamics, such as alternation of the potential energy surface
(PES) and modulation of the applied optical ﬁeld, can be
observed throughout the MD simulation.
However, performing light-induced classical MD is an
approximation, and the appropriate choice of one of two
classical MD approaches (Ehrenfest dynamics10) and surface
hopping29)) was concluded to be system dependent,30) and
that surface hopping is necessary when the system contains
an avoided crossing in the PES. Trajectory-based methods,
such as ab initio multiple spawning31) and Tully surface
hopping,29) can eﬃciently simulate non-adiabatic processes
once the appropriate Born–Oppenheimer potential energy
surfaces (BOPESs) and non-adiabatic coupling constants
(NACs) are provided. These BOPESs and NACs are,
however, extremely diﬃcult to obtain for large systems,
and there is a great demand for practical methods that avoid
calculating the BOPESs and NACs. A leading method for
describing the dynamics of large electron-nuclear systems is
TDDFT coupled to classical nuclear trajectories through
Ehrenfest dynamics because of its favorable system-size
scaling. The Ehrenfest method with TDDFT has been
successful for many applications, from photodissociation
dynamics in small molecules9) to radiation damage in metals;
its eﬃciency allows calculations on large systems for even
thousands of femtoseconds, as shown in one of the results
presented in this overview.
Full quantum trajectory methods describe full nuclear
quantum eﬀects on the ﬂy, but require an exhaustive
knowledge of the BOPES landscape.32–34) In addition, the
ring-polymer phase space was shown to provide a practical
MD framework to approximate the eﬀects of quantum
ﬂuctuations, including zero-point oscillation and tunneling
eﬀects (see the review in Ref. 35 for details of this method).
Recently, two alternative frameworks have been developed
to describe non-adiabatic nuclear MD by either an exact
factorization of the many-body electron-nuclear wave
function34,36,37) or through an eﬃcient conditional wave
function decomposition.38–40)
Instead of reviewing the excellent work reported by many
groups, here we present a selected overview of our work, to
highlight some important issues and concepts that we have
studied over recent years, and discuss some of the open
questions that still need to be answered. We ﬁrst brieﬂy
introduce the theoretical framework and how this can be
implemented in massive high-performance computing architectures to allow handling of complex molecular nanostructures and materials. The main theme of this review is the
description of the non-equilibrium dynamics for some ﬁnite
and extended systems. For molecular systems, we discuss
the photoisomerization process of azobenzene in Sect. 3.1,
in which the initial condition was set as an excited state
computed by the ΔSCF scheme by promoting electron
occupation numbers according to the photoexcited states. We
then consider the dynamics in molecules and 2D materials
under an alternating electric ﬁeld (E-ﬁeld), which mimics the
optical E-ﬁeld of lasers. The eﬀect of the E-ﬁeld varies from
increasing the dipole moment (Sect. 3.2) to breaking local
bonds, depending on the time dependence and intensity of
the E-ﬁeld (Sects. 3.3 and 3.4). Even when ion dynamics
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are negligible, non-equilibrium electron dynamics play an
important role in generating a terahertz (THz) signal
(Sect. 3.5). Finally, we consider the high-speed collision of
He+ with graphene to illustrate the mechanisms of secondary
ion emission (Sect. 3.6), which has been applied in a new
microscopic technique.
2.

Computational Scheme

Our main scheme is summarized in Ref. 41. The real-time
TDDFT calculations can be performed by using a plane-wave
basis set7,8) and for periodic=non-periodic systems with a
real-space grid.6,9) In the discussion below, all calculations
were performed with a plane-wave basis set using normconserving pseudopotentials42) in separable forms43) to
express electron-ion interactions through the dynamics of
valence electrons. A numerically reliable scheme for solving
equation (1) is the split-operator method,44,45) in which the
time propagator [exponential of HKS ðr; tÞ] is expressed as
products of exponentials of the kinetic energy operator, local
potential, and non-local part of the pseudopotentials. Several
mathematical schemes for solving the time-dependent Kohn–
Sham equation are reported in Ref. 46 for readers interested
in further details. A scheme to apply the split-operator
method to the plane-wave basis set and pseudopotential
method as well as keeping a self-consistent ﬁeld is described
in Refs. 7, 8, and 47.
Because the Kohn–Sham Hamiltonian [HKS ðr; tÞ] is a
functional of charge density ðr; tÞ, consisting of the sum of
the norm of Kohn–Sham orbitals, nKS ðr; tÞ, for all occupied
states, a self-consistent relation between the time propagator
and the Kohn–Sham orbital must be maintained throughout
the real-time propagation. To maintain this self-consistent
relation, a predictor-corrector algorithm must be used, in
which the time variation of the Hartree-exchange–correlation
potential is extrapolated and interpolated by a railway
smoothing scheme (see Refs. 7, 8, and 47 for more detail).
Ionic forces are computed by the Hellmann–Feynman
force scheme,48) and the MD simulation is performed. The
interval for the time step of the MD simulation was set as
common to that for computing electron dynamics, which is
on the sub-attosecond timescale (1 attosecond = 1018 s).
This short time interval is necessary for MD simulations, as
the force ﬁeld shows high-frequency ﬂuctuations arising from
the electron dynamics due to equation (1).
In the examples discussed below, the real-time TDDFTMD simulations were performed by the following procedure.
First, we execute the DFT calculation in the electronic
ground state and optimize the structure of the system using
the Hellmann–Feynman forces.48) For the initial condition
of the excited-state dynamics, we choose either a solution
obtained by a ΔSCF calculation to mimic the optically
excited state, or the electronic ground state, which is under
an alternating optical ﬁeld. Then, we start to move ions
according to the computed force ﬁeld and begin time
propagation of all Kohn–Sham orbitals.
When the initial condition of the electronic state is set as the
ground state and the optical ﬁeld is considered in the simulation, equation (1) is modiﬁed with the Coulomb gauge as
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in which the optical ﬁeld is given by a negative value of the
spatial gradient of the external potential, Vext ðr; tÞ. To perform
MD coupled with equation (2), the introduction of ﬁctitious
charge ext ðr; tÞ to express external potential as
Z
ext ðr0 ; tÞ 0
Vext ðr; tÞ ¼
dr
ð3Þ
jr0  rj
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is convenient to compute the total energy to check the energy
conservation rule.49)
To perform a real-time TDDFT-MD simulation, parallelization is necessary to accelerate the computational speed.
One of the merits of the split-operator method44,45) for
parallelization is the automatic preservation of the orthonormal condition for all Kohn–Sham orbitals, nKS ðr; tÞ, as
Z
KS
ðr; tÞ mKS ðr; tÞ dr ¼ n,m ;
ð4Þ
n

S2
S1
S0
Reaction coordinates

(b)

where n,m is the Kronecker delta. Therefore, parallel
computing allocating the tasks of computing time propagation for each Kohn–Sham orbital does not need to distribute
the data for nKS ðr; tÞ among the processors to build the
orthonormal relation expressed by equation (4).
3.

Results: Application of Real-time TDDFT

In this section, we describe some approaches using realtime TDDFT coupled with MD simulation. In Sect. 3.1, the
excited-state MD simulation of molecules (photoisomerization) is presented. This simulation requires the initial
condition of the excited state prepared by a static DFT
calculation within the ΔSCF scheme by promoting electron
occupation numbers from the occupied molecular orbital to
the unoccupied molecular orbital. In Sect. 3.2, a method for
increasing the attractive van der Waals interaction in the He
atom dimer and sheets of hexagonal boron nitride (hBN) is
presented. The physics of the increased attraction is attributed
to dipole–dipole attraction caused by laser-induced electron
motion and lattice vibrations. Then, in Sects. 3.3 and 3.4, a
proposal for using a laser with an anisotropic ﬁeld proﬁle as a
function of time is presented to remove hydrogen from only
one side of graphene terminated with H on both sides (i.e.,
graphane) and to reduce graphene oxide. In Sect. 3.5, a
proposal for applying graphene nanoribbons to the THz
radiation source is presented. The optical property of
graphene nanoribbons that causes amplitude modulation of
UV light is discussed. Finally, in Sect. 3.6, the application to
electronic excitation in 2D sheets by high-speed ions is
presented and the principles for imaging using a He ion
microscope are discussed.
3.1

Photoisomerization of azobenzene using Ehrenfest
dynamics
We have investigated the photoisomerization dynamics of
the azobenzene molecule,50) which are shown schematically
in Fig. 1(a). By using the ΔSCF scheme, the S1 excited state
was approximated as the highest molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) being
half occupied. The S2 state was approximated as the HOMO1 state and LUMO state being half occupied. The azobenzene
molecule showed optical S0 → S2 excitation and subsequent
non-adiabatic S2 → S1 decay.51) After reaching the S1 state,
the azobenzene molecule exhibits trans to cis isomeriza-

Fig. 1. (Color online) (a) Schematic PESs of the S0 (ground) state and the
excited S1 and S2 states of azobenzene. The structures of trans- and cisazobenzene are also displayed. The S0 → S2 photoexcitation is shown and the
subsequent dynamics showing the S2 → S1 transition during the trans–cis
photoisomerization are indicated by the broken arrow. (b) Numerical
comparison of the potential energy obtained by TDDFT and those
obtained by static DFT. The potential with static DFT was computed using
atomic coordinates on snapshots of the Ehrenfest dynamics by TDDFT, see
Ref. 50.

tion52) which was reproduced by local-density approximation (LDA) calculations within the ΔSCF scheme.53) We
performed a real-time TDDFT-MD simulation of S2 excited
azobenzene and examined whether the S2 → S1 transition and
the trans–cis isomerization occurred. For the calculation, the
LDA54) was adopted, as the PES of azobenzene because the
LDA agrees with the results of other many-body approximations according to a previous theoretical study.52)
In the case of the typical Ehrenfest dynamics, in which
electron dynamics and ion dynamics are treated individually,
the MD trajectories are considered to follow a PES located
between either the S2 and S1 states or the S1 and S0 states, as
argued by Tully.26) However, by performing the real-time
TDDFT-MD simulation starting with the S2 excited state, the
potential energy obtained by TDDFT initially followed the
potential energy of the S2 state and smoothly transferred to
that of the S1 state,50) as depicted in Fig. 1(b).
Figure 1(b) was obtained by the following procedure.
First, we plotted the time evolution of the potential energy
along with the real-time TDDFT-MD trajectory. Then,
several snapshots of the trajectory were chosen, for which
the static DFT calculations were performed to compute the
potential under the ground state and S1 and S2 excited states
within the ΔSCF scheme. Several MD trajectories starting
from diﬀerent atomic coordinates were examined50) and the
S2 → S1 transition always occurred, rather than the mixing of
these states.
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When this simulation was continued to 500 fs, transazobenzene showed photoisomerization to cis-azobenzene
[the corresponding structures are shown in Fig. 1(a)]. In
contrast, the potential obtained by real-time TDDFT-MD
simulation merged with that of S1 without undergoing mixing
of the S0 and S1 states. The isomerization was completed by
the rotation of the two benzene rings of azobenzene, which
agreed with previous theoretical works performed under the
complete active space self-consistent ﬁeld scheme.55) This
smooth transfer was the case with several classical MD
trajectories.50) The PESs also did not mix for ethylene (C2H4)
molecules under  !  excitation, which causes C–C
stretching and twisting of the two CH2 units of the ethylene
molecule. The twisting makes the π–π bonding and π– antibonding states equivalent at 45° rotation around the C–C axis
of the ethylene molecule.50) Such photoinduced dynamics
can also be reproduced by real-time TDDFT in organic
molecules,56,57) and thus we expect that real-time TDDFT is
applicable to many subﬁelds of photochemistry.
So far, the absence of PES-mixing was just found by
performing TDDFT Ehrenfest dynamics, and still needs
rigorous theoretical proof as the subject of future works.
Meanwhile, photoisomerization is not followed by the
disintegration of molecules, in which the charge is redistributed across the fragments. After molecular disintegration,
the fragments should possess integer numbers of electrons,
whereas TDDFT can give fragments with non-integer
numbers of electrons. We expect that the mixing of several
PESs could occur in these situations. This was argued for the
case of scattering of ions on metal surfaces.26) For more
discussion of the validation of Ehrenfest dynamics within
TDDFT, interested readers are directed to Ref. 41.
Laser-induced enhancement of weak dispersion
interaction
Van der Waals forces are often represented as dynamical
dipole–dipole interactions (London forces).58) According to
the dynamical dipole–dipole picture, photoenhancement of
the dipole moment on each molecule (atom) can increase the
attractive force between them. We tested this idea by
introducing a simple model [Fig. 2(a)]. In this model, there
are two molecules each consisting of a cation (þe) and an
anion (−e) connected by springs. We assumed that the
interactions between molecules consist of Coulomb interactions between ions. In contrast, we restricted the interactions inside each molecule to occurring only via the spring.
We assumed that the mass of the cation (anion) ion is the
atomic mass of B (N), and the spring constant is tuned to the
resonance optical phonon frequency with a corresponding
wavenumber of 780 cm−1. We then applied an alternating
E-ﬁeld by a sinusoidal function with a frequency either 10%
lower than the resonant frequency or equal to the resonant
frequency. Figure 2(b) shows the case with the frequency
10% below the resonant frequency. The dynamics of the
cation and anion showed the modulation of the amplitude
of vibration and there was no major reduction of the
intermolecular distance. Figure 2(c) shows that when the
frequency of the E-ﬁeld was exactly equal to the resonance,
the amplitude of vibration increased and the dipole of each
molecule also increased. As a result of the increased dipole,
the intermolecular distance was greatly reduced.

Y. Miyamoto and A. Rubio

―

䠇

E

―

䠇

(b)

(c)

3.2

Fig. 2. (Color online) (a) A model of two molecules consisting of an anion
and a cation connected by springs. The optical ﬁeld is denoted by the arrow
labeled “E ”. Time variation of the positions of the anion with light-gray (red)
and cation with dark-gray (blue) in the two molecules under an external ﬁeld
with (b) a frequency 10% lower than the resonance and (c) resonant
frequency.

This idea was veriﬁed by performing the real-time
TDDFT-MD simulation of the He dimer under irradiation
with UV light, which can excite electrons in the He atoms.59)
Suppose two He atoms are under an alternating E-ﬁeld with
the polarization direction parallel to the He–He axis. The
electrons on each of the He atoms attempt to follow the
motion of the alternating E-ﬁeld, causing a dynamical dipole
moment. If the frequency of the alternating ﬁeld matches the
resonant frequency of the electron motion (electron-cloud
motion) the amplitude of the dipole moment grows on each
He atom in the parallel direction, increasing the dipole–dipole
attraction.
We computed the change of He–He distance within the
generalized gradient approximation with the Perdew–Burke–
Ernzerhof functional,60) including the correction for the
van der Waals force.61) A cutoﬀ energy of 115 Ry was used
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Fig. 3. (Color online) (a) Time variation of the charge density of the He
dimer at t ¼ 28:15 fs under an alternating E-ﬁeld with a corresponding
photon energy of 20 eV. The thick (red) and thin (blue) contour lines show
the electron-rich region and electron-depleted region, respectively, compared
with the charge density at t ¼ 0 fs. Reprinted from [Appl. Phys. Lett. 104,
201107 (2014); doi: 10.1063=1.4875108], with the permission of AIP
Publishing. (b) Time variation of the He–He distance in the presence and
absence of an optical ﬁeld. The dashed (black) line is the time evolution in
the absence of light. The solid (green), dash-dotted (violet), and dotted (red)
lines show the time evolution in the presence of optical ﬁelds corresponding
to photon energies of 20, 20.32, and 19.89 eV, respectively.

for the plane-wave basis set. Figure 3(a) shows a snapshot of
the time variation of the charge density of electrons around
the two He atoms, which is the charge density at t ¼ 28:15 fs
minus the initial charge density (t ¼ 0). The frequency of
the alternating E-ﬁeld of 0.2068 fs corresponds to a photon
energy of 20 eV, which is close to the photoexcitation energy
of the He atom. The charge density shown in Fig. 3(a) shows
the parallel orientation of the dipole that should increase the
attractive force on the He atoms.
The increasing force was identiﬁed by the time variation of
the He–He distance compared with the He–He distance in the
absence of an optical ﬁeld. Figure 3(b) shows the time
variation of the He–He distance under alternating E-ﬁelds
with several photon energies around 20 eV. The He–He
distance decreased substantially with a photon energy of
20 eV, whereas the speed of the He–He contraction became
slower when the photon energy was either above or below
20 eV. According to the estimation by Newtonian dynamics,
the increase of the force was 7 pN,59) which is comparable to
the order of force measured by atomic force microscopy.
Next, we discuss the physics behind the increasing He–He
attraction. The He dimer possesses orbital hybridization that
generates bonding and anti-bonding molecular levels consisting of He 1s orbitals. If photoexcitation from the bonding
to the anti-bonding orbitals occurs, the He–He repulsive force
should take eﬀect, which is not consistent with the results. In
contrast, the photon energy of 20 eV, under which the He–He
attraction increased, does not coincide with the excitation into
the anti-bonding orbital. TDDFT can cause the unphysical

Fig. 4. (Color online) (a) Planar structure of hBN layers. B and N atoms
are depicted. (b) Atomic displacement of hBN under optical phonon mode.
B and N atoms show out-of-plane displacement in opposite directions to
generate a dipole moment perpendicular to the hBN sheets. (c) Time
variation of the heights of the B and N atoms of four hBN layers under
irradiation with an IR laser with a FWHM of 400 fs, a wavenumber of
789.44 cm−1, and an optical E-ﬁeld intensity of 1 V=Å. The light-gray (red)
and dark-gray (blue) lines represent the heights of the B and N atoms,
respectively.

dynamical detuning eﬀect of the optical response in the He
atom,62) even under exact matching between the photon
energy and excitation energy. This detuning eﬀect comes
from the adiabatic approximation of exchange–correlation
functional currently used in the TDDFT simulations. Instead
of the sharp excitation into the He–He anti-bonding state, this
excitation dynamically modulates the 1s orbital on each He
atom into a synchronized phase, as depicted in the time
variation of the charge density shown in Fig. 3(a). Thus, the
increase in the attractive He–He interaction was rationalized
as dipole–dipole attraction.
The optical enhancement of weak attraction is also
observed in extended systems such as layered materials
(2D materials). Here we focus on hBN, which is an analogue
of graphite that possesses B and N atoms instead of the C
sub-lattice of the graphitic layer [Fig. 4(a)]. Because of the
greater electron aﬃnity of N atoms compared with B atoms,
the out-of-plane displacement of B and N atoms shown in
Fig. 4(b) causes a dipole moment perpendicular to the 2D
sheet, which increases the attraction between the hBN sheets.
The corresponding optically active phonon has the A2u mode
with a wavenumber of ∼780 cm−1.
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Because the interlayer interaction of hBN is well described
by the LDA because of a fortuitous error cancellation
between the exchange and correlation functionals,63) we
adopted the LDA for studying the eﬀect of phonon excitation
on the interlayer interaction in hBN. We used a 1  1 unit cell
of the double-layer hBN sheets and applied an alternating Eﬁeld with wavenumbers of 710.50, 789.44, and 868.38 cm−1
to solve equation (2). These values are determined by the
phonon frequency of the A2u mode by LDA and its variation
by 10%.
When we set the laser power to 1:327  1013 W=cm2 with
a corresponding E-ﬁeld of 1 V=Å and a frequency of
789.44 cm−1, an interlayer contraction of over 12% of the
original interlayer distance was observed.64) However, after
reaching the minimum interlayer distance, the two hBN
sheets repelled one another, which was associated with
electronic excitation due to the high intensity of the optical
E-ﬁeld.
We continued our work in Ref. 64 by using a pulsed laser
with an full width at half-maximum (FWHM) of 400 fs
instead of using a continuous-wave (CW) IR laser, because
pulsed sources are more accessible for high-intensity IR
lasers than CW sources. The same wavenumber of 789.44
cm−1 and the same E-ﬁeld intensity of 1 V=Å were assumed.
For the hBN layers, we extended the model size from two
layers to four layers to determine whether the increase in
interlayer attraction also occurs for multiple layers. We
observed a substantial interlayer contraction, as shown by
the time variation of the heights of the B and N atoms in
each of the four hBN layers [Fig. 4(c)]. The transient
contraction of the interlayer distances of the four hBN layers
occurs up to 1 ps. After 1 ps, the outer (top and bottom) and
inner layer motions show diﬀerent periods for the change in
the positions of their centers of mass. The A2u optical phonon
remained after the optical E-ﬁeld completely faded out,
although it should decay as a result of thermal dissipation
into the environment, which was not considered in the
simulation.
3.3

Laser-induced dehydrogenation of graphane
(hydrogenated graphene)
Lasers with particularly short pulses have been considered
as a tool for the selective cleavage of chemical bonds.
Graphane, which is graphene terminated with H atoms on
both sides of the sheet, was theoretically predicted,65) and
experimental work into cyclic hydrogenation and dehydrogenation has been reported.66) Because of the chemical
equivalence of the C–H bonds, the selective dehydrogenation
from one side of graphane is impossible. However, we have
proposed a theoretical way to remove H atoms from only one
side of graphane by using ultrashort laser pulses.67)
Figure 5(a) depicts the ultrashort pulse laser used in the
simulation, which had a strong E-ﬁeld in one direction
around t ¼ 2 fs, whereas the intensity of the E-ﬁeld in the
opposite direction was much smaller. Because of this
particular pulse shape, the graphene electron cloud, which
is shown by the contour maps in Figs. 5(b)–5(e), showed a
downward shift. Because of this shift, the electron charge
density in the upper region was lower than that in the lower
region [Fig. 5(e)], even after the decay of the optical E-ﬁeld.
The timescale in Figs. 5(b)–5(e) was too short to see
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(b)

(c)
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H

(e)

H 6 fs

H 4 fs

H 2 fs
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H

(d)

C

H

C

H

H
C

(f)

Upper hydrogen

30fs

Lower hydrogen
Fig. 5. (Color online) (a) Pulse shape of the ultrashort pulse laser used in
the graphane simulation. (b)–(e) Change in the valence charge density of
graphane under the ultrashort laser ﬁeld. The superimposed downward arrow
(in yellow) in (c) denotes the direction of the optical ﬁeld that forces
electrons downward. (f ) Dynamics of upper and lower H atoms under the
ultrashort laser ﬁeld. These ﬁgures are adapted with permission from Ref. 67.
Copyrighted by the American Physical Society.

substantial ion motion. However, this unbalanced charge
density caused diﬀerent strengths of the C–H bonds and
dynamics of the H atoms over a longer timescale, as shown in
Fig. 5(f ), in which only the H atoms in the upper region were
removed from the graphane, whereas those in the lower
region remained. The dehydrogenated side would become
chemically active, and we proposed the introduction of
halogen gas immediately after irradiation with the ultrashort
pulse laser to induce bonding of the halogen atoms to the
dehydrogenated side, thereby fabricating a heterogeneously
terminated dipole layer with monoatomic thickness.67) Such
heterogeneously terminated sheets have many intriguing
possible applications, and one example is proposed in
Ref. 67.
Up to this point, we have focused our attention on the
dynamics induced by ultrashort (several femtosecond) laser
pulses. Such short pulses are, however, challenging to
achieve using current laser technology. At present, the
typical FWHMs are a few hundreds of femtoseconds for
practical applications in material fabrication68,69) with thermal
welding localized at the laser spot. However, when the
FWHM is less than 100 fs, the welding is expected to occur
non-thermally.70) In the next section, we set the FWHM at
10 fs, which is a compromise between current practical values
and the theoretical value in this section, and discuss TDDFTMD simulations for such systems.
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(a)

(b)

H
O

H2O
Fig. 6. (Color online) Pulse shape of a laser with mixed wavelengths of
400 and 800 nm and FWHM of 10 fs.

3.4

Simulation of the reduction of graphene oxide by a
femtosecond pulsed laser
Graphene oxide is a widely used material that dissolves in
solvents, allowing it to be used as an ink to print circuits.
After printing, the key processes are reduction of the
graphene oxide to produce conductivity and repairing the
damage caused by the reduction.71) In our previous work,72)
we focused on the epoxy structure, in which each O atom was
connected to two C atoms on a graphene sheet, and the
hydroxyl structure, in which each OH group was connected
to one C atom on a graphene sheet, assuming the very short
pulse shown in Fig. 5(a). For both the epoxy and hydroxyl
structures, the simulation suggested that irradiation with an
ultrashort pulse laser can reduce graphene oxide without
damaging the graphene sheet. Chemical methods using
hydrazine also completely reduce graphene oxide (N2H4).73)
However, the use of N2H4 is not practical because of its
toxicity, and thus alternatives to chemical methods are in
high demand. We have proposed laser-assisted reduction,
which can be used without damaging the graphene.
A femtosecond laser with an FWHM of 100 fs was used to
reduce graphene oxide;74) however, the Raman spectrum
showed that the reduced region was badly damaged.
Therefore, laser reduction technology should be improved
by either changing the FWHM or the shape of the laser pulse.
Recently, the phase-controlled mixing of two wavelengths,
400 and 800 nm, was used to introduce asymmetric rotational
dynamics in gas molecules.75) The asymmetric motion of gas
molecules arose from asymmetry in the optical E-ﬁeld
polarization of the phase-controlled mixing laser. We
investigated the applicability of this laser technique to the
reduction of graphene oxide by performing real-time
TDDFT-MD simulations.
Similar to the pulse shape shown in Fig. 5(a), mixing
wavelengths of 400 and 800 nm also produces an asymmetric
optical ﬁeld with wider pulse widths (Fig. 6). Although the
pulse width used in Ref. 75 was 130 fs, we considered a
shorter pulse width of 10 fs as a future technology to increase
the strength of the optical E-ﬁeld. The pulse shape shown in
Fig. 6 is expressed by
( 
 )
t  t0 2
EðtÞ ¼ E0 exp A
ðsin !t þ sin 2!tÞ; ð5Þ
=2
where A ¼ 1=2 ln 2,  ¼ 10 fs, and t0 ¼ 20 fs. The graphene
oxide model comprised stacked layers of graphene oxide
with an epoxy structure [Fig. 7(a)], in which O atoms are
adsorbed on both sides of the graphene sheet. This model
was proposed by Yan and Chou,76) suggesting preferable
aggregation of two O atoms in the epoxy structure on both
sides of the graphene sheets according to DFT calculations.

(c)

(d)

(e)

Fig. 7. (Color online) (a) Model of stacked graphene oxide using armchair
graphene nanoribbons with the epoxy structure. (b) Same as (a), but with
water molecules between the graphene oxide layers. (c)–(e) Time evolution
of graphene oxide stacked layers with water molecules, at (c) 0, (d) 50, and
(e) 100 fs. The superimposed vertical arrow (in red) in (c) shows the
polarization vector of the optical ﬁeld, which is decayed in (d) and (e).

Because of the presence of the epoxy structures on the
graphene sheet, the interlayer distance was increased to 6 Å,
yet these two sheets were still bound. Because the interlayer
distance became wider than that of pristine graphene sheets,
the intercalation of water molecules occurred easily
[Fig. 7(b)], with a binding energy of 77 meV per water
molecule using the LDA functional of DFT. Figures 7(c)–
7(e) show the time evolution of the structure in Fig. 7(b) 0,
50, and 100 fs after illumination with the pulse in Fig. 6. The
presence of the water molecule aﬀected the dynamics of
reduction under the laser pulse. The laser ﬁeld intensity was
2.5 V=Å with a corresponding power of 8:3  1013 W=cm2.
The polarization vector of the laser ﬁeld is shown as an arrow
in Fig. 7(c). The water molecule provided its H atom to the
ejected O atom, and two OH groups were formed. We also
performed the simulation without water molecules and found
that the O atoms left the graphene layers as O radicals, which
subsequently attacked the graphene. Therefore, we concluded
that the presence of water molecules is important to prevent
the reaction of laser-generated O radicals with the graphene
sheets.
Although the E-ﬁeld polarization is asymmetric (Fig. 6),
this simulation with the polarization vector parallel to the
graphene sheets did not show the asymmetry of the
alternating optical ﬁeld. We expect that the asymmetry
occurs when the optical polarization is perpendicular to the
graphene sheet, as discussed in Sect. 3.3.
So far, we have described the structural changes in
molecules and 2D sheets induced by electronic excitation,
meanwhile real-time TDDFT can also be applied to electron
motion induced by electronic excitation with no structural
change. This electron motions is useful for device applications and the measurement of nanostructures. We describe
these examples in the following subsections.
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Fig. 8. (Color online) (a) Graphene nanoribbon under an applied optical
ﬁeld, shown by an arrow with dark-gray (blue). The generated ﬁeld, shown
by an allow in light-gray (red), is plotted on a central line 3.34 Å above the
graphene nanoribbon sheet, and is averaged over the period along the ribbon
axis. (b) Time evolution of the applied and generated ﬁelds with optical
energies of 6.20 and 6.53 eV. The horizontal black arrows indicate the
periods of enhancement in the generated ﬁeld. (See, Ref. 80.)

3.5

Designing THz radiation devices using graphene
nanoribbons
Because of the wide use of THz light for imaging77)
in high-speed communications, developing sources of THz
radiation has become an important topic in fundamental and
engineering research. By irradiating YBCO solids with a
femtosecond laser, THz radiation can be obtained from laserexcited carriers.78) Moreover, irradiation of semiconductors
coupled by a strong magnetic ﬁeld with a femtosecond laser
also produces THz radiation.79) In both cases, understanding
the electronic dynamics at THz frequencies is essential for
generating THz radiation. We investigated the properties of
graphene nanoribbons relevant to THz radiation, and found
that the graphene nanoribbons can modulate the intensity of
light at THz frequencies.80)
We investigated the optical properties of armchair
graphene nanoribbons,80) which are semiconductors.81) We
considered the polarization direction of the optical ﬁeld
parallel to the graphene sheet and perpendicular to the ribbon
axis. The Fourier spectrum of the response to a short pulse
within the TDDFT scheme6) revealed that the graphene
nanoribbons were found to possess strong optical absorption
in the visible and UV regions. We solved equation (2) and
plotted the spatial gradient of the self-consistent HartreeExchange–Correlation potential within the TDDFT scheme
to monitor the induced ﬁeld. The geometrical conditions of
this simulation are shown schematically in Fig. 8(a) and the
sum of the induced ﬁeld and applied optical ﬁeld gave the
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generated ﬁeld. The generated ﬁeld was monitored at the
centerline and at the ribbon axis at a height of 3.34 Å above
the sheet. The ﬁeld was spatially averaged along the period of
the ribbon.
The graphene nanoribbon in Fig. 8(a) has seven C–C
bonds parallel to the ribbon axis along the direction of the
ribbon width, denoted by N ¼ 7 in Ref. 81. The N ¼ 7
nanoribbon showed strong modulation of light with photon
energies of 6.20 and 6.53 eV, both of which are in the UV
region. Although this ribbon had a peak in the visible light
region, the peak did not show strong modulation in the
optical ﬁeld. The modulation is shown in Fig. 8(b), where the
generated ﬁeld had the same frequency as the applied optical
ﬁeld, but its intensity increased, decreased, and then increased again over time. This trend in the modulation of UV light
was also observed in wider graphene nanoribbons (N ¼ 9 and
11) according to our simulation,80) and the period of the
modulation was around 100 fs, corresponding to a frequency
of 10 THz. The intensity modulation could be converted into
photocurrent modulation at THz frequencies if a UV light
were shone on a photoconducting semiconductor through
a graphene nanoribbon. Connecting the photocurrent to an
antenna could generate THz radiation.
Optical ﬁeld enhancement can be understood as the
resonance of the response of the electronic state with the
applied optical ﬁeld, whereas the intensity modulation can be
understood as the presence of several excited states that
have diﬀerent eigenfrequencies. This is analogous to THz
generation using quantum wells in semiconductors,82) in
which the THz frequency is proportional to the inverse of the
diﬀerence in excitation energies in several excited states.
Our computational study80) suggested that THz radiation
with a frequency of 10 THz can be generated from graphene
nanoribbons, whereas the industrially required frequencies
are 0.5–5 THz. Therefore, it is necessary to explore other
materials that may induce light modulation that matches the
required frequencies.
We have focused on the dynamics induced by optical
excitation. However, electronic excitation can also be
achieved by collisions with high-speed ions. In the ﬁnal
example, we describe the use of our TDDFT scheme to
explain electronic excitation by high-speed ion collisions,
which is applied to a new type of microscopy.
Interaction between high-speed He+ and condensed
matter: Principles of He ion microscopy
In this section, we describe the application of our real-time
TDDFT scheme to the interaction between high-speed ions
and condensed matter. When the ion velocity is comparable
to the electron Fermi velocity, the collision of ions with
condensed matter can excite an electronic state. This was
ﬁrst demonstrated by a real-time TDDFT-MD simulation
of protons colliding with graphene sheets,83) causing ion
stopping when the incident kinetic energy of the projectile
proton was on the order of kiloelectron volts or higher. The
interaction of high-speed ions with graphene also causes
electronic excitation in the projectile ion, which results in
ﬂuorescence from the traversing ions after the collision.84)
The electronic excitation upon the collision of high-speed
ions with condensed matter is also useful for measurement
techniques, such as He ion microscopy (HIM) using He ion
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Ion
Solid
EF

Velocity

Charge transfer

Fig. 9. (Color online) Schematic diagram of the potential proﬁles of the
(left to right) solid, vacuum, and ion. The dotted horizontal lines represent
unoccupied orbitals in the ion, whereas the solid horizontal lines represent
the occupied orbital. The ion velocity is indicated by the green arrow,
whereas the direction of the charge density is indicated by the red arrow.

beams.85) In this technique, He+ is accelerated to 30 keV in a
narrow beam, allowing them to traverse material at a speed
comparable to the electron Fermi velocity. Secondary
electron emission occurs and the intensity of the emission
current is measured by scanning the He+ beam to generate a
spatial map of the yield of the secondary electron emission.
Because the He beam is narrower than the electron beam after
the collision with the target,86) the spatial resolution of HIM
is superior to that of scanning electron microscopy.
It is important to understand why secondary electrons are
emitted during the collision of the He+ beam, which has the
opposite polarity to the electron beam. Thus, a ﬁrst-principles
simulation was performed to understand the physical basis of
the electron emission. However, simulating the collisions of
charged ions and solid surfaces requires technical skill
because of the potential diagram (Fig. 9). The diagram shows
that ions usually have their unoccupied levels below the
Fermi level of the solid; thus, the charge transfer should
occur in the self-consistent calculation in ordinary DFT no
matter how far the ion is from the solid surface. This charge
transfer has been avoided by dividing the space artiﬁcially to
distribute the charge density,87) although for ion-solid
collisions, the artiﬁcial division of the space should be time
dependent and is inappropriate for short distances between
the ion and solid.
We used a real-time TDDFT-MD simulation to demonstrate that the emission of the secondary electrons upon the

(a)
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collision of He+ is dependent on the impact points, as well as
to clarify the emission mechanisms.88) We prepared the ion
and the target electronic states separately in the ground state,
and then merged their states in a large unit cell including
a vacuum region to avoid overlap of the wave functions of
the ion and the target,89) prior to the real-time TDDFT-MD
simulation of the collision.
As a case study, we chose a suspended graphene sheet and
examined the spatial resolution of HIM by comparing the
amount of secondary electrons emitted at diﬀerent impact
points of the He+ beam.88) Figure 10(a) shows the valence
charge density of a graphene sheet, and Fig. 10(b) shows
impact points A–F of the incident He+ beam. The kinetic
energy of He+ was set to 30 keV.85,86) For impact positions
A–F, the amount of secondary electrons emitted was
calculated by integrating the charge density at 8 Å above
the graphene.88) The electron intensity contour map is shown
in Fig. 10(c). A diﬀerence of approximately threefold was
observed between the maximum and minimum intensities.
The emission proﬁle as a function of the He+ impact point
was similar to the valence charge proﬁle, and we concluded
that the mechanism for the emission of the secondary
electrons is impact ionization by the incident He+, as opposed
to electron emission followed by the Auger process (Penning
ionization), which occurs at a lower kinetic energy90) than
HIM. The dynamics of the secondary electron emission were
similar for collisions of neutral He atoms and a graphene
sheet, also supporting the impact ionization mechanism.88)
He+ did not damage the graphene sheet despite the high
kinetic energy of 30 keV, because the cross section for the
He–C collision was extremely small at impact points A–F in
Fig. 10(b).
The He+ beam has a ﬁnite diameter similar in size to a He
trimer,85,91) which does not provide atomic-level resolution,
but can visualize the edge of the graphene.88) The development of a stable He+ source with a narrower beam size is
necessary to achieve a spatial resolution for HIM that is
comparable to transmission electron microscopy. Real-time
TDDFT-MD can be used to analyze multi-scattering of the
secondary emitted electrons and sample damage by deaccelerated He+ with increasing cross sections for C atoms.
4.

Concluding Remarks
We have presented an overview of our recent applications

(b)

(c)

Maximum emission
Minimum emission

Fig. 10. (Color online) (a) Calculated valence charge density of graphene. (b) Lattice structure of graphene. A–F indicate the impact points of He+.
(c) Contour map of the intensity of secondary emitted electrons interpolated from impact points A–F in (b) These ﬁgures are adapted with permission from
Ref. 88. Copyrighted by the American Physical Society.
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of real-time TDDFT simulations coupled with MD simulations. The photoisomerization of molecules was reproduced
without dynamical mixing of several PESs (Sect. 3.1), and
we have also simulated the optical enhancement of the weak
dispersive force in the cases of He dimers and hBN sheets
(Sect. 3.2), selective bond breaking and reduction on graphitic sheets (Sects. 3.3 and 3.4), and the application of electron
motions for devices (Sect. 3.5) and microscopy (Sect. 3.6).
The computational schemes can be applied to many
systems, some of which were not included in the current
overview, such as the dynamics of adatoms on solid
surfaces,92) carrier decay dynamics in carbon nanotubes,93)
laser exfoliation of graphene sheets from graphite,94) high
harmonic generation in atoms95) and solids,96) observation of
electron–photon dressing in WSe2,97) and creation of stable
Floquet–Weyl semimetals.98)
However, there are several approaches to go beyond
Ehrenfest dynamics based on sampling classical trajectories.38–40) Instead of Hellmann–Feynman forces, the formulation of generalized forces for NACs was reported28) within
a scheme of the linear response theory and with accurate
treatment of the forces from pseudopotentials using the
Kohn–Sham derivative matrix. Extending this approach
beyond the perturbation theory is required when electronic
excitation is accompanied by charge transfer. Charge transfer
in strongly correlated systems can be approximated by
including the Hubbard U term, and the combination of this
model with the real-time TDDFT-MD has been demonstrated.99)
Another challenging subject for real-time TDDFT is
treatment of the full quantum nature of the electromagnetic
ﬁeld. In the present overview, we used a long-wavelength
approximation, in which the optical E-ﬁeld is uniform
everywhere and light propagation was not directly treated.
The penetration=reﬂection of light at solid surfaces can be
treated by combining the classical Maxwell equation and
real-time TDDFT.100) An approach to combine quantum
optics and TDDFT in the quantum electrodynamical (QED)
Hamiltonian has also been reported, demonstrating manybody electron–electron interactions mediated by photon–
electron interactions,101) opening up the ﬁelds of QED
chemistry and materials.102)
Many new challenges can be addressed with the methods
that have been described in this overview. Of course, further
development of the theory (exchange–correlation functionals)
and algorithms are needed to bridge the diﬀerent time scales
(attosecond to millisecond) and size (nanoscale to bulk
solids) in normal and strongly correlated molecular and
extended systems.
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