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Nonadiabatic excited-state molecular dynamics underpin many photophysical and photochemical phenomena, such as
exciton dynamics, charge separation and transport. In this work, we present an ef�cient nonadiabatic molecular dynamic
(NAMD) simulation method based on time-dependent density functional tight-binding (TDDFTB) theory. Speci�cally,
the adiabatic electronic structure, an essential NAMD input, is described at the TDDFTB level. The nonadiabatic effects
originating from the coupled motions of electrons and nuclei are treated by the trajectory surface hopping algorithm.
To improve the computational ef�ciency, nonadiabatic couplings between excited states within the TDDFTB method
are derived and implemented using an analytical approach. Further, the time-dependent nonadiabatic coupling scalars
are calculated based on the overlap between molecular orbitals rather than the Slater determinants to speed up the
simulations. In addition, the electronic decoherence scheme and a state reassigned unavoided crossings algorithm,
which has been implemented in the NEXMD software, are used to improve the accuracy of the simulated dynamics
and handle trivial unavoided crossings. Finally, the photoinduced nonadiabatic dynamics of a benzene molecule are
simulated to demonstrate our implementation. The results for excited state NAMD simulations of benzene molecule
based on TDDFTB method compare well that obtained with numerically expensive time-dependent density functional
theory. The proposed methodology provides an attractive theoretical simulation tool for predicting the photophysical
and photochemical properties of complex materials.

I. INTRODUCTION

Nonadiabatic molecular dynamics (NAMD) are fundamen-
tal phenomena in photoinduced chemical, physical, and bi-
ological processes,1 such as energy and charge transfer,2
electron-hole pair separation and recombination after light
absorption in photovoltaic and optoelectronic devices,3,4 and
also play a signi�cant role in the photostability of DNA
molecules, to name a few.5 Computational modeling of such
nonadiabatic processes involving coupled excited states with
crossing potential energy surfaces (PES), is challenging be-
cause the strong coupling between nuclear and electronic mo-
tions leads to the breakdown of Born-Oppenheimer (BO) ap-
proximation near energetic degeneracies. A straightforward
approach for describing these dynamics is to directly solve the
time-dependent Schrödinger equation, treating the entire sys-
tem, including the electronic and nuclear subsystems quan-
tum mechanically. However, under full quantum treatment,
the system’s degrees of freedom are growing rapidly, which
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limits applications to systems with only a few atoms. Thus, in
practice, approximations must be adopted for simulations of
NAMD in realistic complex systems.

Mixed quantum-classical (MQC) methods, which treat
electrons quantum mechanically while propagating nuclear
dynamics through classical trajectories, can signi�cantly re-
duce the computational complexity and have practical appli-
cations to large systems. The two most popular MQC meth-
ods are the Ehrenfest6�12 and the trajectory surface hopping
(TSH)13,14 methods. Both Ehrenfest and TSH approaches
propagate an ensemble of trajectories and the properties of
the system are obtained by averaging over all trajectories with
different initial conditions. However, each of them tackles the
nonadiabatic process in an entirely different way. The mean-
�eld approach in Ehrenfest dynamics evolves the MQC sys-
tem self-consistently on the average PES given by a combi-
nation of all the occupied adiabatic states. Each trajectory
in Ehrenfest dynamics is continuous and does not involve
stochastic changes of quantum states. On the other hand, for
the TSH approach, the trajectory evolves on a single adiabatic
surface and is allowed to switch between different adiabatic
states such that the quantum amplitudes for the adiabatic states
follow the time-dependent Schrödinger equation. The proba-
bility of switching depends on the nonadiabatic coupling be-
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tween the states.
Combining the MQC algorithms with the quantum chem-

istry methods is a practical approach to simulate an excited
state NAMD at the atomic level of experimentally relevant
systems. For example, within the TSH framework, each tra-
jectory can be understood as a possible reaction pathway, and
the ensemble average can be directly compared with experi-
mental observables, facilitating straightforward analyses and
interpretation of numerical results albeit frequently on a qual-
itative level. Subsequently, both Ehrenfest and TSH meth-
ods underwent numerous modi�cations and implementations
into various software packages,15�23 and were broadly ap-
plied to NAMD simulations of a variety of molecules and
solids.1,24 Such implementations are straightforward and typi-
cally feature state energies, their gradients (forces), and nona-
diabatic couplings to be calculated with some electronic struc-
ture method and fed into the NAMD driver. In spite of this
conceptual simplicity, the computational costs of the MQC
simulations remain comparatively high: propagation of a tra-
jectory ensemble necessitates �on the �y� point-wise evalu-
ation of the PESs, thus placing the main numerical expense
on the electronic structure calculator. Therefore, the choice
of quantum chemistry methods to obtain electronic structure
is crucial for practical NAMD applications. Unfortunately,
quantum chemistry methods that approach the exact solution
for an electronic system have computational costs that grow
very rapidly with system size.25 For example, highly accu-
rate ab initio methods, such as complete active space SCF
method (CASSCF)26 and complete active-space second-order
perturbation theory (CASPT2)27, are restricted to small sys-
tems due to their unfavorable scaling. The cheaper semiem-
pirical models,7,28,29 are however suffer from poor transfer-
ability. Moreover, reliable semiempirical parameterization of
transition metals is yet to be achieved. In recent years, time-
dependent density functional theory (TDDFT) has become the
method of choice approach for calculations of excited states
of medium to large molecular systems due to its good trade-
off between computational accuracy and cost. Efforts have
been made for the development of the nonadiabatic dynamics
method by combining the TSH approach with TDDFT.16,30�34

However, TDDFT calculations is still computational de-
manding as millions of single point calculations have to be
done in a typical NAMD simulation with hundreds of trajecto-
ries. It is thus imperative to have an ef�cient but transferrable
method that allows simulations of large systems at long time
scales at a lower computational cost. This enables applica-
tions such as the study of optical properties of nanomateri-
als or biomolecules,35,36 the dynamics of optically excited vi-
brational modes in nanostructures,37 plasmonic catalysis,38�42

and other challenging systems. To satisfy these require-
ments, here we combine the TSH method time-dependent
density-functional tight-binding (TDDFTB) method.43 DFTB
is an approximate approach based on density functional theory
(DFT), which can be derived from the latter through a Taylor
expansion of total energy. The time-dependent extension of
DFTB covers dynamical problems and allows studying of ex-
cited states properties.43 It has been widely used to calculate
excited states properties of large atomic systems.44,45 There

are reports of implementations of nonadiabatic dynamics with
MQC methods based on DFTB. Ehrenfest dynamics based on
real-time Kohn-Sham DFTB have been described in refs 46
and 47. S·anchez et al. also implemented the Ehrenfest dynam-
ics based on the linear-response TDDFTB (LR-TDDFTB)
and have applied their method to investigate the effect of the
nuclear dynamics on the charge transfer pro�le in a donor-
acceptor interface.48 On the other hand, TSH-NAMD based
on LR-TDDFB method has been implemented by Mitri·c el
al.21 In addition, Stojanovi·c et al. developed an interface be-
tween DFTB+ and Newton-X, which allows performing deco-
herence corrected TSH dynamics with TDDFTB method.30,49

However, in these implementations, only the time-derivative
nonadiabatic couplings (NACT) have been calculated and the
computations of the nonadiabatic coupling vector (NACR) are
missing.21,30 Therefore, when surface hopping between ex-
cited states happens, the excess electronic energy from this
transitions can only be distributed uniformly to each nucleus
by a scaling factor. In fact, Bittner et al. have emphasized that
this excess energy will be redistributed to speci�c vibrations
along the direction of NACR.50 So, adjusting nuclear veloci-
ties along the direction of NACR is more reasonable. Our sim-
ulations also show that a more rigorous approach to compen-
sating for the energy difference between the two hopping ex-
cited states according to the direction of the NACR, can ensure
that the excited state remains in the lowest excited state after
relaxation. In the same calculation, the excited state transfers
back to the high excited state after relaxation when a uniform
redistribution is adopt.49 Besides, the decoherence corrections
or trivial unavoided crossings are not fully considered, which
may negatively affect the accuracy of the simulations.51

To account for these limitations, we implement a TSH ap-
proach (speci�cally, modi�ed Fewest Switches Surface Hop-
ping, FSSH, algorithm) based on the LR-TDDFTB framework
by combining the open-source software packages DFTB+52

and NEXMD.53 To accelerate the dynamics, nonadiabatic
coupling scalars are ef�ciently calculated using the recently
proposed orbital derivative method have been implemented.54

In addition, nonadiabatic coupling vectors are evaluated ana-
lytically for LR-TDDFTB adiabatic states. Moreover, deco-
herence and trivial crossings corrections were introduced as
well into the current implementation to correctly describe the
transitions between states.

This paper is organized as follows: the theoretical back-
ground of TDDFTB-based FSSH and details of its implemen-
tation are presented in Section II. In Section III, we discuss
the application of this newly developed method to the study of
photoinduced nonadiabatic dynamics of a benzene molecule,
which is benchmarked against TDDFT-based NAMD simula-
tions. Finally, conclusion and prospects for the method are
given in Section IV.
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II. METHODOLOGY

A. Fewest Switches Surface Hopping (FSSH) framework

The theoretical formulation of nonadiabatic dynamics in
the framework of TDDFTB combined with the FSSH algo-
rithm is conceptually similar to the one presented previously
for the full TDDFT method.16 In this approach, the electronic
wave function Q(r;R) is expanded in the basis of adiabatic
BO states, which depend on the electronic coordinates r and
parametrically on the nuclear coordinates R(t) according to

Q(r;R) =
Nst

å
n=1

cn(t)Yn(r;R(t)): (1)

Here Nst is the total number of adiabatic electronic states,
Yn(r;R(t)) is the adiabatic electronic wavefunction of state
n and cn(t) are the time-dependent complex expansion co-
ef�cients. R(t) = fRA(t)gA=NA

A=1 ( NA is the total number of
atoms in the system) are the nuclear trajectories which are ob-
tained by solving the classical Newton’s equations of motion
(EOMs)17

MA
d2RA

dt2 =�ÑRAEn(R); (2)

where MA is the mass of Ath atom and En(R) is the PES of nth

adiabatic state. By substituting Eq. 1 into the time-dependent
Schrödinger equation and keeping only the �rst-order nonadi-
abatic coupling terms a set of EOMs of the coef�cients cn(t)
along a given classical trajectory can be obtained1,55

iflh
¶cn(t)

¶ t
= cn(t)En(R)� iflhå

m
cm(t) �R �dnm: (3)

Here the orthogonal condition of adiabatic states hYnjYmi =
dnm) is used, and dnm = hYnjÑRjYmi is the �rst-order nona-
diabatic coupling term (or nonadiabatic coupling vector,
NACR).

The FSSH algorithm has been implemented in semiempir-
ical NEXMD package, where the EOMs in Eqs. 2 and 3 are
propagated via Velocity Verlet and Runge-Kutta-Verner �fth-
and sixth-order algorithm,56 respectively. More details about
the implementation can be found in the reference 17.

A key variable in Eq. 3 is the time-derivative nonadiabatic
coupling scalar (NACT) between two adiabatic states

�R �dnm = snm = hYnj
¶
¶ t
jYmi; (4)

which is calculated based on the LR-TDDFTB method. No-
tably, at the random phase approximation (RPA) or con�gu-
ration interaction single (CIS) level, the electronic wavefunc-
tions are not calculated explicitly and are commonly approxi-
mated via Slater determinant expansion

jYni= å
ia

wn
iajFiai; (5)

where indices i(a) run over the occupied (virtual) space. wn
ia

are expansion coef�cients and jFiai is a singly excited Slater

determinant (SD) built from a given electronic transition i!
a (a! i).21 The calculation of NACT in this work is simi-
lar to the NAMD framework implemented in NWChem,16,54

where the derivative of electronic wavefunctions with respect
to time is calculated numerically based on �nite-difference ap-
proximation and the overlaps of electronic wavefunctions are
evaluated at the level of MOs proposed by Ryabinkin et al.54

(see details in the Appendix). This numerical scheme gives
the same results as that obtained using analytical derivation
described below, but can be orders of magnitude faster (see
Table S1). In addition, the methods proposed by Tapavicza et
al.57 to map the coef�cient wn

ia to the eigenvector of Casida
equation58 is also implemented:

wn
ia =

1
p

2
[ (X +Y )n

ia +(X�Y )n
ia ]

=
1
p

2
[
r

ea� ei

Wn
Fn

ia +
r

Wn

ea� ei
Fn

ia ]: (6)

Here, Fn
ia (X and Y as well) is the eigenvector of Casida

equation,59,60 Wn is the excitation energy of nth adiabatic state
and ei (ea) is the energy of ith (ath) Kohn-Sham orbital (see
section II B for more details).

The time-dependent coef�cients cn(t) obtained in Eq. 3 are
used to calculate the hopping probabilities between different
electronic excited states within the framework of FSSH algo-
rithm. The hopping probabilities between excited states n and
m are given by17

gn!m(R; t) =
R t+Nqd t
t dt bmn(R; t)

ann(t)
; (7)

where Nq = Dt
d t , with Dt and d t correspond to the time steps for

evolving motions of nuclei and electrons in Eq. 2 and Eq. 3,
respectively. The chosen value of d t must be small enough
to resolve strongly localized peaks in NACT in order to avoid
underestimation of transition probabilities. This is particu-
larly important when crossings between adiabatic states are
encountered in the trajectory, in which d t will be further re-
�ned. ann(t) = cn(t)c�n(t) de�nes the time-dependent density
matrix elements, and bmn(R; t) = �2Re(a�nm

�R � dnm). Note
that gn!m =�gm!n and gn!n = 0 since dnm are antisymmet-
ric. Hopping between adiabatic states is determined stochas-
tically by comparing gn!m to a random number x (x 2 (0;1)).
A hop from state n to state m is performed if

m�1

å
l=1

gn!l < x �
m

å
l=1

gn!l ; (8)

where states are assumed to be ordered with increasing transi-
tion energy. On the other hand, the system remains in state n
when åNst

l=1 gn!l < x < 1. If gn!m < 0, the hop is unphysical
and the probability is set to zero. Finally, if a hop to a higher
energy state is predicted, there must be suf�cient nuclear ki-
netic energy along the direction of NACR, otherwise, the hop
is rejected.17 After a successful hop, the total electron-nuclear
energy is conserved by rescaling the nuclear velocity in the di-
rection of the NACR according to the procedure described in
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reference51,61. In addition, during the dynamics, we monitor
the relative phase of the ground to excited state transitions and
maintain the same phase (sign) to avoid a sudden sign change
in the NACT. This is done by enforcing the sign of the largest
component of the Casida eigenvectors to the same along the
trajectory.

As mentioned above, NACT, NACR and the forces act-
ing on the nuclei are the essential quantities required in TSH
simulations. In the current implementation, all these quan-
tities are calculated within the framework of LR-TDDFTB.
To make this article self-contained, a brief description of LR-
TDDFTB and derivation of NACR are given in the following
sections.

B. LR-TDDFTB

Without losing generality, the excitation energies WI within
the LR-TDDFTB formalism can be calculated through the
RPA-like equation58

�
A B
B A

��
X
Y

�
= WI

�
1 0
0 �1

��
X
Y

�
: (9)

This formalism can be applied to different DFTB meth-
ods, including the range-separated functional.62,63 For the
better description of the excited state properties, the LR-
TDDFTB formalism with hybrid functional should be con-
sidered. Especially, the time-dependent long-range corrected
DFTB (TD-LC-DFTB)64 is able to study charge-transfer ex-
citations, which play a fundamental role in several photore-
actions, such as plasmon-mediated chemical reactions.38 For
singlet excitations, the tetradic matrices A and B take the form

Aia; jb = di jdab(ea� ei)+Kia; jb; (10)

Bia; jb = Kia;b j: (11)

Here, the coupling matrix Kia; jb quanti�es the linear response
of Hamiltonian due to a perturbation and can be expressed
as60,64,65

Kia; jb = 2(iaj jb) = å
AB

2 qia
A gAB q jb

B : (12)

Where gAB is an atom-pairwise parameter to approximate the
bulky two-electron integral tetradic matrix present in full DFT
simulations.64 Within the DFTB method, the molecular or-
bitals are expanded as linear combinations of the atomic or-
bitals

fp = å
m

Cp
m cm (13)

and based on this the transition Mulliken charges qpq
A is de-

�ned as60,64

qpq
A =

1
2 å

m2A
å
n

Cm pSmnCnq +CmqSmnCn p; (14)

fp;q � � �g, fi; j � � �g and fa;b � � �g denote the general, occupied
and virtual MOs with energies ei and ea, respectively, while
fm;n � � �g are atomic orbital (AO) indices. Smn = hcm jcni is
the overlap between AO basis.

C. State-to-state derivative couplings

The straightforward way to obtain the state-to-state deriva-
tive coupling (dnm) is numerical differentiation (e.g., back-
ward differentiation), where eigenvectors of Casida equation
are calculated for slightly displaced nuclear coordinates:

hYnjÑRA jYmiR0 =
hYn(R0)jYm(R0 +d )i�hYnjYmiR0

d
:

(15)

Such computation is roughly 3NA times more expensive com-
pared to a single point TDDFTB calculation (here 3NA is the
number of nuclear degrees of freedom and NA is the total
number of atoms in the molecule). To facilitate numerical ef-
�ciency, the analytic approach is implemented per derivation
below.

The �rst-order nonadiabatic coupling matrix elements be-
tween two excited electronic states also can be obtained after
solving Eq. 966,67

dnm =
hXn;Y nj ¶L(R)

¶R jX
m;Y mi

Wm�Wn

+å
pq

gnm
pq hfpj

¶
¶R
jfq(R)i: (16)

Where L is the linear response operator de�ned as

L =
�

A B
B A

�
; (17)

and the transition density matrix gnm
pq is determined by

TDDFTB theoretical model as

gnm =
�
�(Xn(Xm)T )+Y n(Y m)T 0

0 ((Xn)T Xm +(Y n)TY m

�
:

(18)
Here, the off-diagonal blocks of the transition density ma-
trix which describe orbital relaxations are ignored68. Previ-
ous studies have demonstrated that the off-diagonal blocks
of the transition density matrix diverges when (Wm�Wn) ap-
proaches any other excitation energy.69 Such behavior is un-
physical because transition density matrices must always be
�nite.69,70 To circumvent these unphysical divergences, the
pseudowavefunction (PW) approach71 which is equivalent to
setting the off-diagonal blocks to zero is usually used.68

Solving Eq. 16 is computationally expensive because the
differentiation of the MO coef�cients C are involved in this
straightforward way. The use of the auxiliary function method
makes it possible to avoid the derivation of the MO coef�-
cients. To this aim, a Lagrangian formulation that is stationary
in the MO coef�cients and satis�es both the Brillouin condi-
tion Hia(R) = 0 and the orthonormal conditions of MOs can
be constructed as

Lnm[C;R;Znm;W nm] =Gnm(R;C)+å
ia

Znm
ia Hia(R)

�å
pq

W nm
pq (Spq�dpq); (19)
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here, the generator function G is given based on the Eq. 16,72

Gnm[R,C] =
hXn;Y njL(R)jXm;Y mi

Wm�Wn
+å

pq
gnm

pq hfpjfq(R)i:

(20)
Obviously, the Lagrangian of NACR at stationary point sat-

is�es

Lnm = Gnm)
dGnm

dRA
=

dLnm

dRA
=

¶Lnm

¶RA
; (21)

substituting Eq. 19 and Eq. 20 into Eq. 21 and converting to
the AO representation result in
dGnm

dR
=

¶Lnm

¶R
=

¶Gnm

¶R
+å

ia
Znm

ia
¶Hia(R)

¶R
�å

pq
W nm

pq
¶Spq

¶R

=
1

Wm�Wn
[ å

mn

¶Hmn

¶R
T nn

mn �
¶Hmn

¶R
T oo

vv ]

�å
mn

W nm
mn

¶Smn

¶R
+å

mn
gnm

mn hcm j
¶ cn

¶R
i

+
1

Wm�Wn
å

mnkl

¶ (mn jkl )
¶R

(X +Y )n
mn(X +Y )m

kl ;

(22)
with

T vv
mn =

1
2 å

ab
CmaTabCnb +CmbTbaCna

T oo
mn =

1
2 å

i j
CmiTi jCn j +Cm jTjiCn i; (23)

and

Tab =
1
2 å

i
(X +Y )n

ia(X +Y )m
ib +(X�Y )n

ia(X�Y )m
ib

Ti j =
1
2 å

a
(X +Y )n

ia(X +Y )m
ja +(X�Y )n

ia(X�Y )m
ja:(24)

In addition, the multiplier Znm
ia is set to zero and the orbital

relaxation terms are neglected in our implementation.16,68

De�ning S�R
mn = h ¶ cm

¶R jcni�hcm j
¶ cR

n
¶R i, can obtain hcm j ¶ cn

¶R i=
1
2 (SR

mn�S�R
mn ). Finally, ignoring the anti-Hermitian part of the

second term in Eq. 22 leads to68

dGnm

dR
=

1
Wm�Wn

[ å
mn

¶Hmn

¶R
T nn

mn �
¶Hmn

¶R
T oo

vv ]

�å
mn

flW nm
mn

¶Smn

¶R

+
1

Wm�Wn
å

mnkl

¶ (mn jkl )
¶R

(X +Y )n
mn(X +Y )m

kl ;

(25)
where

flW = W �
1
4

(gnm
mn + gnm�

mn ) (26)

and the Lagrange multiplier W is determined by enforcing
stationarity, ¶Lnm

¶C = ¶Lnm
¶C� = 0 (details can be found in Ap-

pendix A).

D. Electronic Decoherence Correction

Previous works had shown that electronic decoherence cor-
rections is important in TSH algorithms to accurately eval-
uate time dependent coef�cients of excited states, especially
after hops between excited states.73�76 While many decoher-
ence schemes were previously proposed, here we rely on two
approaches implemented in NEXND: the instantaneous deco-
herence correction (IDC) and the energy-based decoherence
correction (EDC). In the current implementation, we con-
sider both IDC and EDC to take into account the decoherence
effects.16,17,73

The IDC is based on the postulate that divergent wave pack-
ets will instantly separate in-phase space and should imme-
diately undergo independent evolution. Operationally, after
every attempted hop (including the forbidden hops), the IDC
procedure reinitializes the quantum amplitude of the new cur-
rent state to one and the coef�cients of other states are set to
zero. In this way, after each hop, the center of the wave packet
is realigned with the current state, which provides qualitative
improvement for the internal consistency with no increase in
computational cost.73

The EDC approach, relies on the total kinetic energy and
energy separations to rescale the quantum coef�cients after
each classical time step. The electronic wavefunction is again
initialized as a pure state, and coef�cient evolution is gov-
erned by Eq. 3. However, the wave packet is not permitted
to undergo the natural broadening. After each nuclear time
step, the coef�cients are rescaled and the wave packet is nar-
rowed before continuing the evolution. The detailed protocol
has been reported in reference 73.

E. Trivial Unavoided Crossing Correction

Another important issue in NAMD simulation is trivial un-
avoided crossing.29,77,78 For example, in extended polyatomic
molecules composed of weakly coupled chromophores, the
near-degenerated excited states are often spatially localized
on different chromophore units. Energetic crossings can take
place between any two of these near-degenerated states, say,
due to thermal �uctuations. Subsequently an adiabatic nature
of the states should be preserved during dynamics. Formally,
at such crossing points, NACT becomes in�nite resulting in a
hop. However, the use of �nite timestep numerical propaga-
tors for nuclear motion cannot capture such crossing points.
This results in the misidenti�cation of adiabatic states and
leads to artifacts in adiabatic state populations. To overcome
this technical challenge, a Min-Cost algorithm implemented
in NEXMD is employed to guide the reassignment of the adi-
abatic states at current timestep in terms of old states at the
previous timestep.77 Speci�cally, the correspondence between
adiabatic states is found at each time step based on maximiz-
ing the trace of the square of the overlap matrix with elements

fnm(t; t +Dt) = hYm(t)jYn(t +Dt): (27)

For a maximum overlap greater than a threshold, states are
reassigned by interchanging their populations, ignoring their
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couplings, and the hopping probability is not evaluated for
the unavoided crossings states. Thus, the misidenti�cation
of the nonadiabatic hopping for noninteracting degenerated
states can be removed.

III. RESULTS AND DISCUSSION

A. Photoinduced dynamics in Benzene

1. Computational details

To validate our implementation and benchmark against ex-
isting NAMD simulation results obtained with a DFT/TDDFT
level, the photoinduced dynamics of a benzene molecule is
studied using a reference protocol. The dynamics simu-
lation was initiated by �rst optimizing the molecule in its
singlet ground state at DFTB level. This was followed by
a 10 ps Born-Oppenheimer molecular dynamics simulation
with a classical time step Dt = 0:1 fs. Here, the Langevin
thermostat79 with a damping rate of 20 ps�1 was used to keep
the temperature �uctuating around 300 K. After a 5 ps equi-
libration period, 300 snapshots of initial geometries together
with nuclear velocities were sampled from the ground state
trajectory equal time interval, which were used to calculate
the average absorption spectrum and served as starting points
for subsequent excited state dynamics. To construct the av-
erage absorption spectrum, vertical excitation energies and
oscillator strengths of all samples were computed using LR-
TDDFTB with mio-1-1 DFTB parameter set.80 The mio-1-
1 parameter set was designed for organic molecules, which
is derived from DFT Hamiltonian using the PBE exchange-
correlation functional and is suitable for the benchmark com-
parison against the TDDFT implementations. For other appli-
cations, different parameter sets may be selected. For exam-
ple, for studying plasmon-mediated photophysical and photo-
chemical processes, the parameter sets with long-range corre-
lation should be considered to better describe the charge trans-
fer states. For NAMD simulations, all excited state trajec-
tories were prepared by photoexcitation according to the ab-
sorption spectrum and propagated for 400 fs. The timestep for
nuclear and electronic motion were set to 0.1 fs and 0.025 fs,
respectively. Nine excited states were included (Nst = 9) to
allow for possible transitions to higher excited states. As de-
scribed in the previous section, the IDC decoherence correc-
tion scheme was used since it is independent of external pa-
rameters and is a simple and low-cost method for decoher-
ence correction. Trivial unavoided crossings were tracked by
reducing the timestep by a factor of 40.

2. Optical spectra

Table I shows the excitation energy and the correspond-
ing transition components of the �rst (S1), second (S2) and
the �rst optically allowed (brightest) singlet excited states us-
ing TDDFTB with mio-1-1 parameter set and TDDFT with
GGA PBE functional. The �rst two bright states are S7=S8

and S3=S4 for TDDFTB and TDDFT, respectively. The com-
parison of several MOs obtained from DFTB and DFT is
shown in the inset of Figure 1. Besides, the spatial distribution
of transition density of S1, S2 and the �rst brightest excited
states of TDDFTB are consistent with those of TDDFT, while
TDDFTB excitation energies show a slight red-shift compared
to that of reference TDDFT. As expressed in Eq. 4, NACT val-
ues coupling different excited states are directly related to the
respective excited state transition densities. The above results
ensure that TDDFTB correctly captures the excited state prop-
erties and the nonadiabatic couplings between them.

FIG. 1. The calculated absorption spectrum of benzene at 300 K
by the TDDFTB method. Contributions from individual states are
shown along with the total spectrum. Inset shows molecular orbitals
of the HOMO-1, HOMO, LUMO and LUMO+1 calculated by DFTB
and DFT, respectively.

After verifying the excited state electronic properties, the
absorption spectrum is then obtained to determine the ini-
tial photoexcitation. Figure 1 shows the calculated absorp-
tion spectrum averaged over the 300 geometries obtained with
TDDFTB. The spectrum is broadened with a Gaussian line-
shape with a full width at half maximum (FWHM) of 25 meV.
The total absorption spectrum includes the contributions of
the nine lowest excited states, in which the absorption of S7
and S8 are among the strongest. As shown in Figure 1 and
Table I, the �rst bright singlet excitation energy is 6.79 eV.
Therefore, photon energy of 6.79 eV is used to initialize the
excited state dynamics in the NAMD simulations.

3. Excited state population dynamics

In this section, we analyze the photoinduced dynamics
of the benzene molecule obtained from the TDDFTB-based
NAMD simulation. For the NAMD simulations, an energy-
conserving ensemble is used, i.e., no thermostat is applied
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TABLE I. Comparison of vertical excitation energies and corresponding excitation components for the singlet excited states of benzene using
TDDFTB and TDDFT method. (The values in parentheses represent the probability of the corresponding transitions.)

Excited States TDDFTB TDDFT
S1 5.301(eV) 5.299(eV)

HOMO-1! LUMO (0.5) HOMO-1! LUMO (0.5)
HOMO! LUMO+1 (0.5) HOMO! LUMO+1 (0.5)

S2 5.676(eV) 6.154(eV)
HOMO-1! LUMO+1 (-0.496) HOMO-1! LUMO+1 (-0.5)

HOMO! LUMO (0.496) HOMO! LUMO (0.5)
Brightest singlet excited states (eV) S7 S3

6.792(eV) 7.155(eV)
HOMO-1! LUMO+1 (0.482) HOMO -1! LUMO+1 (0.5)

HOMO! LUMO (0.482) HOMO! LUMO (0.5)
S8 S4

6.792(eV) 7.155(eV)
HOMO-1! LUMO (-0.482) HOMO-1! LUMO (-0.5)
HOMO! LUMO+1 (0.482) HOMO! LUMO+1 (0.5)

FIG. 2. An example trajectory showing the internal conversion S8!
S2! S1 over a time span of 200 fs.

since the thermalization takes place in a much longer time
scale. Figure 2 shows a typical trajectory of the molecular dy-
namics. Upon photoexcitation, the molecule undergoes ultra-
fast internal conversion from the initially populated S8 states
via the S7� S3 states to the lowest excited states S1=S2. The
dark solid line represents the active trajectory path. In this
case, the molecule rapidly undergoes internal conversion from
S8 to S1 within� 40 fs, via several nonadiabatic hops between
excited states, for example, the hop between S6 and S3 at 26 fs.
Consequently, the active state jumps back and forth between
the second and �rst excited states afterwards until 200 fs.

Figure 3 presents the average population of each electronic
state during NAMD simulations. The average populations
were calculated as Pn(t) = Nn(t)

Ntra j
, where Nn(t) is the number

FIG. 3. Excited-state populations evaluated over a trajectory swarm
from the TDDFTB-based NAMD simulations.

of trajectories with state n being the active state at time t,
Ntra j is the total trajectory number. It can be seen that the
electronic population in benzene is mainly shared between
S3� S8 during the �rst 20 fs and consequently, the total pop-
ulation of S3 � S6 decreases monotonically to zero. After
100 fs, S1 possesses approximately 90% of the population.
Furthermore, the relaxation rate for S1 states is characterized
as p1(t) � 1� e�

t
t1 , the total Sn(n=2�8) ! S1 state life time

is estimated by �tting the population of S1 state in Figure 3.
The time constant t1 for occupying S1 state is about 46 fs,
which is in a close agreement with the lifetime measured by
pump-probe experiments (70�30 fs)81 and TDDFT simula-
tion results of about 57 fs.16

We further combine the transition density and NACR val-
ues to analyze the vibrational energy excitation of benzene
during the transitions between excited states. The localization
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FIG. 4. Electronic potential energy (upper panel) and total nuclear
kinetic (lower panel) energy for benzene. The white line is the aver-
age over all trajectories.

of the transition density, which re�ects the spatial distribu-
tions of the excited state wave function is calculated at DFTB
optimized geometry. Figure 4 plots the time evolution of elec-
tronic potential energy and the nuclear kinetic energy, which
shows that an average of 0.7 eV is transferred from electrons
to nuclei in benzene after 50 fs. The nonadiabatic coupling
vectors d72 and d21, shown in Figure 5, are all localized on
the ring, indicating the increase of nuclear kinetic energy can
be attributed to the increase of vibrational energy of C-C bond
stretches during S7=8! S2! S1 transitions. Moreover, S1 and
S2 states have B2 and A1 symmetries, respectively. Here, to
emphasize the presence of the alternating symmetry between
wavefunction phases for S1 and S2, we loosely use the general
"symmetric" and "ayssmetic" labels to stand for the A1 and B2
symmetries.82 Based on this notation, the transition S2 ! S1
is a typical asymmetric-to-symmetric transition, and thus d21
vectors are spatially asymmetric.82 Upon nonadiabatic transi-
tion, the excess electronic energy is dispersed into the nuclear
motion along the direction of NACR. Therefore, the vibra-
tional excitation resulting from the S2! S1 transition also has
an asymmetric form. All these results are consistent with pre-
vious TDDFT studies.16

B. Photoinduced dynamics for cycloparaphenylene molecules

This section investigates the photoinduced nonadiabatic
dynamics of the 100-atom cycloparaphenylene molecule
([10]CPP). Inset of Figure 6(a) shows the geometry of the
ground state of [10]CPP optimized at the DFTB level with the
3ob-3-1 parameter set.83 The dispersion interactions are in-
cluded via a Lennard-Jones potential with parameters adopted
from the universal force �eld (UFF).84 To perform the NAMD

FIG. 5. Volumetric plots of the transition densities for the three ex-
cited states S1, S2 and S7+8 at the ground-state equilibrium geometry
and the corresponding nonadiabatic coupling vectors d72 and d21.

simulations, 500 sets of initial conditions (geometries and ve-
locities) were sampled using a harmonic-oscillator Wigner
distribution,85 based on normal modes in the ground state of
[10]CPP. Subsequently, as shown in Fig. 6(a), the averaged
photoabsorption spectrum with a broad absorption band cen-
tered at �3.0eV was obtained by calculating the vertical exci-
tation energies and oscillator strengths for the six lowest-lying
excited states for all sampled initial geometries.86 Hence, pho-
ton energy of 3.0 eV is used to initialize the excited state dy-
namics, which results in 55 and 20 trajectories starting from
the S5 and S6 states, respectively. Figure 6(b) shows that
the photoinduced dynamics from the initially populated S5=S6
state, which undergoes internal conversion processes via the
S4 state to the lower excited states. At the end of 1 ps simula-
tion time, � 90% of the trajectories have relaxed to S1 state.
This ultrafast internal conversion process is consistent with
the results of previous studies.49,87 However, in reference 49,
the population is mostly shared between S1 (�40%) and S2+3
(�40%) and exhibits oscillatory behavior. That means that,
at the strong nonadiabatic coupling region between S1 and
S2=3, the population of the lowest S1 state can be transferred
back to higher excited states. The main reason for this dif-
ference is that different forbidden hopping constraints have
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been adopted. In reference 49, a forbidden hopping happens
when a slow trajectory attempts to hop to a higher energy level
that could not be reached even if all kinetic energy would be
converted to potential energy. In our case, the jump from
the lower excited state to the higher excited state is rejected
as long as the velocity component along the NACR direc-
tion is too small to compensate for the energy change due to
hopping.61 This constraint, combined with the instantaneous
decoherence correction after every attempted hop, ensures that
the trajectory stays on the S1 state during evolution.

Previous studies have also demonstrated that ef�cient �u-
orescence in large [n]CPP molecules results from spatial lo-
calization of the exciton (self-trapping) due to strong vibronic
coupling.87 To verify this phenomenon based on our simula-
tions, we analyzed the transition density distributions for all
trajectories at the beginning and end of the dynamics using
the participation ration (PR), which quanti�es the number of
phenyl rings over which an exciton is delocalized.88 We also
recomputed the excited states and PR of the same geometries
using the LC-TDDFTB method to demonstrate the reliability
of the TDDFTB approach in describing the localization char-
acteristics of excited states for large molecules. Figure 7(a-b)
shows the PR distributions for the current excited state at ini-
tial time t=0 fs and during dynamics t=500 fs, respectively.
For LC-TDDFTB, the excited states are initially delocalized
over � 8 phenyl rings, but after relaxation, they are delocal-
ized over 4-9 phenyl rings (Fig. 7(b)). This result indicates an
increased probability of localization (PR=4-6) and is consis-
tent with the dynamics results of Adamska et al..87 In the case
of TDDFTB, as shown in Fig. 7(a), the initial PR distribution
calculated with TDDFTB is the same as that estimated with
LC-TDDFTB. However, the distribution of PR remains delo-
calized over 8 to 10 phenyl rings after relaxation (t=500 fs).
Therefore, the TDDFTB method overestimates the PR num-
ber compared with the LC-TDDFTB method, so no obvious
localization can be observed based on the TDDFTB calcula-
tion. This result is also consistent with previous TDDFT cal-
culations that the localization of excitons can be adequately
described only with range-corrected hybrid DFT models.89,90

C. Computational e�ciency

Finally, we turn our discussion to the computational ef�-
ciency of the current implementation. Table S1 shows the
breakdown of computational time within one timestep of the
TDDFTB-based NAMD simulation. As expected, electronic
structure (ground and excited states) calculation is the most
time-consuming step (72.7 CPU seconds), but is about 135
times faster than that in TDDFT simulations (9864 CPU
seconds)16 on the same HPC (detailed comparison can be
found in the SI). The improved calculation ef�ciency using
DFTB Hamiltonian shows the potential for predicting the pho-
tophysical and photochemical properties of complex mate-
rials. For example, for the 100-atoms cycloparaphenylene
ring91, the 1 picosecond NAMD single-trajectory simulation
with a time step of 0.2 femtosecond only takes 102.7 hours by
using 4 cores of the Intel Xeon Processors E5-2695 v4 (45M

FIG. 6. (a) Simulated photoabsorption spectrum of [10]CPP. (b)
Excited-state population of [10]CPP during dynamics.

Cache, 2.10 GHz). To evaluate ef�ciency, we perform sim-
ilar simulations using full TDDFT approach based on PBE
functional, as implemented in the NWChem package. The
simulation of one NAMD step takes about 4.17 hours. Since
the time required for each NAMD step is roughly the same,
a total time of �20,850 hours is required for TDDFT-based
NAMD simulation. This emphasizes a particular suitability
of TDDFTB-based NAMD simulations for large systems due
to favorable scaling of numerical efforts.

IV. CONCLUSION

In the present work, we implemented the trajectory sur-
face hopping excited state nonadiabatic dynamics simulation
framework based on LR-TDDFTB formalism. The analytical
formulation of excited state nonadiabatic derivative couplings
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FIG. 7. PR Distribution of the current excited state at the (a) initial
time t=0 fs and (b) t=500 fs.

TABLE II. CPU Timings (in second) for a TSH-NAMD Timestep of
[10]CPPa.

Calculaiton CPU Time (second)
TDDFTB 72.7 (9864b)

NACT 4.9 (28.8b)
NACR 42.5 (5760b)

a Tests were performed on a single processor of a computer node with four
Intel Xeon Processors E5-2695 v4 (45M Cache, 2.10 GHz),

b TDDFT (PBE,6-31g) calculations were run with NWChem code.16

for TDDFTB method have been implemented for the �rst
time. In comparison to numerical derivative couplings, the
current implementation is signi�cantly faster and this paves
the way for nonadiabatic molecular dynamics simulations of
large complex systems. To demonstrate and validate our im-
plementation, the photoinduced dynamics of benzene have
been studied, and the estimated non-radiative relaxation rates
of benzene agree well with reference TDDFT simulations and

pump-probe experimental results.
The reported implementation opens broad opportuni-

ties to further methodological developments. Following
NEXMD (semiempirical theory)17 and NWChem (TDDFT
electronic structure level)16 advances, the present formalism
can be straightforwardly extended to other MQC NAMD ap-
proaches beyond TSH, including Ehrenfest dynamics and rig-
orous Multicon�gurational Ehrenfest with Ab Initio Multiple
Cloning (MCE-AIMC) algorithm,92 owing to the fact that all
these algorithms rely on the same electronic structure ingredi-
ents (state energies, gradients, NACR and NACT couplings).
Recently, the full quantum multicon�gurational Ehrenfest
with ab initio multiple cloning method (MCE-AIMC), which
goes beyond the mixed quantum-classical method and can
achieve high NAMD accuracy, has been implemented in the
NEXMD software17. The bottleneck of the computational
ef�ciency of the MCE-AIMC method is the calculation of
the trajectory basis functions (TBF) guided by the Ehrenfest
trajectories. Here our ef�cient implementation of our ana-
lytic NACR calculation becomes critical. So that perform-
ing MCE-AIMC dynamic simulations at the highly ef�cient
DFTB/TDDFTB level is possible for large systems. The im-
plementation of TDDFTB and MCE-AIMC framework will
be developed in the future.

Moreover, RPA-like framework for description of ex-
cited states underpinning the present formulation (i.e. LR-
TDDFTB) is common for the entire family of DFTB
methods65 including hybrid models incorporating orbital ex-
change, (i.e. LC-TDDFTB)64 which is important for quantita-
tive description of excited states in extended systems such as
organic and inorganic semiconductors. Previous studies also
have shown the computational ef�ciency of LC-DFTB is three
orders of magnitude better compared to that of full LC-DFT.64

Such a speed-up permits the treatment of molecular dynam-
ics simulations of large systems based on the LC-TDDFTB
method. On the other hand, metallic nanostructures will ben-
e�t from non-hybrid models, in a full analogy with DFT treat-
ment. The developed modeling capability will be released for
open community use via the existing GitHub repository.53

In addition, the LR-TDDFT and LR-TDDFTB methods
suffer from the same de�ciencies as the CIS formalism
when dealing with the conical intersections (CIs) between the
ground state (S0) and the �rst excited state (S1), owing to the
single excitation approximation33. Several approaches have
been proposed to address this problem. Examples include
adding doubly excited con�guration to the CI Hamiltonian93

or using the spin-�ip TDDFT (SF-TDDFT) method. The latter
selects the lowest triplet state as the reference state, and treats
both S0 and S1 as response states94. However, these methods
are still computationally expensive for dynamical simulations
within the full DFT/TDDFT-based framework. However, we
believe that the combination of these developments with the
more ef�cient DFTB/TDDFTB electronic structure methods
will have more practical applications for the simulation of the
photoinduced dynamics of extended systems.

Altogether, with the enhanced computational ef�ciency of
TDDFTB-based NAMD, we expect that it will �nd many ap-
plications in studying the photophysics and photochemistry
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in complex chemical systems. These applications might in-
clude organic (e.g. conjugated polymers, chromophores, car-
bon nanotubes and biological photosynthetic complexes), in-
organic (e.g., quantum dots and other low dimensional mate-
rials) and metallic nanostructures. For example, plasmonic
catalysis on nano-metallic surfaces has recently attracted
much attention. Experimental studies showed plasmon-
induced hot-electrons can facilitate chemical reactions.42

However, the underlying mechanisms are still unclear and suf-
fer from debates.95,96 Speci�cally, it is essential to distinguish
hot-electron and thermal effects in the plasmonic photocatal-
ysis. Atomistic simulations of the nuclear and electronic pro-
cesses are essential to capture the physical picture of plamson-
mediated chemistry. However, to this aim, the plasmon relax-
ation, the hot-electron and charge-transfer state excitation, the
hot-electron and charge-transfer state transmission should be
treated on the equal footing to reveal the detailed mechanisms
of plasmon catalysis. Taking advantage of the highly compu-
tational ef�ciency of our TDDFTB-based NAMD method, the
above processes can be considered at the same time. Hence,
we believe the development in this work will ultimately facil-
itate theoretical investigations of the underlying mechanisms
in plasmon-mediated chemical reactions and many other sys-
tems.
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Appendix A: Lagrange multiplier W

Following shorthand de�nitions are used,

Wmn = Wm�Wn

flWmn =
1
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(Wm +Wn)

R�n = Xn�Y n

M� =
1
2
�
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The Lagrange energy-weighted transition density multiplier
flW mn is determined as16:
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Appendix B: The molecular orbital based NACT

The NACT between states n and m is given by

smn(t) = hYnj
¶
¶ t

Ymi: (B1)

here, the excited state jyni (except the ground state) can be
expanded based on the single excitation Slater determinants,

jYni= å
ia

Cia jFiai : (B2)
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By substituting Eq. B2 into Eq. B1 and applying the orthonor-
mality of the Slater determinants, we get

smn(t) = å
ia; jb
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The Eq. B3 can be further simpli�ed by assuming a single set
of orthonormal molecular orbitals and then applying the �nite
difference approximation
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According to the de�nition of NACT, for orthonormal
wavefunctions, the non-adiabatic coupling matrix is anti-
symmetric. Therefore, in making the �nite difference approxi-
mation for the derivatives, we explicitly use the anti-symmetry
snm = snm�s�mn

2 . Using the backward difference approxima-
tion, we get the �nal expression of NACT as
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Where the molecular orbital overlap matrix elements are de-
termined by

Spq(t; t�Dt) =hfp(t) jfq(t�Dt)i
=å

mn
Cm p(t)Cnq(t�Dt)hfm(t) jfn(t�Dt)i :

(B6)

Appendix C: Testing of the nonadiabatic coupling calculation

Comparison of analytic and numerical NACR /NACT of
benzene computed using the TDDFTB method. The NACT
(snm = hYnj ¶

¶ t jYmi= �R �dnm) is a derivative relative to time,
in which the NACR (dnm = hYnjÑRjYmi) is a derivative rela-
tive to position. Thus, NACR can be calculated by a numeri-
cal differentiation method like NACT. It only needs to replace
the operator ¶

¶ t in Eq. B1-B6 with the spatial differential op-
erator r . Hence, unlike the unrelaxed analytical derivative
couplings, the numerical �nite differentiation calculations of
NACR include the orbital response terms. In practice, at each
time step, we manually displace each atom along a Cartesian
coordinate by 0.001 a.u., then calculate the Casida equation
to update the CIS vector, and then do numerical differentia-
tion to obtain the NACR element. The following Figure S1
shows the comparison of analytic NACR, numerical NACR,

FIG. 8. Comparison of analytical NACR, numerical NACR, and
NACT in benzene. (a) Plot the NACT related to time for S1 to S2
hopping. (b) and (c) show the analytical NACR vectors and numeri-
cal NACR vectors at the S2 to S1 hopping moment.

and NACT for Benzene. As shown in Figure S1, not only
the NACT calculated by different methods are well-matched,
but also the vector direction between analytic and numeri-
cal NACRs are almost coincident. The error of the analyti-
cal NACR compared to the numerical one (with orbital relax-
ation) is about 12%. In contrast, the numerical NACR will
recover the unrelaxed derivative couplings if the orbitals are
considered frozen. Nevertheless, such strong corresponding
behavior among these quantities indirectly indicates the relia-
bility of our implementation.
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