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Abstract Nonadiabatic molecular dynamics simulations aim to describe the coupled electron-
nuclear dynamics of molecules in excited electronic states, beyond the celebrated Born-
Oppenheimer approximation. These simulations have been applied to understand a plethora of
photochemical and photophysical processes and to support the interpretation of ultrafast spec-
troscopy experiments at advanced light sources. As a result, the number of nonadiabatic dynamics
simulations has been growing significantly over the past decade. Yet, the field remains in its infancy,
and a potential user may find it difficult to approach this type of simulation, given their complexity
and the number of elements that should be considered for a (hopefully) successful nonadiabatic
dynamics simulation. Nonadiabatic molecular dynamics relies on several key steps: finding a level
of electronic-structure theory to describe the molecule in its Franck-Condon region and beyond,
describing the photoexcitation process, selecting amethod to perform the nonadiabatic dynamics,
and analyzing the final results before calculating observables for a more direct comparison with
experiment. This Best Practices guide aims to provide a general guide for the user of nonadia-
batic molecular dynamics by (i) discussing the fundamentals of nonadiabatic molecular dynamics
and the various trajectory-based methods developed for molecular systems, (ii) introducing the
different electronic-structure methods and concepts – adiabatic/diabatic representation, conical
intersections – that can be used with nonadiabatic molecular dynamics (or for benchmarking), (iii)
providing details on the various steps required to perform a nonadiabatic dynamics simulation and
their practical use, as well as guided examples and a discussion on the calculation of observables,
(iv) proposing a FAQ with the typical questions a user may have when performing nonadiabatic
dynamics, and (v) sketching a checklist for the key practical steps when performing a (trajectory-
based) nonadiabatic molecular dynamics. Each section is self-contained, but we endeavor to pro-
vide additional key references for each concept discussed, making this Guide a starting point for
the interested reader to dig further into the field of nonadiabatic dynamics.
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1 Introduction
Over the centuries, chemists have mastered the devel-
opment of simple phenomenological rules to predict, or
at least anticipate, the outcome of chemical reactions.
The advent of quantum mechanics, and more specifically
the Born-Oppenheimer approximation, provided a sort
of framework to rationalize some of the more empirical
rules of chemistry. The Born–Oppenheimer approximation
provided the concept of potential energy surfaces (PESs) for
the nuclear degrees of freedom of molecules, focusing in
particular on the ground electronic state, where electrons
are arranged in their most stable configuration around the
nuclei. The development of quantum chemistry (in combina-
tion with the application of statistical mechanics to chemical
problems) further sedimented a global understanding of the
fate and reactivity of molecules in their ground-electronic
state, with some notable exceptions and challenges.[1, 2]

Determining the critical points of the ground-state PES is
a central task in studying the mechanisms of chemical reac-
tions. Using an approximation to the electronic Schrödinger
equation – an electronic-structure method – allows us to
obtain electronic energies for different geometries of a
molecule. Equilibrium constants or reaction rate coefficients
can be approximated based on the energy differences at
different critical points on the PES, combined (often) with a
harmonic approximation to describe the nuclear degrees of
freedom of a molecular system. The connection between
these characteristic features of the PES and the chemical
reactivity of a molecule is due to the equilibrium nature
of a molecule in the ground state, but also the validity of
the Born-Oppenheimer approximation. The sampling of
configuration or phase space using, for instance, molecular
dynamics simulations is used only when the dimensionality
of the problem (and therefore the complexity of its config-
uration space) is such that other strategies (localization of
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critical points of the ground-state PES, i.e., minima and tran-
sition states) are unfeasible to determine thermodynamics
quantities.

Add a single photon of visible or UV light to this mix, trig-
gering the electronic excitation of amolecule, and the predic-
tive power of the chemists’ toolbox decreases significantly.
Photophysical reactions – when a molecule absorbs a pho-
ton of light but its nuclei, overall, do not change their position
in the process significantly (blue path in the central panel of
Figure 1) – and photochemical reactions – when a molecule
absorbs a photon of light and its nuclei undergo a signifi-
cant change in their position, leading to the formation of pho-
toproducts (red path in the central panel of Figure 1) – are
two cases of light-triggered processes often resulting in un-
expected outcomes. The past decade has seen a dramatic in-
crease in the interest of chemists in light-induced processes
such as the capture or storage of sunlight,[3] the emission
of light at low electricity cost,[4] the use of light as a green
reactant in chemical synthesis,[5] the use of light in medical
applications like imaging and sensing,[6, 7] or the interpre-
tation of time-resolved experiments conducted at advanced
light sources like free-electron lasers.[8]

As alluded to in the previous paragraph, triggering the for-
mation of excited electronic states breaks some of the key
assumptions of ground-state chemical reactivity. First of all,
the molecule finds itself in an out-of-equilibrium state upon
light absorption, and it may visit various regions of nuclear
configuration space it would not visit while in its ground elec-
tronic state. We should stress that the precise strategy em-
ployed to excite the molecule will lead to different molecular
(excited) states and a different response of the molecule: a
continuous-wave (CW) lasermay trigger the formation of a vi-
brational stationary state in an excited electronic state, while
a much shorter laser pulse could trigger the formation of a
nuclear wavepacket (a superposition of multiple vibrational
states) in the excited electronic states[9] – or even the forma-
tion of an electronic wavepacket when an attosecond pulse is
employed. The previous statement makes it clear that light-
induced processes often unravel the quantum nature of the
nuclei, an aspect typically not considered for ground-state re-
activity. But that is not all: excited electronic states can come
close in energy, meaning that nuclear motion can trigger a
change of electronic states: the coupling between electronic
and nuclear motion, often referred to as ’nonadiabatic cou-
pling’, is nothing but a breakdown of the Born-Oppenheimer
approximation.

The previous paragraph may sound as if the study of
excited electronic states requires only an extension to
the usual ground-state protocol and the calculation of
critical points for more than one PES. But accounting for
the fact that light-induced reactions are inherently out-of-

equilibrium, at least in their early times, the main concepts
of minimum energy paths, successful in predicting chemical
reactions in the ground state, will run out of steam when
the actual nuclear dynamics plays a critical role in the nonra-
diative relaxation process, breaking the Born-Oppenheimer
approximation.[10, 11] This observation constitutes one of
the reasons why the predictive power of Lewis structures
cannot be easily extended to photochemical processes.
Hence, understanding light-induced processes often re-
quires a description of their underlying nuclear dynamics or,
more precisely, their nonadiabatic molecular dynamics – the
dynamics allowing electron and nuclear motion to couple
beyond the Born-Oppenheimer approximation, leading to
transfer of the molecule between electronic states without
the emission of light.

Despite the growing number of applications of (trajectory-
based) nonadiabatic molecular dynamics in chemistry, it is
surprising that no single go-to reference or book exists to
date. By go-to reference, we mean here a reference for any
researchers interested in computational photochemistry
(newcomer in the field or expert) who is looking for (i) a brief
survey of the various available techniques in (excited-state)
electronic-structure methods and nonadiabatic dynamics,
(ii) a summary of the main concepts and vocabulary encoun-
tered in nonadiabaticmolecules dynamics, (iii) a step-by-step
guide to conduct a nonadiabatic molecular dynamics simula-
tions, (iv) practical advice and best practices on how to best
conduct such complex simulations, and (v) a FAQ of common
questions in the field. This Guide is meant to fill this gap
and will discuss all the steps necessary for a nonadiabatic
molecular dynamics simulation as depicted in Figure 1, from
a fundamental and practical perspective. The caption of
Figure 1 provides the different sections where a given topic
is covered. The living nature of this Guide hopefully means
that it will contains the most up-to-date recommendations
on how to best perform nonadiabatic molecular dynamics
simulations. We encourage the Community to contribute to
this effort and stimulate the evolution of this Guide by sub-
mitting suggestions and updates via our GitHub repository
at https://github.com/ispg-group/best-practices-namd.

We note at this point that this Guide mostly focuses
on photochemical and photophysical processes taking
place in the gas phase, simulated using trajectory-based
nonadiabatic approaches and various electronic-structure
methods. In the FAQ (Section 5), we provide some back-
ground discussion and key references on various topics
not covered in detail in the original version of this work.
Future iterations of this Guide will hopefully contain more
information on the inclusion of an environment and the use
of quantum-dynamics methods.
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Figure 1. Schematic representation of a photochemical (green) and photophysical (purple) process (center), surrounded by the different keysteps necessary to perform a nonadiabatic molecular dynamics simulations and discussed in this Guide. Concepts of electronic-structuretheory for excited electronic states (adiabatic/diabatic representation, conical intersections) and various electronic-structure methods arediscussed in Section 3.2, and practical considerations on the selection of an electronic-structure methods can be found in Section 4.1. Sec-tion 4.2 offers a discussion on the generation of initial conditions for nonadiabatic molecular dynamics, namely ground-state sampling andthe description of photoexcitation. The fundamental equations of nonadiabatic dynamics are discussed in Section 3.1, the approximationsleading to methods for nonadiabatic molecular dynamics are introduced in Section 3.3, and their practical use is described in Section 4.3. Sec-tion 4.4 offers a brief survey on the calculation of experimental observables from nonadiabatic molecular dynamics simulations. The Guidealso includes a FAQ (Section 5 and a Checklist for nonadiabatic molecular dynamics (Section 6) with its rationale (Section 7).

2 Prerequisites
This Guide assumes background knowledge of quantum
chemistry, (time-dependent) quantum mechanics, and pho-
tochemistry. Several monographs and reviews cover these
aspects, and we refer the reader to the following examples
for quantum chemistry,[12–15] time-dependent quantum
mechanics,[16, 17] and (theoretical) photochemistry.[18–20]

3 Underlying concepts and methods for
computational photochemistry

3.1 Setting the formal scene for
nonadiabatic molecular dynamics

Before defining the main ingredients necessary to perform
nonadiabatic molecular dynamics, a detour is required to de-
fine where such ingredients are coming from and what the
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theoretical background of nonadiabatic molecular dynamics
is.

Studying the dynamics of a photoexcited molecule
implies that we follow the evolution of the state of said
molecule over time. Hence, nonadiabatic molecular dynam-
ics is concerned with solving the time-dependent molecular
Schrödinger equation for the system of interest,

īh ∂

∂tΨ(r,R, t) = Ĥ(r,R)Ψ(r,R, t) , (1)
where Ψ(r,R, t) is the molecular time-dependent wavefunc-
tion describing the state of our molecular system, with R and
r being collective variables for the coordinates of the Nn nu-clei and Nel electrons forming the molecule. Ĥ(r,R) is the full
molecular Hamiltonian and includes the nuclear kinetic en-
ergy T̂n(R) and the so-called electronic Hamiltonian Ĥel(r,R)
Ĥ(r,R) = T̂n(R) + Ĥel(r,R)

=
Nn∑
ν

−̄h22Mν
∇2
Rν

+ T̂e(r) + V̂ee(r) + V̂nn(R) + V̂en(r,R) . (2)
The electronic Hamiltonian consists of the kinetic energy
operator for the electrons T̂e(r), the electron-electron V̂ee(r),nucleus-nucleus V̂nn(R), and electron-nucleus V̂en(r,R) inter-action. Each nucleus is labeled by ν with correspondingmass
Mν . We note that Eq. (1) is non-relativistic, and any relativistic
effects required for the molecule of interest must be added
as a patch to the formalism described here and below. Ĥ(r,R)
can also become time-dependent if the interaction between
amolecule and a (classical) time-dependent electromagnetic
field (like a laser pulse) is included explicitly.[17]

By focusing solely on the electronic Hamiltonian Ĥel(r,R),one can solve an electronic structure problem for a
fixed nuclear configuration, the so-called electronic time-
independent Schrödinger equation:

Ĥel(r,R)ΦJ(r;R) = EelJ (R)ΦJ(r;R) . (3)
ΦJ(r;R) is the electronic wavefunction for electronic state J,
and the use of a semi-colon ’;’ indicates that this electronic
wavefunction is defined in Eq. (3) for a given nuclear configu-
ration. EelJ (R) is the corresponding adiabatic electronic energyfor electronic state J at the nuclear configuration R. Solving
Eq. 3, or more precisely, finding approximations to this equa-
tion, is the work of quantum chemistry and the development
of electronic-structuremethods – this will be further detailed
in Section 3.2.

The electronic time-independent Schrödinger equation,
Eq. (3), is solved for a given nuclear configuration R. We can
vary this nuclear configuration along all possible nuclear
coordinates of our molecular system to obtain ’electronic
energies for each electronic state as a function of the nuclear

configuration’, the definition of PESs. Following this proce-
dure of solving Eq. 3 for any possible nuclear configurations
also provides electronic wavefunctions defined for any point
of the nuclear configuration space. This realization is critical
to offer a representation for the molecular wavefunction: if
we know the electronic wavefunction for each electronic
state for any nuclear configuration, we can use these func-
tions as a basis to express the time-dependent nuclear
wavefunction Ψ(r,R, t):

Ψ(r,R, t) =∑
J

ΦJ(r;R)χJ(R, t) . (4)
Eq. (4) is called the Born-Huang representation and expresses
the time-dependent molecular wavefunction in products
of a time-independent electronic wavefunction ΦJ(r;R) anda corresponding time-dependent nuclear wavefunction
(coefficient) χJ(R, t), summed over all electronic states.

The Born-Huang representation gives a formally exact
representation of the time-dependent molecular wavefunc-
tion1 and is at the heart of our way to picture photochemical
processes: time-dependent nuclear wavefunctions evolved
on (time-independent) PESs given by the electronic wave-
functions. To make this observation more apparent, we
can substitute the time-dependent molecular wavefunction
in Eq. (1) by the Born-Huang representation and perform
the following steps of algebra: (1) apply the molecular
Hamiltonian onto the Born-Huang representation (note
that the electronic wavefunctions are eigenfunctions of the
electronic Hamiltonian and that the nuclear kinetic energy
operator acts not only on the nuclear wavefunctions but
also on the electronic ones), (2) apply the partial derivative
with respect to time on the Born-Huang representation,
(3) left multiply both sides of the equation by Φ∗

I (r;R), (4)integrate over the electronic coordinates (remembering that
the electronic wavefunctions form an orthornormal basis).
As a result, we obtain a set of coupled equations of motion
(for I = 0, 1, 2, . . . ) for each nuclear amplitude:

1For an overview of the mathematical treatment of the Born-Huang repre-
sentation and a discussion of its formal limitations, see Ref. 21.
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īh ∂

∂tχ0(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ Eel0 (R)
)

χ0(R, t) +∑
J
Ĉ0J(R)χJ(R, t)

īh ∂

∂tχ1(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ Eel1 (R)
)

χ1(R, t) +∑
J
Ĉ1J(R)χJ(R, t)

īh ∂

∂tχ2(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ Eel2 (R)
)

χ2(R, t) +∑
J
Ĉ2J(R)χJ(R, t)

īh ∂

∂tχ3(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ Eel3 (R)
)

χ3(R, t) +∑
J
Ĉ3J(R)χJ(R, t)

... (5)
which can be rewritten in a matrix-vector form,

īh ∂

∂t

χ0(R, t)
χ1(R, t)...

 =


−
∑Nn

ν
h̄22Mν

∇2
Rν

+ C00(R) Ĉ01(R) · · ·
Ĉ10(R) −

∑Nn
ν

h̄22Mν
∇2
Rν

+ C11(R) · · ·... ... . . .



×

χ0(R, t)
χ1(R, t)...

 +
Eel0 (R) 0 · · ·

0 Eel1 (R) · · ·... ... . . .


χ0(R, t)

χ1(R, t)...

 , (6)

or, in compact notation,
īh ∂

∂tχ = Tnχ +Helχ . (7)
The evolution of the nuclear wavefunction assigned to a
given electronic state is dictated by the nuclear kinetic
energy operator and the PES for this electronic state (the
evolution term that depends only on one electronic state)
and a term responsible for the coupling between the nuclear
wavefunction in the electronic state of interest with the
nuclear amplitudes for all the other electronic states. In the
literature, this set of coupled equations is often written in a
shorthand notation:
īh ∂

∂tχI(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ EelI (R)
)

χI(R, t)+∑
J
ĈIJ(R)χJ(R, t)

(8)
and the terms ĈIJ(R) are responsible for all the so-called nona-diabatic couplings, that is, the couplings between electronic
and nuclear motion responsible for the transfer of nuclear

amplitude between electronic states. This term is defined as
ĈIJ(R) =

Nn∑
ν

− h̄22Mν
⟨ΦI(R)|∇2

Rν
|ΦJ(R)⟩r

−
Nn∑
ν

h̄2
Mν

⟨ΦI(R)|∇Rν
|ΦJ(R)⟩r · ∇Rν

(9)

with DIJ(R) = ⟨ΦI(R)|∇2
R|ΦJ(R)⟩r being the second-order nona-diabatic couplings and dIJ(R) = ⟨ΦI(R)|∇R|ΦJ(R)⟩r being thefirst-order nonadiabatic coupling vectors (NACVs). We note

that the diagonal terms dII(R) = 0 for real electronic wave-
functions, while DII(R) are not necessarily zero. The nonadia-batic coupling terms dIJ(R) and DIJ(R) are responsible for non-Born-Oppenheimer effects, that is, effects resulting from the
coupling between electronic and nuclear motion. We will dis-
cuss these terms and their behavior in further details below.

The nonadiabatic coupling terms defined above couple
electronic states with nuclear motion and are the terms ne-
glected within the Born-Oppenheimer approximation. If we
were to neglect all the dIJ(R) and DIJ(R) terms with I ̸= J, we
would obtain the following equation of motion for the nu-
clear wavefunction in a given electronic state I
īh ∂

∂tχI(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ EelI (R) + CII(R)
)

χI(R, t) (10)
which means that the nuclear amplitude evolves only within
a given electronic state I and cannot be transferred to an-
other electronic state – the electrons adapt instantaneously
to any nuclear motion to remain in an adiabatic electronic
state I and the molecule evolves adiabatically in this state;
this is the Born-Oppenheimer approximation. Eq. (10) is
strictly equivalent to the equation of motion one would
obtain by substituting the time-dependent molecular wave-
function in Eq. (1) by the Ansatz Ψ(r,R, t) ≈ ΦI(r;R)χI(R, t),the well-known Born-Oppenheimer approximation. Using
the Born-Oppenheimer Ansatz leads to the appearance of
CII(R) in the equation of motion for the nuclear wavefunction
(see Eq. (10)) – this term is coined the diagonal Born-
Oppenheimer correction and one can include its effect on
the (Born-Oppenheimer) PESs, EelI (R), to produce so-called
Born-Huang surfaces, i.e., EBHI (R) = EelI (R) + CII(R).[22–24] Ifone neglects the diagonal Born-Oppenheimer correction
– which is the most commonly employed framework in
practice – we obtain the following equation,

īh ∂

∂tχI(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ EelI (R))
)

χI(R, t) (11)
which is often called the adiabatic Born-Oppenheimer ap-
proximation in the literature.[25] We note that we cannot
suggest an approximation to the molecule wavefunction
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that would lead to Eq. (11) upon insertion in the molecular
time-dependent Schrödinger equation.

We finally note that, in practice, the summation in Eq. (8)
is truncated to a subset of electronic states that are sufficient
to describe the process of interest. The approximation of re-
taining only a subset of Nstates coupled electronic states is
often referred to as the group Born-Oppenheimer approxima-
tion[26] and leads to the following coupled equations of mo-
tion:
īh ∂

∂tχI(R, t) =
( Nn∑

ν

−̄h22Mν
∇2
Rν

+ EelI (R)
)

χI(R, t)+
Nstates∑

J
ĈIJ(R)χJ(R, t) .

(12)
Where are we at this stage? We defined the formally

exact framework of the Born-Huang representation, where
nuclear amplitudes are propagated in time thanks to the
set of coupled equations of motion given by Eq. (12). This
propagation, however, requires electronic-structure quanti-
ties: the electronic energies EelI (R) for the electronic states
considered as well as the nonadiabatic coupling terms to
describe nonadiabatic effects. These quantities are ob-
tained by solving, for any necessary nuclear configurations,
the time-independent electronic Schrödinger equation,
Eq. (3). Hence, nonadiabatic molecular dynamics, that is, the
practical solution of an approximate form of Eq. (12) for a
molecule in its full dimensionality, will require getting these
electronic-structure quantities (and others, like nuclear
gradients) – the electronic-structure problem discussed in
Section 3.2 – and performing the nuclear (nonadiabatic)
dynamics based on approximations to Eq. (12) – the nuclear
dynamics problem summarized in Section 3.3.
3.2 Electronic structure for excited

electronic states
To determine the electronic structure of a molecule, one
needs to calculate a manifold composed of a ground and
(multiple) electronically excited states. Electronic states
of molecules, characterized by their electronic energies
and electronic wavefunctions, are obtained by solving an
eigenvalue problem of the stationary electronic Schrödinger
equation with the nuclei fixed – Eq. (3). By solving the elec-
tronic Schrödinger equation for various nuclear geometries,
one can scan the PES of each electronic state. Electronic
states mapped in this way are called adiabatic electronic
states, and they will be our primary focus throughout the
text. In the following, we start by providing a discussion on
a series of concepts of key importance when characterizing
the (in-principle exact) electronic states of a molecule,
namely the adiabatic and diabatic representation for the
electronic states (Section 3.2.1) and conical intersections
(CXs) (Section 3.2.2).

We then discuss practical approximations to the elec-
tronic Schrödinger equation (Eq. (3)), at the heart of the
different electronic-structure methods for excited electronic
states, focusing on their pros and cons for nonadiabatic
molecular dynamics. Two broad families of electronic struc-
ture methods are used to calculate electronic quantities
of importance for nonadiabatic dynamics (e.g., electronic
energies, nuclear gradient, nonadiabatic coupling terms):
the approaches based on an approximation of the electronic
wavefunction – the wavefunction-based methods – and
the techniques focusing on the electronic density – the
density-based methods, within which we can find formal,
rigorous approaches as well as semiempirical strategies.
Section 3.2.3 discusses the wavefunction-based methods
and Section 3.2.4 focuses on the density-based approaches.
We also note that Section 4.1 will address the challenge of
selecting an appropriate electronic-structure method for a
molecule of interest.
3.2.1 Adiabatic and diabatic representations
At the beginning of this Section, we introduced the notion
of adiabatic electronic states. Adiabatic electronic states
(or wavefunctions) are the eigenfunctions of the electronic
Hamiltonian Ĥel, with corresponding eigenvalues called
adiabatic electronic energies. In other words, the adiabatic
electronic wavefunctions make the electronic Hamiltonian
diagonal but not the nuclear kinetic energy matrix, as
described by Eq. 6 and repeated here for the case where
only two adiabatic electronic states Φ1(r;R) and Φ2(r;R) areconsidered:
īh ∂

∂t

(
χ1(R, t)
χ2(R, t)

)
=(

−
∑Nn

ν
h̄22Mν

∇2
Rν

+ C11(R) Ĉ12(R)
Ĉ21(R) −

∑Nn
ν

h̄22Mν
∇2
Rν

+ C22(R)
)

×
(

χ(a)1 (R, t)
χ(a)2 (R, t)

)
+
(
Eel1 (R) 0
0 Eel2 (R)

)(
χ1(R, t)
χ2(R, t)

)
. (13)

The first matrix on the right-hand side of Eq. (13) is the
nuclear kinetic energy matrix (non-diagonal) and the second
matrix is the electronic Hamiltonian matrix (diagonal).

Another electronic basis is possible, though, often
referred to as the diabatic electronic states. The diabatic
electronic states are directly connected to the character
of an electronic state, particularly liked by chemists when
assigning electronic transitions. The diabatic electronic
wavefunctions do not diagonalize the electronic Hamilto-
nian, but diagonalize the nuclear kinetic energy matrix2

2Even though the nuclear kinetic energy is not a hermitian operator in the
electronic space, an equation can be solved to minimize, or set to zero, the
off-diagonal elements of the nuclear kinetic energy matrix representation in
the electronic diabatic basis.
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Figure 2. Schematic representation of potential energy curves in the diabatic (left panel) and adiabatic representation (right panel). Leftpanel: the electronic energy (expectation value of the electronic Hamiltonian) for two diabatic electronic states, nπ∗ (red) and ππ∗ (blue), isrepresented along a given nuclear coordinate, together with the diabatic coupling as a dashed green curve. The electronic Hamiltonianmatrixin this basis of two diabatic electronic states is given under the panel. Right panel: the adiabatic electronic energy Eel1 and Eel2 (eigenvalues ofthe electronic Hamiltonian) for two adiabatic electronic states, Φ1 and Φ2, are represented along a given nuclear coordinate, together withthe NACV as a dashed grey curve. The color code used for the adiabatic electronic energies reflects the underlying character of the electronicstate at a specific nuclear configuration (red for nπ∗ and blue for ππ∗, in between when the character is mixed near the avoided crossing).The diagonal electronic Hamiltonian matrix in this basis of two adiabatic electronic states is given under the panel.

– from an equation perspective, the two-electronic state
description offered in the adiabatic basis by Eq. (13) would
look as follows in the diabatic basis:

īh ∂

∂t

(
χ(dia)1 (R, t)
χ(dia)2 (R, t)

)
=(

−
∑Nn

ν
h̄22Mν

∇2
Rν

0
0 −

∑Nn
ν

h̄22Mν
∇2
Rν

)(
χ(dia)1 (R, t)
χ(dia)2 (R, t)

)

+
(

⟨Φ(dia)1 (R′)|Ĥel|Φ(dia)1 (R′)⟩r ⟨Φ(dia)1 (R′)|Ĥel|Φ(dia)2 (R′)⟩r
⟨Φ(dia)2 (R′)|Ĥel|Φ(dia)1 (R′)⟩r ⟨Φ(dia)2 (R′)|Ĥel|Φ(dia)2 (R′)⟩r

)

×

(
χ(dia)1 (R, t)
χ(dia)2 (R, t)

)
, (14)

whereΦ(dia)
J (R′) is the electronicwavefunction for the diabatic

state J, with R′ signifying that such a diabatic state is defined
only at a single specified nuclear geometry. The diabatic elec-
tronic energies are in principle different from the adiabatic
ones. We note that both the diabatic and the adiabatic elec-
tronic states constitute an adequate basis to describe the
molecular wavefunction and could be used interchangeably.
As we will see below, there are concepts that solely belong to
one representation or the other.

The beginning of this section on adiabatic and diabatic
states is quite technical, and we can actually obtain a simpler
picture of the key differences between adiabatic and diabatic

electronic states by looking at a simple example with two
electronic states. Let us consider a molecule with a carbonyl
(C ––O) group. This molecule possesses two low-lying elec-
tronic states, which can be described by their character:
nπ∗ (the character of the electronic state is described by
an electron leaving a n orbital to populate a π∗ orbital) and
ππ∗ (the character of the electronic state is described by an
electron leaving a π orbital to populate a π∗ orbital). As we
describe here the electronic states by their character, we
use a diabatic representation, and the eigenstate for the nπ∗

state is |nπ∗⟩ and that of the ππ∗ is |ππ∗⟩. The electronic
Hamiltonian matrix resulting from these two electronic
states will have diagonal elements, that is, diabatic electronic
energies, given by ⟨nπ∗|Ĥel|nπ∗⟩ for the energy of the nπ∗

state and ⟨ππ∗|Ĥel|ππ∗⟩ for the energy of the ππ∗ state. The
interaction between these two diabatic states is given by the
diabatic coupling term ⟨nπ∗|Ĥel|ππ∗⟩ that indicates how the
electronic wavefunction of nπ∗ is coupled to the electronic
wavefunction of ππ∗ via the electronic Hamiltonian. The
overall curves for the diabatic electronic energies (red and
blue for each electronic character) and the diabatic coupling
(dashed green) are represented schematically on the left
panel of Figure 2. Notice that the diabatic electronic energies
can cross and that a given electronic state always conserves
its electronic character for any variation of the nuclear
configuration R. The electronic Hamiltonian in this diabatic
basis is not diagonal (see the expression at the bottom of
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the left panel in Fig. 2).
How does this diabatic picture connect to the adiabatic

picture? Formally, we could diagonalize the electronic Hamil-
tonian expressed in the diabatic representation to obtain
adiabatic electronic states and energies. The adiabatic
electronic energies, Eel1 and Eel2 , are labeled no more by an
electronic character but by their energy ordering – Eel1 is the
lowest electronic energy, Eel2 the second lowest – for any
nuclear configuration R. The adiabatic electronic energies
are represented in the right panel of Figure 2. In regions
of the nuclear configuration space R where the adiabatic
electronic energies are well separated, one often can assign
an electronic character to a given adiabatic electronic states
– this is represented in Fig. 2 by a curve with a clear blue
or red color, symbolizing a dominant ππ∗ or nπ∗ character,
respectively. However, when one focuses on a region of the
nuclear configuration space where the adiabatic electronic
states get close in energy, each adiabatic electronic state will
have a mixed character, i.e., a mix of ππ∗ and nπ∗ character
(symbolized in Fig. 2 by a gradient of red/blue). More
importantly, the ordering of the adiabatic electronic states
implies that adiabatic electronic energies cannot cross! Eel1will always be the first lowest adiabatic electronic energy and
Eel2 the second – at the cost that their electronic character
may change along R. At best, adiabatic electronic energies
can become degenerate, leading to the formation of a CX for
molecules composed bymore than two atoms –wewill come
back to CXs shortly (Section 3.2.2). The right panel of Fig. 2
shows that the splitting between adiabatic electronic energy
at the point in configuration space where diabatic electronic
energy would cross (⟨ππ∗|Ĥel|ππ∗⟩ = ⟨nπ∗|Ĥel|nπ∗⟩) is
exactly equal to twice the diabatic coupling ⟨nπ∗|Ĥel|ππ∗⟩.
We will soon discuss the implications of this observation
with two limiting cases. But first, how do we measure the
coupling between adiabatic electronic states? We need to
focus on the off-diagonal element of the nuclear kinetic
energy operator, which features terms called NACVs defined
for the present case as d12 = ⟨Φ1|∇R|Φ2⟩r = ⟨Φ1|∇RĤel|Φ2⟩r

Eel2 −Eel1
,

with |Φ1⟩ and |Φ2⟩ the adiabatic electronic wavefunctions
(eigenfunctions of the electronic Hamiltonian). In words,
the NACVs indicate how electronic state 1 can be coupled
to electronic state 2 via a nuclear displacement (∇R), andthe second equality shows that these vectors are inversely
proportional to adiabatic electronic energy gap between the
two coupled electronic states: a large energy gap between
Eel1 and Eel2 means small NACVs, while a small gap makes
these vectors large.

To better understand the connection between the dia-
batic and adiabatic representation, let us look at two limiting
cases, depicted in Figure 3. Case I describes a molecular

system where the diabatic coupling ⟨nπ∗|Ĥel|ππ∗⟩ is weak
(small dashed curve in the left panel of Fig. 3). In other terms,
the diabatic states ππ∗ and nπ∗ do not interact strongly. We
know that the splitting of the adiabatic electronic energies
(at the point of configuration space where ⟨ππ∗|Ĥel|ππ∗⟩
is equal to ⟨nπ∗|Ĥel|nπ∗⟩ in the diabatic representation)
is twice the diabatic coupling, meaning here a small value.
Hence, the adiabatic electronic energies will only be weakly
split, and the NACVs would be large as a result. Despite the
apparent discrepancy between the diabatic and adiabatic
picture, they both tell the same story! In the diabatic rep-
resentation, a weak diabatic coupling means that a system
initiated in the ππ∗ state will remain in this electronic state
(blue curve in Figure 3) in its trajectory along R, as the cou-
pling with the other diabatic state is weak. In the adiabatic
representation, a molecule would start in Eel2 away from
the intersection region (the adiabatic state exhibits there a
dominant ππ∗ character – blue in the schematic of Fig. 3)
and reach the point in R where the nonadiabatic couplings
are strong, meaning that it will change (adiabatic) electronic
state to land in Eel1 and move away from the intersection,
where Eel1 now exhibit a strong ππ∗ character. (We note that
the switch of electronic character for the adiabatic states
is more localized in nuclear configuration space due to the
small diabatic coupling presented in this case.) In other
words, the molecule preserves its electronic character as
in the diabatic representation, but to achieve this goal in
the adiabatic representation the molecule will transfer from
one adiabatic electronic state to another: a weak diabatic
coupling implies a strong nonadiabatic coupling.

Case II is the opposite scenario with a molecular system
displaying a very strong diabatic coupling (lower panels of
Figure 3). A large diabatic coupling implies that the two elec-
tronic characters may strongly mix and that the dynamics of
a molecule initiated (like for Case I) on the diabatic electronic
energy ⟨ππ∗|Ĥel|ππ∗⟩ (blue curve) is likely to transfer to
the diabatic electronic energy ⟨nπ∗|Ĥel|nπ∗⟩ during its path
along R. This diabatic transition means an overall change of
the electronic character of the molecule along its trajectory.
In the adiabatic picture, a large diabatic coupling means
a large adiabatic splitting between adiabatic electronic
energies and, as a result, a weak nonadiabatic coupling.
A molecule initiated in Eel2 (with a strong ππ∗ character in
this region) will evolve along the Eel2 potential adiabatically,
meaning that the character of the electronic state will slowly
change from ππ∗ to nπ∗ (and no jump will occur to Eel1 as the
NACVs are small). Hence, the diabatic and adiabatic picture
shows the very same process: a molecule changes its elec-
tronic character along its nuclear dynamics. An important
comment is required at this stage: case II actually represents
a case where the Born-Oppenheimer approximation is valid.
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Figure 3. Two different cases for nonadiabatic processes in the diabatic and adiabatic representation. Case I exhibits a system with a weakdiabatic coupling, resulting in a strong nonadiabatic coupling in the adiabatic representation. Case II highlights a systemwith a strong diabaticcoupling, meaning a weak nonadiabatic coupling in the adiabatic representation. For both cases, the nuclear dynamics of the system issymbolized by a circle following the arrow.

The Born-Oppenheimer approximation neglects the NACVs,
meaning that a molecule in a given adiabatic electronic state
will always remain in this state, independently of the nuclear
dynamics. In case II, the molecule remains on Eel2 as the
(adiabatic) energy gap between the two (adiabatic) electronic
states is large and the NACVs are negligible.

We finish this Sectionwith a few considerations regarding
the adiabatic and diabatic representations. First of all, only
expectation values of operators are observables, and both
the adiabatic and the diabatic representations are not per
se directly related to observables. In this sense, adiabatic
or diabatic electronic populations – an important quantity
often plotted from nonadiabatic molecular dynamics simu-
lations – are not experimental observables. Similarly, CXs
designate regions of the nuclear configuration space where
two (or more) adiabatic electronic energies are degenerate
(as will be discussed below in detail). CXs can be seen as
ultra-efficient funnels to transfer an electronically-excited

molecule from one adiabatic electronic state to another,
as NACVs will be singular at this very point of degener-
acy. However, CXs are purely a product of the adiabatic
representation, and as such are not per se observables, as
any observable should be independent from the electronic
representation. Finally, it is important to stress that diabatic
states can only be strictly defined for diatomic molecular
systems, and only quasi-diabatic states can be produced for
larger molecules.[27] The reader interested in diabatization
strategies for electronic states can consult Refs. [26, 28], for
example.
3.2.2 Conical intersections
Mathematical considerations of CXs first entered the chem-
ical literature as early as 1929, with von Neumann and
Wigner[29] presenting the conditions for the existence of
electronic degeneracies between two adiabatic states of
the same spatial symmetry, as well as, a few years later,
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Teller[30] highlighting the potential for CXs to facilitate
efficient internal conversion on ultrafast timescales. Never-
theless, the history of CXs within the 20th century, for the
most part, was one of scepticism. In contrast to the views of
Teller and others,[31, 32] the most common understanding
of photochemical reactions was based on the concept of a
small energy gap at an avoided crossing (AC) minimum[33]
along a linear path between reactants and products.[34] CXs
were instead considered by many to be rare, mathematical
curiosities, unlikely to occur at chemically relevant energies,
unless their existence was required by symmetry.[10] Even
then, since most molecules do not exhibit point group
symmetry, not to mention high enough symmetry to impose
electronic degeneracies, the prevalence of CXs was thought
to be severely limited.[35]

It was not until the early 1990s (some 60 years after
their initial conception) that CXs began to receive the recog-
nition they do today.[36] Thanks to increased computer
power, implementation of gradients in multiconfigurational
electronic-structure methods, and improved algorithms for
geometry optimisation, CXs could be located without the
aid of symmetry constraints.[37] The respective efforts of
the Ruedenberg[38, 39] and Yarkony[40] groups (for small
molecules), as well as the international collaboration of
Bernardi, Olivucci and Robb[41, 42] (for larger molecules)
showed not only that ’non-symmetry-required’ CXs exist
(which was known before), but are in fact omnipresent in
numerous organic molecules.[43] More recently, Truhlar
and Mead[44] further demonstrated that, in contrast to
previous opinions, CXs are indeed much more likely to
exist than ACs. They proved that if a local minimum in the
energy gap (i.e., a supposed AC) between two electronic
PESs is encountered upon traversing a path through nuclear
configuration space, rather than being a true AC, it is much
more likely to instead be associated with the neighbourhood
(or shoulder) of a CX. It is now widely agreed that, far from
being arcane theoretical concepts,[45, 46] CXs constitute the
bedrock of our mechanistic understanding of a wide array
of photochemical and photophysical processes.[43, 47–51]
Foundations: the non-crossing rule, the branching
space and the seam space
In order to determine the conditions for the existence of a
CX, it is instructive to consider again the matrix of the two-
state diabatic electronic Hamiltonian previously introduced
in Eq. (14),[52]

H(dia)el (R) =
(
V11(R) V12(R)
V12(R) V22(R)

)
, (15)

where here we define VIJ(R) = ⟨Φ(dia)
I (R′)|Ĥel(R)|Φ(dia)

J (R′)⟩r for
brevity and V21(R) = V∗12(R) = V12(R) as H(dia)el (R) is a Hermitian

matrix defined with real matrix elements. Diagonalization of
H(dia)el (R) can be achieved via the unitary transformation ma-
trix,

U(R) =
( cos[θ(R)] sin[θ(R)]

− sin[θ(R)] cos[θ(R)]
)
. (16)

The eigenfunctions ofH(dia)el (R) are thus given as the adiabatic
electronic states expanded in terms of the two diabatic elec-
tronic states,

Φ1(r;R) = cos[θ(R)]Φ(dia)1 (r;R′) + sin[θ(R)]Φ(dia)2 (r;R′)
Φ2(r;R) = − sin[θ(R)]Φ(dia)1 (r;R′) + cos[θ(R)]Φ(dia)2 (r;R′) , (17)

with the rotation angle, θ(R), defining the diabatic-to-
adiabatic transformation,

θ(R) = 12 arctan
( 2V12(R)
V11(R) − V22(R)

)
. (18)

Equivalently, one yields the adiabatic electronic energies
(written in terms of the diabatic electronic energies) as the
eigenvalues of H(dia)el (R),[38, 53]

Eel1,2(R) = V (R) ±
√
[∆V (R)]2 + [V12(R)]2 (19)

where
V (R) = V11(R) + V22(R)2 and ∆V (R) = V11(R) − V22(R)2 .

(20)
Inspecting Eqs. (19) and (20), it is clear that for the eigen-

values of H(dia)el (R) (i.e., two adiabatic electronic states) to be
degenerate, the following two conditions must be satisfied,

V11(RCX) = V22(RCX)
V12(RCX) = 0 , (21)

where RCX is the geometry at the CX. For a nonlinear
molecule with F = 3Nn − 6 nuclear degrees of freedom,
these two conditions are fulfilled in an (F − 2)-dimensional
subspace (i.e., one independent nuclear degree of freedom
must be lost to satisfy each of the two conditions).[54]
Therefore, the full F-dimensional space associated with a
given molecule can be divided into two subspaces: (i) this
(F − 2)-dimensional seam (or intersection) space[38] (Fig. 4,
right), where the adiabatic electronic states are degenerate
and (ii) a two-dimensional branching[38] (or g-h)[55] space
(Fig. 4, left) orthogonal to it, where the degeneracy is lifted.
Therefore, rather than occurring at an isolated geometry (as
may appear to be the case in the branching space), CXs exist
as an infinite number of points (with necessarily different
electronic energies, associated with different nuclear ge-
ometries) connected[56–59] along the so-called intersection
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seam (Fig. 4, middle). The idea of an ’intersection seam’
compared to a ’seam (or intersection) space’ is exactly
equivalent and thus the two are interchangeable; the former
simply refers to an (F − 2)-dimensional hyperline, which may
be more appropriate to consider given the context. Von
Neumann and Wigner first presented these conditions for
electronic degeneracy in the context of diatomic molecules.
Since only one nuclear degree of freedom exists in an
isolated diatomic (i.e., the bond distance between the two
nuclei), two adiabatic electronic states with the same spatial
symmetry can never become degenerate3 – this is the origin
of their ’non-crossing rule’.[29] Polyatomic molecules, on
the other hand, possess many degrees of freedom (or at the
very least, the required two), so fulfilment of both conditions
in Eq. (21) is indeed highly possible, but not necessarily
guaranteed.[60]

Complete characterization of a given CX requires the de-
termination (and subsequent visualization) of its branching
space. To do so for a two-state CX, it is useful to first redefine
the matrix of the diabatic electronic Hamiltonian [Eq. (15)] in
terms of the quantities given in Eq. (20),[53, 61]

H(dia)el (R) = V (R)I2 +
(

∆V (R) V12(R)
V12(R) −∆V (R)

)
, (22)

where I2 is a (2 × 2) identity matrix. Consider two electronic
states that are energetically degenerate at nuclear geometry
RCX. At a neighbouring geometry, R = RCX + δR, it is possible
to expandH(dia)el (R) in a Taylor expansion around the intersec-
tion point RCX. This is given as

H(dia)el (R)
=H(dia)el (RCX) + ∇RH(dia)el (RCX) · δR + . . .

=V (RCX)I2 +
[

∇RV (RCX)I2
+
(

∇R∆V (RCX) ∇RV12(RCX)
∇RV12(RCX) −∇R∆V (RCX)

)]
· δR + . . .

= (V (RCX) + ∇RV (RCX) · δR
)
I2

+
(

∇R∆V (RCX) ∇RV12(RCX)
∇RV12(RCX) −∇R∆V (RCX)

)
· δR + . . . ,

(23)

where V11(R) = V22(R) = V (R) at R = RCX.[62] Given the first
term in the last line of Eq. (23) corresponds to a diagonal ma-
trix (and thus has no effect on the coupling between the two

3The same does not apply to electronic states of different spatial symmetry.
In this case, the second condition in Eq. (21) is trivially satisfied (i.e., V12(RCX) isidentically zero), so only one nuclear degree of freedom must be lost to fulfil
the remaining condition, something generally possible in diatomic molecules.
It was this observation that causedmany to erroneously assume that CXs could
only form between electronic PESs because of point group symmetry and that
intersections between electronic PESs of the same spatial symmetry were pri-
marily avoided.[53]

electronics states), it is apparent that, to first order in R, the
conditions for the degeneracy to remain upon moving from
RCX to R become

∇R∆V (RCX) · δR = 0
∇RV12(RCX) · δR = 0 . (24)

To retain the degeneracy, the nuclear displacement
vector, δR, is restricted to the subspace orthogonal to that
spanned by the vectors ∇R∆V (RCX) and ∇RV12(RCX). The
conditions in Eq. (21) have therefore been extended and
the branching space vectors, ∇R∆V (RCX) and ∇RV12(RCX),defined. The branching space vectors (or any linear combina-
tion between them)[46] constitute the two possible4 nuclear
coordinates along which the molecule can distort in order
to exit the strong nonadiabatic region at the CX; the degen-
eracy is lifted linearly to first order upon an infinitesimal
displacement in either direction. Movement along any of the
remaining F − 2 nuclear coordinates retains the degeneracy
and simply translates the molecule along the intersection
seam (or within the seam space), which can be characterized
in terms of minima and transition states.[63, 64]

Since the definition of diabatic electronic states is
arbitrary,[61, 65, 66] it is customary to express the branch-
ing space vectors in terms of adiabatic electronic states
instead. As such, using Yarkony’s notation,[55] the two
branching space vectors can now be defined as

gIJ(R) = 12∇R

[
EelI (R) − EelJ (R)

] , (25)
which is referred to as the gradient difference vector, and

hIJ(R) = 〈ΦI(R)|∇RĤel|ΦJ(R)〉r , (26)
which is referred to as the derivative coupling vector. An-
other useful quantity to define for the characterization of the
branching space is the seam coordinate,[67]

sIJ(R) = 12∇R

[
EelI (R) + EelJ (R)

] , (27)
where the projections of sIJ(R) onto the branching plane aresubsequently given by

sx = sIJ(R) · xIJ(R) and sy = sIJ(R) · yIJ(R) , (28)
with

xIJ(R) = gIJ(R)
g and yIJ(R) = hIJ(R)

h
(29)

being the orthonormalized versions of the gIJ(R) and hIJ(R)vectors introduced in Eqs. (25) and (26), respectively; they
4Strictly speaking, the branching space vectors collectively constitute the

branching plane, which spans an infinite number of linearly-dependent nu-
clear coordinates that can lift the degeneracy.
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Figure 4. Schematic representation of the adiabatic PESs in the branching space (left) and seam space (right) of a two-state CX, where gIJ(R)and hIJ(R) are the branching space vectors (expressed in terms of adiabatic states) and aIJ(R) and bIJ(R) are two arbitrarily chosen seam spacecoordinates. Plotting the PESs along one branching space vector (here gIJ(R)) and one seam space coordinate reveals the intersection seam(middle) – see text for discussion.

are the so-called intersection-adapted coordinates. Here, g =
∥gIJ(R)∥ and h = ∥hIJ(R)∥ are the norms of the respective or-
thogonalized branching space vectors. The electronic Hamil-
tonianmatrix of Eq. (15) can now be recast within the branch-
ing space as

Hel, bs(x, y) = (E× + sxx + syy) I2 +(gx hy
hy −gx

)
, (30)

where x and y are displacements along the gIJ(R) and hIJ(R)directions.[68] The eigenvalues of Eq. (30) are thus given by

Eel, bs1,2 (x, y) = (E× + sxx + syy)±
√(

gx
)2 + (hy)2 , (31)

where V (RCX) = E× is the energy at the point of
degeneracy.[62, 69] This results in the two adiabatic elec-
tronic energies, Eel, bs1,2 (x, y), plotted around the CX along the
two branching space directions exhibiting the characteristic
double-cone (or diabolical)[60, 70] shape.5

Having laid out over the last few pages (i) the origin of the
“non-crossing rule”, (ii) the definitions of the complementary
branching and seam spaces, as well as (iii) the double-cone
shape given by adiabatic electronic energies within the
branching space, it is now necessary to characterize CXs
further. There are a number of ways this can be achieved,
namely by symmetry, by topography, and by topology. Each
will be discussed in turn below.

5If we take a random one-dimensional slice through the adiabatic PESs in
the branching space of a CX, it is unlikely that it will pass directly through the
point of intersection, RCX. We are much more likely to observe a supposed
AC, as was argued and proven by Truhlar and Mead (mentioned above).[44]
ACs are formally different to CXs, in that the energy gap is lifted at second (or
higher) order in all directions around the former, whereas the degeneracy is
lifted at first order only in two directions around the latter.[10]

Characterizing conical intersections by symmetry
One way to classify two-state CXs is by the part played
by point group symmetry in satisfying the degeneracy
conditions given in Eq. (21). There are three main groups:
symmetry-required, accidental symmetry-allowed, and
accidental same-symmetry CXs. Symmetry-required CXs
arise when the molecule exhibits a particular point group
symmetry where the intersecting electronic states belong to
the same doubly-degenerate irreducible representation. For
nuclear geometries for which this holds, both conditions in
Eq. (21) are trivially satisfied, guaranteeing the degeneracy
by symmetry.[35] The Jahn-Teller effect[71] is a symmetry-
lowering process intrinsically related to this class of CX.[65]
Accidental symmetry-allowed CXs occur when one of the
intersecting electronic states possesses a distinct spatial
symmetry to the other (i.e., they belong to different irre-
ducible representations). As a result, the second condition
in Eq. (21) is automatically fulfilled for all nuclear geometries
where this is the case;[45] the off-diagonal matrix elements
of the totally-symmetric H(dia)el (R) are zero by symmetry.[72]
Accidental same-symmetry CXs involve electronic states that
exhibit the same spatial symmetry (i.e., belong to the same
(non-degenerate) irreducible representation). Unlike the
two cases already discussed, neither condition in Eq. (21)
is therefore fulfilled by group theoretical arguments.[72]
Given that most molecules do not possess sufficiently high
symmetry to form the above two classes of CXs, acciden-
tal same-symmetry CXs are by far the most common in
photochemistry.[52]
Characterizing conical intersections by topography
So far in Section 3.2.2, the discussion of CXs has centred
around what we now refer to as their topology, that is,
the dimensionality of the CX branching and seam spaces.
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However, an equally important aspect to consider is the
topography of a given CX,[52, 73] which relates instead to
the shape of the PESs in the vicinity of the intersection point
within the branching space (of typically a two-state CX). A
number of ways exist to characterise the local topography
of a CX, each of which make use of the four parameters
(g,h, sx , sy ) given in Eq. (28) and (29).Firstly, the parameters g and h characterise the slope of
a CX in the directions of the two branching space vectors,
respectively.[74] The average of these is related to the pitch,

δgh =
√12

(
g2 + h2) , (32)

which defines the overall steepness of the PESs within the
branching space, whereas their relative difference relates to
the asymmetry,

∆gh = g2 − h2
g2 + h2 , (33)

which defines the extent to which the shape of the CX
differs from a reference double cone of perfect radial
symmetry.[75] A CX is classified as symmetric (asymmetric)
if it gives a zero (non-zero) value of ∆gh. Visually, symmetric
CXs possess PESs with the same slope in both the gIJ(R)and hIJ(R) vector directions (i.e., g = h), whereas the slopes
differ in asymmetric CXs (i.e., g ̸= h). It is seen in certain
cases, like in trivial unavoided crossings,[76, 77] that if the
CX is strongly asymmetric, it may appear as (but is not) a
one-dimensional, or linear, intersection in the branching
space, with a (F − 1)-dimensional seam space.[46] Such
intersections are common in systems involving long-range
charge or energy transfer.

Secondly, the parameters sx and sy characterise the tilt
of a CX and lead to further classifications of CX topography,
that of peaked and sloped (Fig. 5).[38] For a CX to be defined
as peaked, sx and sy must be (close or equal to) zero; for a
sloped CX, either one or both of sx and sy must be non-zero.
Depending onwhich is larger, the CXwill be tilted eithermore
in the gIJ(R) or hIJ(R) vector directions, respectively. Visually, aCX is peaked if the intersection point in the branching space
is the lowest (highest) energy point on the upper (lower) PES.
Although, in this case, the point of degeneracy relates to a
minimumon the upper PES, this should not be confusedwith
a stationary point, as the nuclear gradient at such a geometry
is not zero, but in fact discontinuous.[46] A sloped CX, in con-
trast, can be recognised visually when the principle axis of
the CX is tilted to such an extent that now, in some directions
along the branching plane, the energy of the upper (lower)
PES becomes lower (higher) in energy than the intersection
point.[78]
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Figure 5. Schematic representation of the adiabatic PESs in thebranching space of four two-state CXs characterised by different lo-cal topographies: (top left) peaked and single-path (δgh = 0.0949,∆gh= 0.5320, sx = 0.9550, sy = 0.0000); (top right) peaked and bifurcating(δgh = 0.1249, ∆gh = 0.3402, sx = 0.0000, sy = 0.7133); (bottom left)sloped and single-path (δgh = 0.1326, ∆gh = 0.2680, sx = 0.0000, sy= 2.1588); and (bottom right) sloped and bifurcating (δgh = 0.1399,
∆gh = 0.8753, sx = 0.0000, sy = 0.4553). The numerical CX branchingspace topography parameters used to generate the plots in this fig-ure were taken from Ref. [69]. We note that, here, in Fig. 5, and inFig. 4, we use the (raw) gIJ(R) and hIJ(R) vector notation instead of the
x and y (orthonormalized) scalar quantities for schematic simplicity.

Rewriting Eq. (31) explicitly in terms of the pitch, asymme-
try and tilt parameters [Eqs (32), (33) and (28), respectively]
yields

Eel, bs1,2 (x, y) = E× + δgh
(
sxx + syy

±
√(x2 + y2) + ∆gh(x2 − y2)) , (34)

which provides a direct means in plotting the branching
space of CXs exhibiting different topographies (Fig. 5). It may
be argued, however, that in their current form the afore-
mentioned CX branching space topography parameters do
not bear an immediate connection to the possible reactive
outcomes of nonadiabatic dynamics near a CX.[79] Fdez.
Galván et al.[69, 75] recognised this by defining the following
composite parameters,

P = σ2
δgh2

(1 − ∆gh2
) (1 − ∆gh cos(2θs)) (35)
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and
B = 3

√
σ2

4 (δgh∆gh
)2 ( 3

√(1 + ∆gh
) cos2 (θs)

+ 3
√(1 − ∆gh

) sin2 (θs)) ,
(36)

where
σ =√sx2 + sy2 (37)

is a collective tilt parameter and
θs = arctan( sysx ) (38)

is the tilt heading, i.e., the polar angle within the xy-plane (de-
fined with respect to the x-axis) for which the average energy
of the two PESs is maximum. Depending on the numerical
value of these composite parameters, a CX can be charac-
terised as[80]

P =
{ < 1 peaked

> 1 sloped and B =
{ < 1 bifurcating

> 1 single-path .
(39)

Here, the terms peaked and sloped are the exact same as
those already discussed above.[38] However, additionally a
CX can be classified as bifurcating if there are twominima on
the lower PES, affording two preferred relaxation paths from
the CX; single-path refers to when there is just one (Fig. 5).
By defining these composite parameters, it is possible to
get a rough, but immediate feeling for the possible affect
a given CX may have on nonadiabatic dynamics within its
vicinity, simply based on its topography.
Characterizing conical intersections by topology
Finally, the most fundamental characteristic of a CX, i.e., its
topology, can also be used to classify it, with different CXs
(or, more generally, different intersections) possessing differ-
ent topologies. The most common type of CX encountered
in photochemical investigations, as discussed already, is that
between two electronic states of the same multiplicity (con-
sidered within a non-relativistic framework). Such CXs afford
the archetypical (F−2)-dimensional seam space and orthogo-
nal two-dimensional branching space, in which the electronic
PESs form the distinctive double-cone. For completeness, we
now consider two alternative cases: (i) CXs between three (or
more) electronic states and (ii) CXs between two electronic
states considered within a relativistic framework.

To start, we address case (i). Let us consider the three-
state analogue of Eq. (15),[68]

H(dia)el (R) =
V11(R) V12(R) V13(R)
V21(R) V22(R) V23(R)
V31(R) V32(R) V33(R)

 . (40)

Using the same procedure as for the two-state case, the
eigenvalues ofH(dia)el (R) (i.e., the three adiabatic electronic en-
ergies) can only become degenerate if the following five con-
ditions are met,

V11(RCX) = V22(RCX) = V33(RCX)
V12(RCX) = V13(RCX) = V23(RCX) = 0 . (41)

In other words, degeneracy requires (a) all diagonal
matrix elements to be equal and (b) all off-diagonal matrix
elements to be zero. Three-state CXs, therefore, have a five-
dimensional branching space and an (F − 5)-dimensional
seam space. These arguments can be generalized to con-
sider the branching space dimensionality, denoted η, of a CX
involving an arbitrary number of M electronic states of the
same spin-multiplicity. In order forM-fold degeneracy,M−1
diagonal conditions and M(M − 1)/2 off-diagonal conditions
must be fulfilled [considering an (M × M) matrix].[37] Thus,
the total number of conditions that need to be obeyed, that
is, the branching space dimensionality of the M-state CX is

η = (M − 1) (M + 2)2 , (42)
where the dimensionality of the corresponding seam space
can then also be given as F − η.

For a discussion relating to case (ii), it is prudent to distin-
guish between two sub-cases, that of intersections between
electronic states of different spin-multiplicity (i.e., Sn/Tn) andthat of intersections exhibited by systems of an odd number
of electrons. In both cases, relativistic effects should not be
neglected and, as such, the Hamiltonian that needs to be
considered is Ĥfullel (r,R) = Ĥel(r,R) + ĤSO(r,R), where Ĥel(r,R)is the non-relativistic electronic Hamiltonian in Eq. (2) and
ĤSO(r,R) is the operator accounting for spin-orbit coupling.
It is well understood that intersections between electronic
states of different spin-multiplicity, when viewed in a non-
relativistic framework, exhibit linear (F − 1)-dimensional
intersections, where both states cross one another.[81, 82]
In other words, CXs do not occur between states of different
spin-multiplicity within a spin-diabatic representation of
the electronic wavefunction (the eigenstates of Ĥel(r,R)).The inclusion of spin-orbit coupling, however, allows elec-
tronic states of differing spin-multiplicity to couple and mix,
affording a new set of electronic states (now labelled by
total angular momentum instead of spin-multiplicity, as the
latter is no longer a ’good’ quantum number[83]), where, for
example, the components of a triplet state are no longer
degenerate, and in which no states cross. It may be possible,
in such a case, for a previously designated singlet state to
form a conical (F − 2)-dimensional intersection with one
of the previously designated components of a triplet state.
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This situation involves a spin-adiabatic representation of the
electronic wavefunction (the eigenstates of Ĥfullel (r,R)).As stated several times before, in a non-relativistic frame-
work, the electronic Hamiltonian is real-valued and, as such,
the branching space of a CX between two electronic states
of the same spin multiplicity is two-dimensional. The same
holds true within a relativistic framework so long as the
molecule has an even number of electrons. For a two-state
CX in a system of an odd number of electrons, inclusion of
the spin-orbit interaction leads to five conditions needing
to be satisfied in order to allow degeneracy.[84–87] Three
conditions arise solely from the electronic Hamiltonian
now being complex-valued as a result of including ĤSO(r,R),which can be complex.[88] Two further conditions arise due
to combination of Ĥfullel (r,R) being complex-valued and as
a consequence of time-reversal symmetry, which dictates
that all eigenvalues of Ĥfullel (r,R) be doubly-degenerate
irrespective of the nuclear geometry, a subtlety known as
Kramer’s degeneracy.[89] This means that such CXs, in the
general case of no spatial symmetry, have a five-dimensional
branching space. If, however, the molecule exhibits Cs orhigher spatial symmetry, the two extra conditions related
to Kramer’s degeneracy are trivially satisfied. As such, the
dimensionality of the branching space reduces to three (i.e.,
the value corresponding to an otherwise non-degenerate
complex-valued Hermitian matrix).[84]
Conical intersections and representations of the
molecular wavefunction
As stated in Section 3.2.1, CXs belong to the adiabatic
representation of the electrons. More generally, the multi-
electronic picture inherent to photochemistry emerges
from the Born-Huang representation for the molecular
wavefunction. Another representation of the molecular
wavefunction is possible, such as the exact factorization,
which describes the total molecular wavefunction as a prod-
uct of a single time-dependent nuclear wavefunction and
a single time-dependent electronic wavefunction (that de-
pends parametrically on the nuclear positions).[90, 91] The
multiple, time-independent, and coupled PESs in the Born-
Huang picture are replaced by a single, time-dependent
PES and a time-dependent vector potential in the exact
factorization.[92] As such, CXs do not exist in the exact
factorization[93, 94] and the exact factorization does not
depend on a representation for the electronic states (even if
a connection between the exact factorization and the diabat-
ic/adiabatic basis exists[95]). We stress here that CXs only
appear within the Born-Huang picture of the total molecular
wavefunction and when the adiabatic representation is used,
i.e., CXs do not appear between diabatic electronic states.

The previous paragraph should also serve to highlight

that our representation of chemistry and photochemistry,
where a molecule and its (photo)reactivity is depicted as
nuclear wavefunction(s) evolving on time-independent
(electronic) potential energy surface(s), emerges from a
certain representation of the molecular wavefunction: the
Born-Huang representation.
3.2.3 Approximation to the electronic Schödinger

equation: wavefunction-based methods
Strictly speaking, an electronic wavefunction should be
explicitly calculated for each electronic state of interest with
a given wavefunction-based method. However, various
linear-response and equation-of-motion techniques have
been proposed where knowledge of an electronic wave-
function is needed only for the reference state (typically the
ground state), and information about the other (excited)
electronic states is obtained from a response formalism.
Here, we provide a high-level overview of the most common
approaches available in widely-used software packages,
focusing on methods that are routinely used in nonadi-
abatic dynamics simulations.[47, 96] We do not provide
the mathematical details of these methods, which can be
found in the suggested references (Section 3.2.6). Practical
considerations on the selection of an electronic-structure
method can be found in Section 4.1.

We use the following vocabulary throughout this guide:
a single-reference electronic-structure method characterizes
an approach built upon a single (Hartree-Fock) Slater de-
terminant and aiming to include dynamic correlation (we
note that we will avoid to use the term ’single-reference’ for
methods emanating from Kohn-Sham density-functional
theory), a multiconfigurational electronic-structure approach
describes electronic state(s) with a combination of Slater
determinants (each having a significant weight) to capture
static correlation for the electronic state(s) of interest, and
a multireference electronic-structure technique attempts to
capture dynamic correlation using a a multiconfigurational
wavefunction as a reference.
Configuration-interaction methods
The simplest method for calculating electronically excited
states is configuration interaction singles (CIS), which is
effectively an excited-state extension of Hartree-Fock (HF).
In CIS, single-excitation configurations are generated directly
from a ground-state HF reference wavefunction.[97] The
electronic wavefunction for each excited electronic state
is described as a linear combination of such singly-excited
configurations. Due to its low accuracy rooted in the lack of
correlation effects (correlation arises from doubly-excited
configurations and beyond), the CIS method is hardly ever
used on its own in nonadiabatic simulations. It is occasion-
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ally used for large molecules where CIS is combined with
semiempirical Hamiltonians.[98] Attempts to extend CIS
to multiple excitation levels (CISD, CISDT, etc) to capture
the missing dynamic correlation effects have generally
not been very successful,[47] being also computationally
cumbersome. The computational burden is even a bigger
issue for multireference CI methods (MRCI), which, instead
of a HF reference, employ a set of configurations (a mul-
ticonfigurational wavefunction) as a reference for the CI
expansion. Multireference treatment allows the inclusion
of static correlation effects, which, along with the treatment
of dynamic correlation (achieved through higher CI exci-
tation levels), makes the MRCI approach potentially very
accurate.[99] However, steep scaling and slow convergence
with respect to the excitation level limit the use of MRCI elec-
tronic structure methods to very small systems. Illustrative
examples of MRCI-based excited-state dynamics simulations
are provided in works of Barbatti, Lischka, and coworkers
(see, for example, Refs. [100, 101]).
Coupled-cluster and
algebraic-diagrammatic-construction methods
Within the single-reference domain, a notable competitor of
the CI approach is the family of coupled cluster (CC) methods
(though still seldom used, multireference CC methods are
also being developed[102]). The CC hierarchy is a powerful
tool for systematically increasing the level of dynamic cor-
relation by incorporating single, double, triple, and higher
excitations through the so-called cluster operator. Unlike
CI methods, CC methods are generally size-extensive upon
truncation of excitation level, ensuring that the energy scales
correctly with system size. The CC sequence of CCSD, CCSDT,
CCSDTQ, etc., can be implemented in both linear-response
and equation-of-motion fashions.[103, 104] A more approxi-
mate counterpart with lower computational scaling is in the
sequence of CC2, CC3, CC4, etc.[105] The CC3 method is
presently regarded as a highly accurate benchmark method
for (dominantly single) excitations in small to medium-sized
organic molecules,[106] while CC4 can only be used for
very small systems.[107] The CC2 method has, however,
been the primary workhorse in computational photochem-
istry/physics due to its favourable balance of accuracy
and efficiency, availability of analytic gradients,[108] and
other relevant properties. Unfortunately, while scanning
the excited-state PESs, CC2 may suffer from instabilities in
regions of quasi-degeneracies,[109, 110] while CXs between
excited states have improper dimensionality[63]. Solutions
to these problems have recently been proposed,[72, 111]
which also paved the way to employ new CC developments
in nonadiabatic simulations.[112, 113] Nevertheless, the
issues associated with conventional CC2 (which are known to

stem from its non-Hermitian foundations) can be mitigated
by using a related Hermitian approach – the algebraic dia-
grammatic construction (ADC) method. Despite the distinct
origins of the CC and ADC formalisms, CC2, and its ADC(2)
counterpart, are closely related methods[114] sharing a
similar accuracy with respect to excitation energies. ADC(2)
is somewhat faster, numerically more stable,[109] and has
correct dimensionalities for excited-state CXs.[63, 115] How-
ever, this is not true for intersections between the ground
state and the first excited state[63, 115], which are essen-
tially calculated at different levels of theory – ADC(2) excited
states are constructed on top of the MP2 (Møller-Plesset
perturbation theory of second-order) ground state. Despite
this limitation, ADC(2) has been very popular in simulations
of nonadiabatic processes of small to medium-sized organic
molecules, particularly when ‘problematic’ doubly excited
states are not of key importance. Spin-component scaling
(SCS) can further enhance the accuracy of ADC(2) PESs.[116]
Unlike for organic molecules, applying ADC(2) to systems
containing transition metals may be more challenging, and
the method should be used with caution.[117] ADC(2)/MP2
can also become problematic when used for molecules
containing a carbonyl group, as the method can predict
artificially low energy gaps between the S1(nπ∗) and S0state.[118] Finally, one should stress that, while being useful
for photophysical processes, single-reference methods
have their inherent limitations when used to describe
photochemical reactions, and only multireference electronic
structuremethods can, in principle, handle all the challenges
associated with the ab initio nonadiabatic dynamics of such
processes.
Multiconfigurational and multireference methods
While it is often (rightly) argued that CI and CC methods con-
verge toward a full CI limit,[119] which makes the distinction
between single and multireference somewhat artificial, in
practice, single-reference methods require exceedingly high
excitation levels to address typical ‘multireference problems’.
Illustrative multireference situations include bond breaking,
near-degeneracies in transition metals and in the vicinity of
CXs – all very common in nonadiabatic molecular dynamics
and hard to capture with a response formalism based on a
single-reference description of the ground electronic state.
Multireference and multiconfigurational methods enable
the description of challenging electronic structures and,
if properly designed by a smart selection of active space
orbitals (that is, a subset of molecular orbitals that are
important to describe the multiconfigurational nature of the
electronic states of interest), they accurately portray various
types of excited states, including the notoriously challenging
doubly-excited states. The freedom of active space con-
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struction presents both a challenge and an opportunity for
the widespread application of these methods, keeping in
mind that large active spaces are also often prohibitively
expensive.

In the complete active space self-consistent field (CASSCF)
method, a set of active orbitals is treated in a full CI manner,
whereas both orbital coefficients and orbital shapes are
being (variationally) optimized. Inactive orbitals, on the
other hand, are treated in a mean-field manner similar to HF.
The state-averaged CASSCF (SA-CASSCF) method is typically
employed to calculate multiple electronic states and ensure
their orthogonality (whilst avoiding a variational collapse
of the CASSCF wavefunction towards the ground electronic
state). SA-CASSCF is a powerful multiconfigurational method
that offers analytic gradients and NACVs, while it also en-
sures the correct treatment of interstate crossings between
the ground and excited electronic states. Consequently,
SA-CASSCF has been a method of choice in numerous nona-
diabatic studies so far.[47, 96, 120] However, the method
does not necessarily provide highly accurate excitation
energies – it accounts only for static electron correlation but
lacks most of the dynamic electron correlation. Dynamic
correlation can be incorporated by additional corrections
added on top of the (SA-)CASSCF wavefunctions.

MRCI and MRCC methods mentioned above often use
the CASSCF as a reference wavefunction for adding dynamic
correlation.[99] However, the most popular approach is
complete active-space second-order perturbation theory
(CASPT2), which introduces dynamic correlation through
perturbative corrections. Multi-state (MS-CASPT2) and
extended multi-state (XMS-CASPT2) CASPT2 methods are
often combined with nonadiabatic simulations, although
their computational cost currently limits their application to
smaller systems,[121] and MS-CASPT2 can exhibit artifacts
when electronic states come close in energy.[122] The newly
developed RMS-CASPT2 (R standing for rotated)[123] is an
emerging method that is the least sensitive to the number
of included states among all CASPT2 variants.[124] Ref. 125
studied the impact of various flavours of multistate CASPT2
on nonadiabatic dynamics.

Finally, we also mention methods designed as cost-
effective alternatives to SA-CASSCF, such as RASSCF (re-
stricted active space self-consistent field),[126] FOMO-CI
(floating occupation molecular orbitals configuration
interaction),[127, 128] FOMO-CASCI (floating occupation
molecular orbitals complete active space configuration
interaction),[129–131] scaled α-CASSCF,[132, 133] as well as
a plethora of multireference semiempirical methods,[134]
which can all be used in nonadiabatic dynamics simulations.

3.2.4 Approximation to the electronic Schödinger
equation: density-based methods

An entirely different family of electronic structure methods
for electronically excited states are based on density-
functional theory (DFT). It is known from the Hohenberg-
Kohn theorems[135] that DFT ensures that the ground-state
(electronic) properties of a system are fully determined by
its electron density. While the ground-state energy can
be calculated by minimizing the energy functional of the
density, DFT itself does not provide information about
the electronically excited states of the system. The time-
dependent extension of DFT (TDDFT),[15] formalized by the
Runge-Gross theorems,[136] opened the DFT framework to
time-dependent processes and gives access to strategies
to calculate excited electronic states and their properties.
Both DFT and TDDFT are formally exact theories. However,
practical calculations are routinely subject to a number of
approximations. In practice, DFT is used with approximate
exchange-correlation (xc) density functionals, which also
limits the accuracy of TDDFT calculations. TDDFT itself is
typically employed within the ubiquitous adiabatic approxi-
mation, which neglects the role played by the history of the
time-dependent electron density on the time-dependent xc
potential.[15, 137] The adiabatic approximation should not
be confused with the term adiabatic as used in the context
of adiabatic/diabatic states – it rather signifies the locality
of the time-dependence in TDDFT xc potentials. This lack
of memory effects allows the application of conventional
DFT xc-functionals in TDDFT as well, but at the expense of
limiting the accuracy of TDDFT. Casida[138], and Gross and
coworkers[139] showed how in principle exact excitation
energies and transition dipole moments (from the ground
electronic state) can be obtained from the poles and residues
of linear response functions (the dynamic polarizability or
the density-density response function, respectively) by
expressing these quantities in a TDDFT framework.[15, 140]
This approach, coined linear-response TDDFT (LR-TDDFT), is
by far the most commonly employed DFT-based framework
in the context of photochemistry and photophysics.

The popularity of LR-TDDFT stems from its relatively low
computational cost and favourable scaling with the system
size, which allows the treatment of molecular systems that
are difficult to deal with higher-level wavefunction-based
methods. The accuracy of LR-TDDFT depends on the types
of excited states under consideration. The lack of double
excitations in the LR-TDDFT spectrum,[141, 142] as well
as the difficulty of treating Rydberg, charge-transfer,[143]
and charge-transfer-like excitations,[144] are all essentially
rooted in the use of the adiabatic approximation in LR-
TDDFT.[15] The choice of xc-functionals may help alleviate
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some of these problems. For instance, range-separated
hybrid functionals are known to improve the accuracy of
charge-transfer excited states,[145] which are severely
underestimated with conventional GGA (generalized gra-
dient approximation) and hybrid functionals. The use of
the Tamm-Dancoff approximation (TDA) in LR-TDDFT cal-
culations is beneficial[146] for improving the energy gaps
between singlet and triplet states,[147] while also increasing
the numerical stability of excited state calculations.[148, 149]
However, there are no simple solutions when dealing with
’inherently multireference’ electronic states. The approxi-
mations behind the xc-functionals, along with the adiabatic
approximation atop, are overall less systematic than approx-
imations used in standard wavefunction-based approaches
(e.g., truncation of excitation levels). Hence, the results
obtained with LR-TDDFT implementations should always
be carefully benchmarked with respect to more rigorous
excited-state methods.

LR-TDDFT has rapidly become a popular approach for
combination with nonadiabatic dynamics simulations.[150,
151] Excited-state analytic gradients are widely avail-
able in electronic structure codes, while nonadiabatic
couplings are often calculated using auxiliary many-
electron wavefunctions[150, 152–156] or other response
approaches[157–159], although more general derivations,
including quadratic response for quantities between excited
states, exist.[160–162] LR-TDDFT correctly describes CXs
between excited states, while the description of crossings
between the ground and excited states has been more
problematic.[115, 142] The latter has been one of the limi-
tations in practical simulations involving nonradiative decay
from the excited to the ground state.[151] We will discuss
this issue later.
Alternative density-based approaches
In the following, we mention other density-based methods
used for excited-state calculations and, occasionally, nona-
diabatic dynamics. In most cases, LR-TDDFT uses a (singlet)
ground-state Slater determinant composed of Kohn-Sham
orbitals as a reference state for the linear-response formal-
ism. Conversely, spin-flip TDDFT (SF-TDDFT)[163] uses the
lowest triplet state as a reference state and permits spin flips
for the (de-)excited electron, allowing for the description of
doubly-excited singlet states that are otherwise absent in
standard LR-TDDFT and the description of CXs between the
ground and excited states.[164] A study on the photoisomer-
ization pathway of the DHP/CPD system also demonstrated
the accuracy of SF-TDDFT to treat ionic/covalent electronic-
state characters in a balanced way.[165] SF-TDDFT has
been employed in nonadiabatic dynamics,[166, 167] but
the general problem of the SF method is its often limited

accuracy and the extent of spin-contamination in excited
states. The more recent MR-SF-TDDFT[168] (where MR
stands for mixed-reference here and should not be con-
fused with multireference) variant allows to eliminate
spin-contamination with great potential for applications
in nonadiabatic dynamics.[169] Hole-hole Tamm-Dancoff
approximation (hh-TDA) employs a doubly anionic reference
state, enabling a consistent description of ground and
excited states of a neutral system by subsequent removal of
two electrons.[170] As it can accurately describe CXs, hh-TDA
is a promising candidate for nonadiabatic dynamics simula-
tions (as long as the excited electronic states of interest are
characterized by the same populated virtual orbital).[171]
DFT with various constraints on spin and charge of arbitrary
molecular fragments, called CDFT (constrained DFT),[172]
may also be used to calculate electronic-structure quanti-
ties needed to propagate nonadiabatic trajectories[173].
Related approaches include ∆SCF with constraints of the
occupancy of Kohn-Sham orbitals, where the ground-state
density is readapted and variationally optimized to mimic
the density of an excited state.[172, 174] Suchmethods have
been used since the early days of ab initio nonadiabatic
simulations,[175] but they do not necessarily offer high
accuracy, while also treating a limited number of electronic
states. We note that methods such as CDFT and ∆SCF yield
quasi-diabatic states by construction – adiabatic states may
be calculated through linear combinations via CI approach.
Other density-based techniques, like the semiempirical
DFT-MRCI[176] or MC-PDFT (multiconfiguration pair-density
functional theory),[177] suggest a multireference extension
of DFT. Both approaches show good performance for calcu-
lating excited states of systems with challenging electronic
structures. MC-PDFT has also been used with nonadiabatic
molecular dynamics.[178] Ensemble DFT-based approaches,
which go beyond consideration of a pure-state Kohn-Sham
reference,[179, 180] similarly allow access to excited states
variationally, with the SI-SA-REKS (state-interaction state-
averaged spin-restricted ensemble-referenced Kohn-Sham)
method[181, 182] experiencing practical application in nona-
diabatic dynamics simulations.[183–185] Finally, to deal
with large systems, semiempirical tight-binding (TB) meth-
ods such as TD-DFTB have also been developed[186] and
employed in excited-state dynamics simulations.[187, 188]
3.2.5 Wishlist for electronic-structure methods to be

used in nonadiabatic molecular dynamics
We finish this Section by summarizing here the wishlist for
an optimal electronic-structure method to be used in nona-
diabatic molecular dynamics.

An electronic-structure method should, ideally,
• describe equally well the different (excited) electronic
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states for the photochemical or photophysical process
of interest;

• be able to provide the different electronic-structure
quantities required for the nonadiabatic molecular
dynamics – electronic energies, nuclear gradients,
and various quantities between the ground and the
first excited electronic state and also between ex-
cited electronic states: nonadiabatic coupling vectors,
nonadiabatic couplings, spin-orbit couplings – and
possibly the calculation of electronic quantities related
to experimental observables (e.g., ionization ener-
gies and intensities for photoelectron spectroscopy,
transition dipole moments for transient absorption
spectroscopy);

• describe the topology and the topography of conical in-
tersections adequately;

• be computationally efficient to be used with on-the-fly
(direct) nonadiabatic molecular dynamics;

• not require an extremely large basis set for conver-
gence of its electronic quantities;

• be robust (i.e., stable) when visiting different regions of
the nuclear configuration space;

• describe all regions of the nuclear configuration space
with the same accuracy.

Needless to say that none of the existing electronic-
structure methods will tick all the boxes of this wishlist, and
a compromise is always required for the electronic structure
and depends on the molecular problem of interest. We will
explore some of these compromises in Section 4.1.
3.2.6 Books and reviews on electronic-structure

theory
Additional information on electronic-structure methods for
excited-state dynamics canbe found in the following selected
books[15, 26, 120, 189], book chapters,[151] and reviews.[52,
96, 99, 121, 190, 191]
3.3 Nonadiabatic molecular dynamics

techniques
Section 3.2 introduced various concepts related to the
electronic-structure challenges associated with nonadia-
batic molecular dynamics, and more specifically strategies
to calculate the key electronic-structure quantities that enter
the equations of motion for the nuclear amplitudes (Eq. (12)),
namely the electronic energies and the nonadiabatic cou-
pling terms. We reached a point where we can consider
propagating in time the nuclear amplitudes to determine
the actual nonadiabatic molecular dynamics. A wide range
of techniques exists for this task and we will focus heremore
specifically on trajectory-based approaches, compatible

with an on-the-fly determination of the electronic-structure
information required and, as such, favoured to describe
(approximately) the excited-state dynamics of molecular
systems in their full dimensionality. The reader interested
in quantum dynamics methods can refer to the following
Refs. 17, 192–194. We also note that practical details related
to the numerical implementation of these methods for
nonadiabatic dynamics of molecules will be discussed later,
as part of Section 4.3.
3.3.1 Methods based on trajectory basis functions
A first strategy to allow for simplification of the molecular
time-dependent Schrödinger equation, within a Born-Huang
framework, consists of expressing the nuclear amplitudes in
a basis ofmultidimensional, traveling Gaussian functions, de-
noted {χ̃(J)k }N

(J)TBFs
k=1 , where χ̃(J)k ≡ χ̃(J)k

(
R;R(J)k (t),P(J)k (t), γ(J)k (t),ω(t)

).
The traveling nature of each of these trajectory basis func-
tions (TBFs) is apparent from the definition of its center in
position space, R(J)k (t), and momentum space, P(J)k (t), as wellas its phase, γ(J)k (t), and width matrix ω(t).

Using this basis to express the nuclear wavefunction as
well as the electronic basis suggested by the Born-Huang rep-
resentation, we obtain a new expression for the molecular
wavefunction,

Ψ(r,R, t) =
∞∑
J

N(J)TBFs∑
k

C(J)k (t)χ̃(J)k
(
R;R(J)k (t),P(J)k (t), γ(J)k (t),ω(t)

)
ΦJ(r;R) ,

(43)
with N(J)TBFs being the total number of TBFs used to describe
the nuclear amplitude for electronic state J and {C(J)k }N

(J)TBFs
k=1 the

complex time-dependent expansion coefficients associated
with the basis functions k describing thewavefunction of elec-
tronic state J.

Bringing this new form of the Born-Huang representation
into the time-dependent Schrödinger equation (Eq. (1)) (as
done earlier to reach Eq. (8)), multiplying both sides of the
result by (χ̃(I)k′ (R;R(J)k (t),P(J)k (t), γ(J)k (t),ω(t))ΦI(r;R)

)∗ on the left,
and integrating over the electronic and the nuclear coordi-
nates, we obtain a set of coupled equations of motion for the
complex time-dependent expansion coefficients which, in a
matrix form, reads:

Ċ = −iS−1[(H − iṠ)C] . (44)
(S)IJkk′ = ⟨χ̃(I)k |χ̃(J)k′ ⟩RδIJ is an overlap matrix of the nuclear
basis functions, and H the Hamiltonian matrix composed
of matrix elements (H)IJkk′ = ⟨ΦIχ̃

(I)
k |Ĥ|χ̃(J)k′ ΦJ⟩r,R. Ṡ is a non-

Hermitian time-derivative matrix with elements defined
as (Ṡ)IJkk′ = ⟨χ̃(I)k | ∂

∂t χ̃
(J)
k′ ⟩RδIJ. Importantly, Eq. 44 couples the

TBFs. Eq. (44) is strictly equivalent to the time-dependent
molecular Schrödinger equation, expressed now in a basis
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of (orthonormal) adiabatic electronic eigenfunctions and
(nonorthogonal) time-dependent nuclear functions (the
TBFs defined above). In other words, in the limit of a large
electronic and nuclear basis, Eq. (44) is formally exact.

A central idea of all TBF-based methods is to truncate
the size of the traveling basis set and approximate their
couplings to offer approximations to the time-dependent
molecular Schrödinger equation amenable to molecular
systems. Keeping in mind that the TBFs evolve in phase
space, we could keep their number low if the equations of
motion for propagating the TBFs ensure that they would
always offer a good support to describe the time-dependent
nuclear amplitudes – the TBFs will form a moving grid.
Different methods emerged from these considerations and
differ in the way they evolve the TBFs in phase space and
approximate the Hamiltonian matrix elements between
TBFs. In the following, we will offer a brief overview of the
three main frameworks used in nonadiabatic molecular
dynamics.
Variational multiconfigurational Gaussian
The method called variational Multiconfigurational Gaus-
sian (vMCG) propagates the TBFs by applying the Dirac-
Frenkel variational principle to their time-dependent
parameters.[195–200] The TBFs are not only coupled via the
equations of motion for their complex coefficients, but also
by their phase-space dynamics. Despite leading to possibly
unstable equations of motion, this coupled propagation
ensures that TBFs are covering the region of nuclear config-
uration space important to describe the nuclear dynamics.
The coupling between TBFs is achieved via a local harmonic
approximation, requiring the calculation of Hessians from
the electronic-structure method used for on-the-fly (direct)
dynamics – performed in a diabatic representation. The
cost of calculating these Hessians can be alleviated by using
a database, storing and reusing the electronic-structure
quantities when running a swarm of coupled TBFs.[201] A
frozen-width approximation for the TBFs, i.e., ω(t) → ω, im-
proves the stability of the vMCG equations of motion.[202]
Direct-dynamics vMCG (DD-vMCG) was applied to study the
photophysics and photochemistry of numerous systems in
the gas phase, but also including the influence of a solvent
using a polarizable continuum model.[203, 204] For details
on the method, the interested reader is referred to Ref. 205.
Multiconfiguration Ehrenfest and ab initio multiple
cloning
Another strategy, called multiconfiguration Ehrenfest (MCE),
consists of propagating the TBFs (using a frozen width ma-
trix) along Ehrenfest (mean-field) trajectories.[206–208] In its
original version, MCE couples the TBFs via their complex am-

plitudes and their Ehrenfest equations of motion. A second
version of the technique, more suitable for on-the-fly dynam-
ics, removes the couplings between TBFs in their equations
of motion.[209] The mean-field nature of Ehrenfest trajecto-
ries sometimes challenges the description of branching at a
CX, and a version of MCE, coined ab initio multiple cloning
(AIMC), was developed to improve the description of a nu-
clear wavepacket splitting at a CX.[210] The ab-initio version
of MCE and the AIMC have been used to study the photo-
dynamics of a broad range of molecular systems.[211–215]
Additional information on these methods can be found in
Refs. 209, 216, 217
Full and ab initio multiple spawning
Another famous method using the idea of TBFs is Full
Multiple Spawning (FMS),[218–225] where the TBFs have a
frozen width matrix and follow classical trajectories. The key
difference between FMS and MCE or vMCG is that the num-
ber of TBFs in the dynamics is not fixed but can vary over
time. More specifically, the FMS technique offers a robust
algorithm, called the spawning algorithm, that allows for a
smooth expansion of the number of TBFs whenever a region
of strong nonadiabaticity is encountered.[10, 223, 225, 226] A
TBF evolving in a given electronic state approaching a region
of strong nonadiabatic coupling can spawn, i.e., create a new
TBF on the coupled state, and the two TBFs can exchange
amplitude via the time-dependent Schrödinger equation
(Eq. (44)). The FMS framework considers that the Hamil-
tonian matrix elements in Eq. (44) are calculated exactly.
However, suchmatrix elements can be approximated using a
saddle point approximation, allowing for an on-the-fly prop-
agation and coupling of the TBFs (see Ref. 227 for details and
tests of this strategy). This strategy is often coined ab initio
multiple spawning (AIMS) and can tackle small- to medium-
size molecular systems to elucidate the photochemistry of
numerous molecules (e.g., Refs. [228–235] for examples and
Refs. [225, 236] for a more detailed list of applications) and
was generalized to account for an external time-dependent
electric field[237, 238] and intersystem crossings.[239–242]
Further information on the FMS formalism and the AIMS
technique can be found in Refs. 223, 225, 243. A typical
drawback of the spawning algorithm is that a large number
of TBFs can be created during an AIMS dynamics, leading to
a computationally expensive determination of the coupling
between all pairs of TBFs to form the Hamiltonian matrix.
A series of techniques have been devised to detect when
TBFs need to be coupled (in nonadiabatic regions), allowing
us to decouple them otherwise with only a very limited loss
of accuracy. These techniques, called stochastic-selection
AIMS (SSAIMS)[244, 245] and AIMS with informed stochastic
selections (AIMSWISS),[246, 247] preserve the accuracy of an
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AIMS simulation while reducing their computational costs
down to those typical of mixed quantum/classical methods
that will be described in the following section.
3.3.2 Methods based on classical trajectories
Another strategy to perform nonadiabatic molecular dynam-
ics involves the use of a swarm of classical trajectories to de-
pict the dynamics of coupled nuclear probability densities.
A commonality among all mixed quantum/classical methods
is the fact that the nuclear degrees of freedom are evolved
classically while the electronic part of the problem (and, to
some degree, the coupling between electronic states) is con-
tained in a time-dependent electronic Schrödinger equation
where the electronic wavefunction is propagated on the sup-
port of the classical trajectory. Hence, mixed quantum/clas-
sical methods use a Newton equation for the propagation of
the nuclei (for a trajectory α):

Fα(t) = −∇Rε(R)|R=Rα(t) . (45)
where ε(R) is a (electronic) potential energy whose precise
definition gives rise to different methods. Rα(t) is the nuclear
configuration at time t along trajectory α. A time-dependent
electronic wavefunction Φ̃(r;Rα, t) is evolved on the sup-
port of each trajectory α according to a time-dependent
Schrödinger equation

īh∂Φ̃(r;Rα(t), t)
∂t = Ĥel(r,Rα(t))Φ̃(r;Rα(t), t) . (46)

To unravel the physics contained in the time-dependent elec-
tronic wavefunction, one could expand it in a basis of adia-
batic electronic states, given by

Φ̃(r;Rα, t) =∑
I
cα
I (t)ΦI(r;Rα) , (47)

and insert this Ansatz into Eq. (46). The usual algebra –
left multiplication by one of the electronic basis functions
Φ∗
J (r;Rα) and integration over the electronic coordinates – is

used to reveal a set of coupled equations of motion for the
complex electronic coefficients,
ċα
J (t) = −iEelJ

(
Rα
)
cα
J (t) −

∑
I

⟨ΦJ(Rα)| ∂

∂t |ΦI(Rα)⟩rcα
I (t) . (48)

The term ⟨ΦJ(Rα)| ∂
∂t|ΦI(Rα)⟩r can be rewritten using

the chain rule ∂
∂t = ∂

∂R
∂R
∂t , leading to ⟨ΦJ(Rα)| ∂

∂t|ΦI(Rα)⟩r =
⟨ΦJ(Rα)| ∂

∂R
∂R
∂t |ΦI(Rα)⟩r = dJI (Rα

)
· Ṙα(t).[248] Hence, Eq. (48)

can be rewritten to unravel the presence of the NACVs:

ċα
J (t) = −iEelJ

(
Rα
)
cα
J (t) −

∑
I
dJI
(
Rα
)

· Ṙα(t)cα
I (t) . (49)

Eq. (49) shows that the time evolution of a given electronic
coefficient along a trajectory α is composed of an adiabatic

(first term on the right-hand side) and a nonadiabatic part
(second term on the right-hand side) – the latter clearly iden-
tified thanks to the presence of the NACVs dJI (Rα

).
Ehrenfest dynamics
In Ehrenfest dynamics, the electronic potential used to drive
the nuclear dynamics in Eq. (45) is defined at time t as the
expectation value of the electronic Hamiltonian given by the
time-dependent electronic wavefunction at time t, namely

ε(Rα(t)) := ⟨Φ̃(Rα, t)|Ĥel(Rα)|Φ̃(Rα, t)⟩r . (50)
Hence, the classical nuclear dynamics in Ehrenfest dynamics
is dictated by amean-field potential, and the evolution of the
time-dependent electronic wavefunction directly influences
the nuclear dynamics. When the time-dependent wavefunc-
tion is described by a single adiabatic electronic state, the
nuclear dynamics is adiabatic, that is, Born-Oppenheimer in
nature, with respect to this electronic state. When nonadia-
batic effects induce a mix of electronic adiabatic states, via
the NACVs in Eq. (49), the nuclear dynamics is driven by a
linear combination of electronic energies, i.e., a mean-field
potential.
Trajectory surface hopping
Trajectory surface hopping (TSH), on the other hand, pro-
poses to portray the nonadiabatic dynamics of nuclear
wavepackets by using swarms of independent classical
trajectories that can hop from one electronic state to the
other in case of strong nonadiabaticity.[249, 250] To achieve
this goal, TSH uses the following definition for the potential
energy driving the classical nuclear dynamics (Eq. (45)):

ε(Rα(t)) := Eel∗ (R) , (51)
where the notation Eel∗ (R) indicates that the classical force
is obtained from a given adiabatic electronic state, but that
the state label can change during the dynamics of a given
trajectory as a result of a hop, mimicking a nonadiabatic tran-
sition. In stark contrast to Ehrenfest dynamics, the classical
nuclear dynamics in TSH is performed on adiabatic PESs –
not on a mean-field PES. The choice of the electronic state
driving the dynamics is dictated by a recipe involving the
time-dependent electronic wavefunction introduced earlier
(Eq. (49)). In the following, we introduce the recipe for hops
suggested by Tully in 1990,[251] coined fewest-switches,
as this strategy is by far the most commonly used and
implemented surface-hopping algorithm.

Let us discover the working principle of the fewest-
switches TSH by following a given TSH trajectory α of the
swarm. As for all nonadiabatic molecular dynamicsmethods,
a TSH run typically starts by defining a set of initial conditions
(ICs; nuclear positions and momenta) for a given trajectory
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α and which electronic state will start driving the dynamics
at time t = 0 – say J in this case. Detailed information about
these twoprocesseswill be provided below in Section 4 for all
methods discussed in the current section. At time t0 = 0, thecomplex electronic coefficients are set to cα

I (t0) = 0 + 0i ∀I ̸= J
and cα

J (t0) = 1 + 0i. The TSH dynamics is initiated and the
nuclei are propagated according to Eq. (45) for a timestep
∆t, with the electronic energy being ε(Rα(t)) := EelJ (R). Aftereach nuclear integration time step ∆t, the following protocol
is operated: (i) the electronic coefficients are propagated in
time based on Eq. (49) for the duration ∆t (using a smaller
time step for this electronic propagation), (ii) at time t + ∆t,
the fewest-switches probability for the trajectory α to jump
from the driving electronic state to another one is calculated,
and (iii) a stochastic algorithm is used to determine whether
the trajectory should change state. In the fewest switches
algorithm,[251] the probability to hop from state J to any
other electronic state I between time t and t + dt is given by

Pα
J→I = max

0, −2dt∣∣∣cα
J (t)
∣∣∣2 ℜ

[
cα∗
J (t)cα

I (t)] Ṙα(t) · dIJ
(
Rα
) .

(52)
A hop occurs from electronic state J to another electronic
state I if

I−1∑
K

Pα
J→K ≤ ζ ≤

I∑
K

Pα
J→K , (53)

where ζ is a random number generated uniformly in the in-
terval [0 : 1]. If a jump occurs, the nuclear kinetic energy
needs to be rescaled to ensure that the total classical energy
is conserved (see Ref. 252 for a recent discussion and caveat
on this process). The trajectory α is propagated until the pre-
determined completion criterion – often a given total prop-
agation time. The user then needs to run a large swarm of
(independent) TSH trajectories to ensure that the sampling
of ICs and the stochastic algorithm used for the nonadiabatic
hops are converged.
A brief aparté on electronic decoherence
When a nuclear wavepacket reaches a region of strong
nonadiabaticity, the nonadiabatic couplings will transfer
nuclear amplitude to the coupled electronic state. After the
nonadiabatic region, each part of the nuclear wavepacket
(in the original electronic state and in the coupled electronic
state) will follow different PESs and move away from each
other – a process often referred to as branching of the
nuclear wavepacket (see Fig. 6a, left, for a depiction of this
process). If a component of the nuclear wavepacket comes
back to the same region of nonadiabaticity after the first
passage, it is expected that the other component (in the

coupled state) would have left this region (see Fig. 6a, right).
In other words, the overlap of the two nuclear wavepackets
after the first passage would have reduced to zero – a
process called ’decoherence’ in the nonadiabatic dynamics
community. The picture is somewhat more complex in TSH.
The original version of fewest-switches TSH, owing to its
independent trajectory approximation, has been shown to
suffer from overcoherence. Overcoherence refers here to the
fact that the electronic coefficients for a trajectory α (Eq. (49))
are forced to evolve on the support of this single trajectory α

and, as such, will interact coherently throughout the trajec-
tory dynamics – the independent trajectory approximation
implies that the coefficients of a trajectory α remaining on
the original state J cannot apprehend the dynamics that the
coefficients on another trajectory β, which jumped to the
coupled state I, would undergo. Coming back to our scheme
(Fig. 6b), a TSH trajectory evolving in the upper electronic
state will pass through the region of strong nonadiabaticity
and, imagining that no hop occurs, will carry on its dynamics
on this state (Fig. 6b, left). Focusing on the electronic coeffi-
cients, the passage through the nonadiabatic region would
have led to an (incomplete) transfer of electronic amplitude
from the upper to the lower state (see the sticks on top
of the trajectories in Fig. 6b). Both electronic coefficients
(sticks) are, however, forced to follow the driving TSH trajec-
tory – decoherence could not take place. Hence, when this
trajectory comes back in the nonadiabatic region (Fig. 6b,
right), the electronic coefficient for the upper state will see a
non-zero coefficient in the lower state, and they will interact
coherently. This process is strikingly different from that
expected in the exact quantum dynamics case (Fig. 6a, right),
where the portion of the nuclear wavepacket on the upper
state reaches the nonadiabatic region for a second time
but does not interact anymore with the lower component
(produced during the first event) thanks to decoherence.
We note that AIMS would describe such branching naturally
thanks to the spawning of coupled TBFs in the different
electronic states (see Ref. 243 for a discussion).

A plethora of works have focused on the overcoher-
ence problem of TSH and suggested various patches for
this method (e.g., Refs. 253–260). The most commonly
employed strategy, used as a default in most TSH code, is
coined the energy-based decoherence correction (EDC),[255]
and enforces internal consistency of TSH, [261, 262] that
is, the fact that the fraction of trajectories in an electronic
state I at time t, PI(t) = NI(t)

Ntraj , should be equal to the aver-
aged electronic population in an electronic state I at time t,
⟨|cI(t)|2⟩ = 1

Ntraj
∑Ntraj

α |cα
I (t)|2, for all I and t. To achieve thisgoal, EDC dampens the population of the inactive TSH states

at each time step using a decoherence time that is deduced
from the electronic energy difference between each inactive
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Figure 6. Schematic representation of a first branching of a nuclearwavepacket following a nonadiabatic region (left), followed by a sec-ond crossing event (right) in (a) quantum dynamics and (b) TSH. Theright panel highlights the overcoherence issue of TSH in its originalflavour. In panel (b), the trajectory that drives the TSH dynamics isgiven as a filled circle (the scenario here is that the driving trajectoryremains in the upper electronic state). The dashed circle indicates a’ghost’ trajectory that follows the driving trajectory and is meant tohighlight the dynamics of the electronic coefficients. The magnitudeof the electronic coefficient in each electronic state is symbolized bythe vertical bar on top of the circles: long bar for the upper electronicstate at the beginning of the dynamics (the electronic coefficient isset to 1 for this state, 0 for the other), and smaller bars after thefirst crossing as electronic amplitude was shared between both elec-tronic states due to nonadiabatic couplings.

state and the active one based on earlier derivations in
the context of mean-field methods.[263] More involved
correction schemes have also been suggested, such as the
(parameter-free) augmented fewest switches surface hopping
(A-FSSH) strategy[259, 264, 265] or the decoherence correc-
tion inspired by the exact factorization.[266] Model systems
were used to test the various decoherence-correction
schemes for TSH in various scenarios of nonadiabatic transi-
tions that would usually lead to a failure of uncorrected TSH
(see for examples Refs. 255, 259, 260, 262, 264, 267, 268). It
is interesting to note that the widely used EDC appears to fail
for a model of double crossings (Tully model 2).[269] A more
limited number of works focused on the role and influence
of decoherence corrections in the nonadiabatic dynamics of
molecular systems (see, for example, Refs. 255, 270–273).

Last but not least, we discussed in this section TSH in its
fewest-switches flavour, but numerous other TSH schemes
were developed, some also tested on molecular systems:
surface hopping by consensus,[274] coupled-trajectory
TSH based on the exact factorization,[275] Zhu-Nakamura
TSH,[276, 277] Landau-Zener TSH,[278] coherent switching
with decay of mixing,[263, 279] and the mapping approach
to surface hopping (MASH).[280, 281]
3.3.3 Hierarchy of methods for nonadiabatic

molecular dynamics
As a conclusion to this section on different methods for
nonadiabatic molecular dynamics (see Figure 7 for a
schematic representation of all the methods discussed),
an analogy with electronic-structure theory is tempting. In
electronic-structure theory, one often takes HF, a method
approximating the electronic wavefunction by a single Slater
determinant composed of molecular orbitals, as a starting
point for the build-up of a hierarchy toward a higher-level,
more accurate (ground-state) electronic wavefunction (Fig. 8,
left). Hence, one can offer a rationale for the expected
improvement of the electronic wavefunction when starting
from HF and climbing the ladder of the method hierarchy –
MP2 is seen as a first improvement, that can be further con-
solidated by higher order or by using coupled-cluster theory,
up to the numerically-exact full configuration interaction
(numerically, as the method is exact within a give basis set).

Based on the presentation of the methods for nonadi-
abatic molecular dynamics above, it is tempting to offer
a similar, yet looser, analogy for the approximations to
the nuclear wavefunctions (Fig. 8, right).[282] TSH offers
a first approximation not to the nuclear wavefunctions
per se but their probability density, by using a swarm of
independent classical trajectories. The next step ’post-TSH’
to recover approximate nuclear wavefunctions would be
AIMSWISS, which uses a basis of TBFs to describe the nuclear
wavefunctions that are coupled only when strictly required
(close to nonadiabatic regions). A next step in improving
the quality of the nuclear wavefunctions would consist in
describing better the coupling between TBFs, as done first
by SSAIMS, then AIMS or AIMC. For an even more accurate
depiction of the nuclear wavefunctions, one can use DD-
vMCG or MCE in its original version, before resorting to the
near numerically-exact multi-configuration time-dependent
Hartree method (MCTDH).[193, 283, 284] As stated earlier,
this analogy with electronic-structure theory should be
taken with a grain of salt – TSH is per se not used to build
an AIMS or a vMCG wavefunction. Yet, this analogy allows to
highlight how the description of the nuclear wavefunctions
can be improved in nonadiabatic molecular dynamics, from
only their probability densities being approximated by a

24 of 72



A LiveCoMS Best Practices Guide

Figure 7. Schematic representation of the various families of methods for nonadiabatic molecular dynamics.

swarm of independent classical trajectories (TSH) to the
nuclear wavefunctions being depicted by coupled, traveling
Gaussian basis functions.

At this point, one can ask the question: why do we need
improved nuclear wavefunctions? One important element
of response can be found by considering the final results
of a nonadiabatic molecular dynamics simulation. Often,
the analysis of such dynamics is based on the decay of the
electronic population – mimicking how the excited nuclear
wavepacket returns to the ground electronic state. The
time traces of electronic populations are often fitted and
compared to experimental proxies (evolving features in
time-resolved spectra that are used as a measure of an
electronic state). Electronic populations are also often used
directly to compare methods for nonadiabatic molecular
dynamics. The reason for this success is perhaps that
electronic populations are usually a simpler quantity to
calculate from a nonadiabatic dynamics simulation, even for
mixed quantum/classical methods.[227] However, electronic
populations are not observables – they emanate from the

Born-Huang representation of the molecular wavefunction
– and there is a growing need for the calculation of actual
experimental observables with the emergence of advanced
light sources with shorter (more intense) laser pulses. Some
observables (as simple as a time-dependent dipole moment
for example) require the evaluation of matrix elements
directly involving the nuclear wavefunctions, which may
become more challenging for TSH – one often needs to use
an ad hoc prescription for the evaluation of such matrix
elements. In any case, it becomes clear from this brief
discussion that the ordering of nonadiabatic methods in
the hierarchy above is likely to change depending on the
type of quantities (observable or not) calculated. Dedicated
benchmarking strategies for nonadiabatic methods have
emerged and will help clarify which method should be used
for which molecular case and observables.[213, 273, 285]
3.3.4 Books and reviews
Additional information on nonadiabatic (molecular) dy-
namics can be found in the following selected books and
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Figure 8. Analogy between quantum chemistry and nonadiabaticmolecular dynamics – the quest to uncover a hierarchy of methodsto describe the electronic and nuclear wavefunction. The asteriskon ’nuclear wavefunction’ is meant to indicate that mixed quantum-classical methods like TSH mimic the nuclear probability density inplace of the actual nuclear wavefunction.

book chapters[17, 20, 26, 120, 189, 193, 243, 286–288] or
reviews.[96, 205, 216, 223, 225, 281, 289–293]
4 The different steps of a nonadiabatic

molecular dynamics simulation
In this Section, we propose to dig deeper into the details of
the various steps constituting a nonadiabatic molecular dy-
namics simulation (Fig. 9). Mirroring the discussion above,
we stress that a nonadiabaticmolecular dynamics simulation
is meaningless in itself if the various ingredients it requires,
namely the choice of the electronic-structure method and
the description of photoexcitation, have not been thoroughly
benchmarked. We suggest here various protocols and strate-
gies to build confidence in the several components necessary
to perform a nonadiabaticmolecular dynamics. We note that
we will address more practical questions in subsequent Sec-
tions.
4.1 Benchmarking electronic-structure

methods
Selecting an optimal electronic-structure method (hereby,
listed in Sections 3.2.3 and 3.2.4) for propagating ab initio
nonadiabatic molecular dynamics is a critical first step
in ensuring a reliable simulation, and sometimes more
important than the actual method used for the nonadiabatic
dynamics, as identified in several recent works.[96, 185, 294]
These works illustrate how the choice of electronic structure
significantly influences the calculated lifetimes and quantum
yields for the photochemistry of model molecules. The
question surrounding the choice of electronic-structure
methods is an old concern within the nonadiabatic dynamics
community. Comprehensive benchmark studies addressing

this issue remain scarce, but recent community efforts such
as the prediction challenge on the photochemistry of cy-
clobutanone have provided a prototypical system exhibiting
the dramatic impact of the electronic-structure method
on experimental observables.[295] A recent work also
proposed a sensitivity analysis of nonadiabatic molecular
dynamics with the photodynamics of cis-stilbene.[296]

In general, a good electronic-structuremethod is one that
accurately captures the photophysics/photochemistry of a
given system. Nevertheless, the meaning of ‘accuracy’ can
vary depending on the context. Sometimes, a qualitative un-
derstanding suffices, while in other cases, a quantitative cal-
culation of observables is necessary for comparison with ex-
perimental data (regardless of whether experimental mea-
surements are available or anticipated). It is important to
note that a computationally inexpensive electronic structure
method with low accuracy does not guarantee even a quali-
tatively correct outcome. Therefore, a thorough benchmark
of electronic structure methods is imperative before starting
with any nonadiabatic simulation.

Even prior to any preliminary calculation, it is advisable
to review the existing literature on the system of interest,
gaining insight into the anticipated excited-state processes
and identifying appropriate methods. For instance, if bond
breaking is an expected excited-state behaviour, fine-tuning
multireference methods capable of accurately describing
bond dissociation are essential. Conversely, for larger
systems undergoing a photodynamical process over long
timescales, the focus should be on identifying cost-effective
(potentially single-reference) methods that can qualitatively
capture the dynamics. For systems undergoing intersystem
crossing processes, an electronic-structure method giving
access to spin-orbit coupling matrix elements and providing
a balanced treatment of singlets and triplets is needed.

Depending on the type of processes under study and the
size of the molecular system, nonadiabatic simulations can
require substantial computational resources, making the
choice of electronic-structure method a crucial considera-
tion. Due to their size and complexity, many experimentally
relevant molecules and materials may only become com-
putationally feasible over time. At this point, it is pivotal to
realize that many photophysical processes, which (as stated
in the introduction) often do not involve substantial nuclear
reorganization or any bond breaking, may tolerate a slightly
more approximate level of theory. However, photochemical
reactions are often highly challenging from an electronic-
structure perspective, and any attempt to simulate such
processes with low-quality electronic-structure methods (to
save computational effort, for example) may become a futile
task. Fortunately, ongoing advances in electronic structure
methods, with promising results from machine-learning
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Figure 9. Schematic representation of the four key ingredients to perform a nonadiabatic molecular dynamics simulation: photoexcitationprocess, electronic-structure method to provide electronic energies and other electronic properties, approach to treat the nonadiabatic dy-namics, and the calculation of experimental observables.

potentials, aim to meet the computational demands of large
and complex systems, with dynamics potentially occurring
on long timescales. Nevertheless, most nonadiabatic dynam-
ics applications to photochemistry have, to date, primarily
focused on small to medium-sized molecular systems.
4.1.1 Tests in the Franck-Condon region
Initial calculations typically begin with an assessment of verti-
cal excitation energies at the optimized ground-state geome-
try, i.e., the Franck-Condon (FC) geometry. The number of ex-
cited states of interest varies depending on the experimental
conditions being simulated – the laser excitation wavelength
or the excitation range of an external source (such as sun-
light), as discussed in further detail in Section 4.2.3. During
the nonadiabatic dynamics, many excited electronic states
that were initially high in energy at the FC point may subse-
quently stabilize and influence the results of the simulation.
Therefore, the best practice is to calculatemore than themin-
imal required number of transitions in the FC region.

In addition to excitation energies, molecular excited
states are characterized by their electronic properties.
Transition dipole moments (µIJ) and the associated oscillatorstrengths (fIJ = 4πme3̄he2 (EelJ − EelI )|µIJ|2) indicate the probabilityof absorption/emission, typically between the ground (I)
and excited state (J) (transition dipole moments between
excited electronic states are also available with some spe-
cific electronic-structure methods[297]). Understanding the

character of calculated excited electronic states in terms
of hole (i.e., donating) and particle (i.e., accepting) orbitals
is particularly useful in organic photochemistry (e.g., ππ∗,
nπ∗, πσ∗, nσ∗ states, etc.). Excited-state transitions may also
exhibit charge-transfer or diffuse Rydberg characters, which
can be analyzed through canonical or, preferably, natural
transition orbital analysis. Post-processing wavefunction
analysis tools such as TheoDORE[298] and Multiwfn[299]
help quantify excited-state characters through measures
like electron-hole correlation plots, charge transfer numbers,
and exciton size. Assessing the character of the different
excited electronic states of interest is critical to compare
their energy ordering with different electronic-structure
methods. Figure 10 presents a comparative illustration of
excitation energies for protonated formaldimine calculated
using four different electronic-structuremethods: LR-TDDFT,
ADC(2), SA-CASSCF, and XMS-CASPT2. For the latter two
methods, the active space orbitals are explicitly listed. The
two lowest singlet excited states, labeled σπ∗ and ππ∗, can
be readily distinguished based on their oscillator strengths
and the associated orbitals. This assignment can be further
supported by comparing the natural transition orbitals (of
LR-TDDFT and ADC(2)) with the active space orbitals involved
in two excitations. Therefore, in this relatively simple case,
further analysis of state character appears unnecessary.
XMS-CASPT2 and ADC(2) show good agreement in excitation
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energies and oscillator strengths within the expected error
margins. Although the ADC(2) energies are slightly higher
than those of XMS-CASPT2, they maintain a similar inter-
state energy gap. In contrast, the results from LR-TDDFT
and SA-CASSCF appear less balanced. The accuracy of
LR-TDDFT depends on the underlying approximations (see
Section 3.2.4) and the choice of xc-functional, whereas (SA-
)CASSCF lacks dynamic correlation, which limits its predictive
reliability (see Section 3.2.3).

Thorough characterization of the excited electronic
states for a given molecule allows for a strict comparison of
different electronic-structure methods. It is always advisable
to compare predictions from DFT-based and wavefunction-
based methods, as well as to assess single-reference vs.
multireference approaches for a given molecular geometry
(often, the FC geometry), extending the test to different
basis sets. While small basis sets enable fast dynamics, they
can significantly reduce the accuracy of the calculations de-
pending on the character of the electronic states of interest.
Achieving full basis set convergence for excited states is
generally difficult, but convergence trends should always be
explored by comparing several basis sets of varying sizes,
including those with diffuse functions. Ref. 113 highlighted,
for example, the sensitivity of the electronic energy of a
Rydberg state (S2) of cyclobutanone to the precise type of
diffuse basis set used: 6-31+G∗ or def2-SVPD were found to
overestimate the energy of the Rydberg state in comparison
to aug-cc-pVDZ.

Minimal benchmarking typically involves comparing verti-
cal excitation energies as well as oscillator strengths. When
comparing electronic-structure methods, it is important to
recognize that the accuracy of excited-state methods does
not adhere to the same error expectations as for the ground-
state thermochemistry (e.g., 1 kcal/mol) – larger deviations
betweenmethods are often anticipated. Discrepancies in ex-
citation energies of less than 0.2 eV (∼ 4.6 kcal/mol) are gen-
erally considered small, particularly when they are consistent
across the spectrum of excited electronic states (and, as we
shall see later, when the molecule is pushed away from the
FC region).

The results obtained with the widely used LR-TDDFT
(within its conventional approximations) should always be
compared with those of more rigorous wavefunction-based
methods (e.g., ADC(2), CC2, EOM-CCSD, or CC3 if affordable),
while cross-comparisons of results among ’higher-level’
methods are also encouraged. Multireference electronic
structure should be preferred whenever the system size
allows, as they often more effectively address the diverse
challenges encountered in excited-state dynamics. A com-
mon protocol is performing a sequence of SA-CASSCF and
(X)MS-CASPT2 calculations. SA-CASSCF alone does not

always provide high accuracy, but it can highlight potential
issues with a single-reference description of excited states –
e.g., when excited states with antibonding character induce
photochemical bond cleavage, or doubly excited states play
a significant role in dynamics (note that double excitations
are not an inherent problem of a single-reference descrip-
tion, but most single-reference methods happen to have
issues with their description). Multireference methods are
also well-suited for describing the topology and topography
of CXs – tasks that are not reliably handled by conventional
single-reference methods, especially in the case of S1/S0CXs.[63, 115]

(X)MS-CASPT2 offers a more quantitative description of
excited states by incorporating dynamic-correlation effects
in addition to the static correlation handled by SA-CASSCF.
However, the accuracy of both SA-CASSCF and (X)MS-CASPT2
methods depends largely on the choice of the active space,
which has to include all relevant orbitals for an accurate
description of the electronic states of interest. Designing
a suitable active space is often a labor-intensive task that
also requires careful consideration of numerical stability
– we discuss various strategies to select an active space
in Section 4.1.3 and highlight different stability issues in
Section 4.3.1, as well as the need to perform exploratory
nonadiabatic trajectories to test the electronic structure. It
is crucial to always report the active-space orbitals used in a
multiconfigurational or multireference calculation – at least
as a figure of the orbitals in a manuscript, but even better as
a file containing the orbitals themselves (for example, using
a molden format). Mentioning only the number of electrons
and orbitals (and their character) is not enough to ensure
that results can be reproduced.

When available, experimental data can serve as a refer-
ence for calculated FC excitations. However, one needs to
be cautiouswhen comparing vertical excitation energieswith
experimental absorption band maxima, as these values may
not always align. Band maxima are often red-shifted relative
to vertical excitation energies due to frequency changes be-
tween the ground and excited states.[300] The shift can vary
for different electronic states: shifts between 0.1 and 0.2 eV
are typically reported for conjugated organic molecules, but
shifts as large as 0.4 eV can be observed.[301] ‘Correcting’ ex-
perimental maxima with calculated shifts indirectly allows to
obtain ‘experimental vertical excitations’.[302] Nevertheless,
as vertical excitation energies are not considered experimen-
tal observables, their values for a given electronic-structure
method are ideally benchmarked against more accurate ap-
proaches as described above. In contrast, 0-0 transitions are
proper observables, allowing a direct theory-to-experiment
comparison.[303, 304]

To test electronic-structuremethods beyond the FC point,
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Figure 10. Excitation energies (in eV) of the two lowest singlet excited electronic states of protonated formaldimine. Active space orbitalsused in the multiconfigurational calculations are listed. Computational details follow those reported in Ref. 115.

i.e., beyond the equilibrium geometry, it is instructive to cal-
culate absorption (and emission) spectra, observables that
can be directly compared to experimental measurements.
An elegant method for simulating spectral shapes is the nu-
clear ensemble approach (NEA),[302] a numerical realization
of the reflection principle,[305] which is intrinsically linked
to sampling ICs for nonadiabatic dynamics. A detailed de-
scription of the NEA will follow after we introduce methods
for sampling ICs for nonadiabatic dynamics – we propose
here only a brief mention in the context of calculating ab-
sorption spectra. The NEA involves sampling an ensemble of
molecular geometries representing the nuclear probability
density of the initial electronic state (for absorption, typically
the ground state), calculating electronic transitions for each
geometry from the ensemble, and applying line broadening
to obtain a photoabsorption cross-section directly compa-
rable to experiments. While spectra calculated with NEA
lack vibronic features, the method can predict the correct
widths of bands. Alternatively, if a spectrum with fine
vibronic structure is required, calculations of Franck-Condon
Herzberg-Teller factors are also possible, though usually
limited to rigid harmonic molecules with bound electronic
states.[306] The FCClasses code, for example, offers a broad
toolbox of strategies to calculate properties beyond vertical
transitions.[307] We stress, nevertheless, that comparing
theoretical and experimental absorption spectra may not
be a sufficient benchmark for electronic-structure methods
– dark states (i.e., electronic states with small oscillator
strength) are likely to be obscured in absorption spectra but
often play a crucial role in nonadiabatic dynamics.
4.1.2 Tests beyond the Franck-Condon region
It is entirely possible for an electronic-structure method
to show excellent agreement with a reference method for

excitation energies at the FC point, but suffer significant
deviation when the molecular geometry is distorted from
the optimal ground-state minimum – departing from the
FC geometry is indeed what will happen in practice during
the nonadiabatic molecular dynamics. There are multiple
reports in the literature of such an inhomogeneity in the
quality of an electronic-structure method as a function of
nuclear coordinates (see, for example, Refs. 63, 308, 309),
and this issue is common for molecular systems with ex-
cited electronic states of antibonding character leading to
bond breaking – a process challenging for single-reference
methods. Mapping PESs beyond the FC region with a given
electronic-structure method and comparing its result with
a reference approach helps anticipate potential relaxation
pathways in nonadiabatic dynamics and provides a more
rigorous benchmark of its performance. Such a benchmark
beyond the FC region also permits assessing the numerical
stability of the electronic-structure method for different
molecular distortions or relevant reaction coordinates. For
instance, PES scans can help with constructing a stable active
space for multireference methods and fine-tuning relevant
parameters (e.g., real and imaginary shifts in (X)MS-CASPT2
are examples of parameters used to avoid numerical issues
due to the appearance of intruder states), as discussed in
further detail in Section 4.1.3.

The ultimate goal of a benchmark beyond the FC re-
gion is to select an electronic-structure method that is
sufficiently accurate, computationally efficient, and numer-
ically stable to be used in the subsequent nonadiabatic
molecular dynamics. Yet, a thorough mapping of PESs for
molecules with many degrees of freedom can be tedious.
One strategy to alleviate this burden is to start by locating
key critical molecular geometries for each electronic state
considered. Excited-state minima can be routinely located
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with most electronic structure codes, followed by frequency
calculations to confirm whether a true minimum has been
obtained. Optimizing CXs is more challenging, as they do not
represent a single geometry but rather an intersection seam
of geometries (see Section 3.2.2).[64] Identifying the most
relevant CXs for the system under study sometimes also
requires running a few exploratory nonadiabatic trajectories
in advance (as we also suggest in Section 4.3.1). Typically,
one optimizes a minimum-energy CX (MECX), although it
has been suggested that calculating minimal distance CXs
– i.e., points on the intersection seam closest to the FC
geometry or excited-state minimum – may often be more
meaningful.[310] Furthermore, many single-reference meth-
ods, such as LR-TDDFT and ADC(2), are known to predict an
incorrect dimensionality of the S1/S0 intersections – their
intersections do not appear to have a correct conical shape
when plotted against branching space coordinates.[63, 115]
Intersections between excited states are typically less
problematic, at least in terms of their topology. Despite
these theoretical peculiarities, optimizing crossings between
electronic states is often meaningful, even when single-
reference methods are employed.[115] General-purpose
algorithms, such as CIopt,[310] enable the optimization of
CXs without derivative coupling vectors and can thus be
coupled with any electronic-structure method (see Ref. 311
for a detailed discussion on the various algorithms to locate
MECXs). Multireference methods, in principle, describe CXs
accurately as long as they use an adequate active space and
often serve as a benchmark for other methods. A commonly
employed strategy in computational photochemistry is to
balance the computational cost by using a multireference
methods based on (multistate) CASPT2 to perform single-
point calculations on a SA-CASSCF-optimized geometries
(an approach often denoted ’CASPT2//CASSCF’).[47, 312]
Yet, this strategy may often suffer from shortcomings as
solely correcting the electronic energy with second-order
perturbation theory can be insufficient to provide reliable
photochemical paths, and dynamic correlation is often
required also at optimization stage for the different critical
geometries on the PESs, in particular near CXs (an issue
coined ’differential correlation problem’[47] in this context)
and for an adequate description of states involving a ionic/-
covalent electronic character. We note that this statement
then extend to nonadiabatic molecular dynamics (e.g.,
Ref. 11).

Identifying critical geometries for the different electronic
states of interest is not the final goal of the benchmark
approach. Once these geometries (e.g., excited-state min-
ima, MECXs) have been identified, one can construct simple
interpolation pathways representing a reaction coordinate.
Linear interpolation in internal coordinates (LIIC) pathways

are a popular and cost-effective alternative to computa-
tionally demanding calculations of minimum-energy paths
(which, in addition, become difficult to implement when
multiple electronic states are important in the process of
interest).[313] LIICs allow one to obtain a map of the PESs
by interpolating geometries through incremental displace-
ments along internal coordinates (a common Z-matrix is
used for all geometries). Fig. 11 shows different electronic-
structure methods along their LIIC paths. For large and
complex systems, constructing Z-matrices becomes more
intricate – LIICs can vary significantly due to the non-unique
choice of internal coordinates. In such cases, it is advis-
able to use geodesic interpolation.[314] Once the LIIC of
interest is obtained, it becomes simple to test and compare
the electronic energies obtained with various electronic-
structure methods on the support of the same LIIC pathway
(i.e., the same set of nuclear geometries). In case of large
discrepancies between methods, the critical geometries
used to produce the LIIC can be reoptimized with different
electronic-structure methods, and the resulting LIICs can be
compared (as done for example in Fig. 11).

In addition to interpolations between critical geometries,
it is also convenient to scan surfaces along relevant nuclear
degrees of freedom for the excited-state dynamics. When an
excited electronic state of interest exhibits an antibonding
character (the corresponding PES typically lacks a stable
minimum), one can perform a rigid scan along a bond-
breaking coordinate. If significant geometry relaxation is
expected along the dissociation path, a relaxed scan would
be more appropriate – all degrees of freedom are being
optimized except the dissociation coordinate. Relaxed scans
can reveal the influence of specific degrees of freedom on
the photochemical process, whether it be bond distance,
angle, or torsion. Such analyses are convenient not only for
benchmarking but also for interpreting the results of nonadi-
abatic dynamics and providing a mechanistic understanding
of the photoreactivity of interest.
4.1.3 Choosing an active space for a

multiconfigurational/multireference method to
be used for nonadiabatic dynamics

In Section 3.2.3, we introduced single-reference electronic
structuremethods, which can generally be applied in a some-
whatmore ’grey-box’ fashion, contrasting themwith the class
ofmulticonfigurational/multireferencemethods that require
the user to define an active space. Experience shows that the
’chemical intuition’ used to construct an active space for the
ground electronic state does not apply anymore to the de-
termination of an active space for multiple electronic states,
in particular if one is interested in exploring a photochemi-
cal process. In addition, the strategy to determine an active
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Figure 11. LIIC pathways connecting the critical geometries optimized at three different levels of theory for ground and two lowest singletexcited states of protonated formaldimine. Reproduced from Ref. 115.

space for excited electronic states may vary depending on
whether one uses a multiconfigurational (e.g., SA-CASSCF) or
amultireference (e.g., XMS-CASPT2)method. In the following,
we discuss a potential protocol that may help to determine
an active space for excited electronic states, but the reader
should keep in mind that it is purely grounded in (mostly
painful) experiences and its applicability may vary depend-
ing on the molecule of interest. As such, the tone of the fol-
lowing paragraphs will be somewhat different and should be
understood as a narrative of a ’path towards an active space’.

For the ground-state optimized geometry of themolecule
of interest, perform a series of electronic-structure calcu-
lations with various sets of electronic-structure methods
and a medium-size basis set: LR-TDDFT/TDA, ADC(2), CC2,
EOM-CCSD, and, if affordable, CC3. Compare the various
electronic energies and oscillator strengths, and check
the influence of the basis set on these results, possibly
detecting the importance of Rydberg states (keeping in mind
that LR-TDDFT may not describe them adequately). More
importantly, check the electronic character of the range of
excited electronic states of interest and compare the differ-
ent electronic-structure methods to see where they agree
and where they disagree (for example, for the ordering of
electronic states). Based on the electronic character of the
states (and the excitation energies and oscillator strengths),
and using the literature or any available experimental data
on the system, identify the similarities between methods. In

the FC region and for closed-shell molecules, it is likely that
most methods will show some form of agreement, with a
possible exception being the ordering of some electronic
states if close in energy to each other. Notorious issues will
appear with electronic states showing a doubly-excited char-
acter, but we will come back to this point later. At this stage,
the goal is not to find the best possible single-reference
electronic-structure method, but merely to identify the vari-
ous electronic-state characters, i.e., the important occupied
and virtual orbitals, for the electronic states of interest. We
are now at a turning point, depending on whether you want
to identify an active space for SA-CASSCF or XMS-CASPT2.

Let us start with an active space for XMS-CASPT2. Bring
into the active space the smallest possible number of
occupied/virtual orbitals that were identified earlier (use
natural orbitals from a CIS calculation as an initial guess
for the orbitals, or even Kohn-Sham orbitals, but avoid HF
orbitals – virtual HF orbitals are often more delocalized),
using the default value for any shift parameters. Set the
state-averaging/multistate value to the number of electronic
states of interest in the first place (these values are likely to
change later, in particular for photochemical processes). Per-
form a first single-point XMS-CASPT2 calculation and check
your orbitals (CYO) that are in your active space at the end
of the calculation – detect in particular any orbital rotations
and the nature of the newly entered/departed orbitals from
your active space. Compare the XMS-CASPT2 electronic
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energies, oscillator strengths, and electronic character (be
careful to look at the XMS-CASPT2 result and not accidentally
use the electronic character for the underlying SA-CASSCF
electronic states), and determine whether they match
your best theoretical estimate from the single-reference
methods. Check for the presence of electronic states with a
doubly-excited character. It is very likely that you will then
need to include (or exclude) further orbitals to adequately
describe the electronic states of interest. To do so, always
restart from your last XMS-CASPT2 calculation and develop
the active space from there. Sometimes, voluntarily setting
a larger active space or increasing the number of electronic
states in the state-averaging/multistate procedure further
than needed may help catch ’shy’ orbitals in your active
space. After each XMS-CASPT2 test, CYO. Evolving the active
space and using the single-reference calculations as an
anchor, together with a lot of patience and perseverance,
should eventually lead to an active space that will describe
all the electronic states of interest in the FC region. This
process is tedious but also allows you to learn about the
electronic states of your molecules (and their interplay). This
is only the first step of the process, as it is very likely that the
found active space is not the final one – moving away from
the FC region will unravel other possible orbitals that may be
needed to fully describe the photochemical/photophysical
process of interest.

The next step will be to validate the active space away
from the FC region. To achieve this, one can locate critical
points – minima, MECXs – along a path that would mimic the
potential nonradiative decay. It is key to note at this point
that we are here exploring the nuclear configuration space
of our molecule to find a stable active space – the pathway
will need to be recalculated eventually with the final stable
active space for interpretation purposes. Starting from the
excited electronic state that one would expect to be dom-
inantly populated by the photoexcitation process, one can
first conduct a geometry optimization in this electronic state
with XMS-CASPT2 and the active space defined earlier. While
the active space might be stable during this process, its com-
position will likely vary. In any case, at the end of the geome-
try optimization, and independently on whether the calcula-
tion crashed or succeeded, CYO! Try to identify whether the
active space was preserved or if orbital rotations occurred.
If new orbitals appear in your active space, try to include
them as a starting point in the FC region – perform a new
XMS-CASPT2 single-point calculation, CYO, and check your
results against the single-reference methods. If the orbitals
do not stay in your active space in the FC region, you can in-
clude them at the step of your geometry optimization. You
may want to question the number of electronic states con-
sidered at this point, too. Before restarting the geometry op-

timization, make sure that the active space was the only rea-
son for the problem: if the crash occurred solely because of
an electronic-structure problem, the above-mentioned pro-
tocol may have helped and the calculation can be restarted;
if the geometry optimization process itself failed, you may
want to check the energy difference between your driving
electronic state and the surrounding electronic states and de-
termine whether you should instead locate a MECX for this
state. This overall process may need to be repeated several
times until you find a critical geometry. At this point, CYO
and compare the orbitals of the active space with those of
the FC region. The critical point here is to determine whether
you have the same active space at the critical geometry as in
the FC region. A powerful trick here to confirm this match
is to use LIICs or, more conveniently, geodesic interpolation
between the two critical points (as discussed in Section 3.2).
Determine this path between the FC geometry and your lo-
cated critical point, and calculate the XMS-CASPT2 electronic
energies for all electronic states considered along this path,
starting from your FC point. If your active space was (mostly)
stable, you should see no discontinuities along your inter-
polation pathways, focusing in particular on the electronic
state of interest. If you see a discontinuity, CYO in your ac-
tive space before and after the discontinuity occurred in your
path. You can also calculate the electronic energy along your
interpolation pathway backward and check for a hysteresis
in electronic energy, indicating the divergence of the active
space. Check also that there might not be a new electronic
state appearing along your interpolation pathway – this ap-
pearance is often identified by a cusp (and not a disconti-
nuity per se) in the energy of one or more electronic states
along the path, and may require an extension (or reduction)
of the state-averaging/multistate value for your XMS-CASPT2
calculation. In some extreme cases, dynamical weighting can
also be considered (see Ref. 315 for an example with DWS-
CASSCF). Hence, the interpolation pathway offers a stringent
test for the stability of the active space and a powerful tool to
identify important orbitals (or unimportant orbitals) as well
as more/less electronic states to be considered in the XMS-
CASPT2 calculation. Interpolations paths are the best ’mim-
ics’ of a nonadiabatic dynamics trajectory, and any disconti-
nuity in your interpolated path means that a nonadiabatic
dynamics simulation with this active space will lead to insta-
bilities and non-conservation of your total energy.6 Once
a stable active space is obtained for the interpolation path-
way, you can proceedwith the identification of further critical
points, repeating the full process of the interpolation path-

6Instabilities in an active space used for the electronic-structure ingredients
of a nonadiabatic dynamics simulation would be as if you were to use LR-
TDDFT and swap xc-functionals randomly along the dynamics – a trajectory
evolving based on different ’electronic-structure realities’.
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way and the study of the active space along the extended
path. As always, CYO! You can repeat this until you reach the
last representative critical geometry for the process of inter-
est. Once you find a stable active space for the entire path,
you can reoptimize each critical point – and at this stage, also
the FC geometry – to this final XMS-CASPT2 level of theory.
This final overall interpolated pathway can also be used at
this stage to check the impact of the basis set in different
regions of the nuclear configuration space, as well as to ob-
tain some information about the timing of the XMS-CASPT2
calculation for an electronic energy calculation – a key infor-
mation to evaluate the feasibility of the subsequent nonadi-
abatic molecular dynamics.

The protocol would be rather similar if you want to iden-
tify an active space for SA-CASSCF, but keep in mind that this
method is not expected to give absolute values for excitation
energies in agreement with single-reference methods (with
a few exceptions for specific electronic characters) due to
its lack of dynamic correlation. Hence, the objective of the
process here is to make sure that the active space for the
SA-CASSCF calculations reproduces the proper ordering of
the electronic states (and their energy separation) in the FC
region, and that the overall interpolated pathway eventually
obtained reproduces the topography of the pathway ob-
tained with XMS-CASPT2 (if this level of theory is achievable
just for the interpolated pathway). We note, however, that
higher excitation energies in the FC region would result in
trajectories with a higher internal energy when they reach
the ground electronic state via nonadiabatic transitions,
and great care would then be required when analyzing and
interpreting the ensuing ground-state dynamics. Possibly
more important is to realize that, with SA-CASSCF, ’bigger is
not always better’ as stated in the supporting information
of Ref. 316. Indeed, active spaces for SA-CASSCF can often
be unintuitive in comparison to the active spaces used
with XMS-CASPT2. Numerous examples from the literature
highlight this fact: e.g., butadiene[316] with a (4/3) active
space instead of a (4/4), cyclohexadiene[317] with a (6/4)
active space instead of the expected (6/6), benzene[318]
with a (6/5) active space instead of a (6/6), or provitamin
D[230] with a (6/4) active space instead of a (6/6).

It is finally important to stress that, once the orbitals com-
posing an adequate active space are identified and the sta-
bility/quality of the active space is validated, the precious or-
bitals selected should always be used as an initial guess for
subsequent electronic-structure calculations (photoabsorp-
tion cross-sections or nonadiabatic molecular dynamics tra-
jectories).

4.2 Describing the photoexcitation process
In the following, we discuss the critical steps required to ini-
tiate a (trajectory-based) nonadiabatic molecular dynamics
simulation. As discussed below, this process is often split
into two subsequent steps: the definition of a ground-state
nuclear distribution for the molecular system of interest,
sampled to obtain multiple pairs of nuclear positions +
momenta (often called ’initial conditions’ - ICs). The precise
nature of the light source employed to excite the molecule
then informs how one should select these ICs in subsequent
excited-state dynamics.
4.2.1 Sampling the ground-state nuclear density to

obtain initial conditions
In trajectory-based methods (introduced in Section 3.3), ICs
refer to a set of molecular coordinates andmomenta that de-
fine the starting point of individual excited-state trajectories.
ICs should accurately represent the initial state of the system,
as they directly influence its time evolution and the result-
ing calculated observables (e.g., excited-state lifetimes, quan-
tum yields, etc). Strategies to acquire ICs for excited-state
dynamics will be outlined in the following paragraphs. For a
more detailed discussion, the reader is referred to Ref. 319.

A common approach to sample the ground-state nuclear
density is to perform long Born-Oppenheimer ground-state
dynamics and collect (uncorrelated) snapshots of molecular
geometries and momenta. This is known as Boltzmann
(thermal) sampling. However, Boltzmann sampling does not
capture the quantum delocalization of nuclei or zero-point
vibrational effects present in the ground state.[320] Neglect-
ing these effects can pose a challenge when investigating
the photodynamics of many molecules. Some nuclear
quantum effects can be incorporated by using the Wigner
distribution,[17, 320] a more rigorous way of mapping quan-
tum nuclear densities onto classical phase-space quantities
– positions and momenta. Sampling ICs from a Wigner distri-
bution is commonly used in conjunction with nonadiabatic
dynamics methods, such as TSH and multiple spawning.7
In practice, the Wigner distribution is typically applied to
harmonic and uncoupled normal modes, requiring only
ground-state optimization and harmonic frequency calcu-
lations as input. However, this implementation of Wigner
sampling has a number of limitations.[9, 236, 322–324]While
effective for rigid, harmonic molecules with well-defined
structures represented by one or a few ground-stateminima,
a harmonic Wigner sampling becomes impractical for flex-
ible systems featuring many interconverting local minima
or significant anharmonic behavior. Moreover, rectilinear
normal modes inadequately capture torsional degrees of

7Note that multiple spawning appears to be less sensitive to the choice of
ICs compared to TSH.[321]
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freedom (low-frequency motions), potentially introducing
artifacts when ICs are generated via a harmonic Wigner
sampling.[236, 322–324]

Quantum thermostat (QT) [325–327] (or quantum ther-
mal bath) is an alternative sampling technique based on
Born-Oppenheimer molecular dynamics. Unlike Boltzmann
sampling, QT incorporates basic nuclear quantum effects
arising from zero-point delocalization. QT is based on a
generalized Langevin equation (GLE) thermostat, which
maintains the normal modes of a molecule at frequency-
dependent temperatures. As quantum vibrational energies
are intrinsically linked tomode frequencies (recall the energy
expression for the quantum harmonic oscillator), QT can
accurately reproduce zero-point vibrational energies by ef-
fectively thermalizing each mode accordingly. Temperature
effects can also be incorporated into QT dynamics. QT is
applicable to both harmonic and moderately anharmonic
systems[9, 328], making it a viable alternative to Wigner
sampling when the latter’s applicability is limited. For a
detailed discussion of QT (and GLE thermostat), the reader
is referred to Ref. 329. Notably, QT often yields a distri-
bution of geometries consistent with more rigorous path
integral dynamics simulations, but with significantly reduced
computational cost.[324] However, standard path integral
dynamics is not suitable for sampling nuclear phase space,
as this approach does not provide both nuclear coordinates
and momenta simultaneously, due to the inherent nature of
quantum uncertainty.

How to approach the sampling of ICs for a real molec-
ular system? Wigner sampling with uncoupled harmonic
normal modes is often a reasonable first choice (assuming
the system is harmonic), due to its straightforward imple-
mentation and availability in nonadiabatic dynamics codes.
Temperature effects can also be easily incorporated in the
Wigner distribution, although sampling at 0K is also common
(corresponding to the ground vibrational level of the ground
electronic state). In cases where multiple local minima have
significant ground-state populations, different sets of ICs
can be calculated, with their contributions weighted by the
appropriate Boltzmann factors.[330] Caution is advised
when dealing with systems exhibiting anharmonicity or
modes with low harmonic frequencies (typically below 500
cm−1). Such modes can be removed from the sampling if
problematic,[236, 331] but one should pay great care that
the modes are not photoactive.[324] Torsional or out-of-
plane modes, in particular, can be difficult to represent
using linear normal modes.[322, 332] Another central point
to consider when using the harmonic Wigner sampling is
the importance of locating all possible conformers (minima)
in the ground electronic state that could be Boltzmann
populated at the temperature of interest. A bilirubin subunit

offered a striking example of the importance of conformers
in photochemical processes. A photocyclization of bilirubin
was observed experimentally with a very small quantum
yield. Yet, none of the identified main conformers could
undergo such a cyclization, except for a higher-energy con-
former with a Boltzmann weight of only 0.5%, which has a
45% quantum yield for photocyclization.[333] This example
shows that a low photochemical yield may be rooted not
only in the mechanisms for nonradiative decays, but also in
the photoactivity of a specific conformer. A careful search
for potential conformers extends to sampling strategies
based on dynamics, too.

QT sampling offers a generally more reliable alternative
to select ICs. A recent case study[324] demonstrated that
QT yields results similar to Wigner sampling for stiff har-
monic molecules, but outperforms Wigner for molecules
featuring low-frequency torsion and weakly interacting
hydrogen-bonded systems (involving both low-frequency
and large-amplitude motions). QT may be advantageous for
complex systems such as solute-solvent clusters, for which
preparing ICs with a Wigner distribution requires a more
complicated protocol [334] (for a more recent discussion
on ICs for solvated systems, see Ref. 335–337). As long as
issues with zero-point energy leakage do not significantly
affect the dynamics, QT provides broad applicability for
ICs sampling in molecular systems. Energy leakage from
high-frequency to low-frequency modes is a known issue in
classical trajectories, and several extensions to QT dynamics
have been proposed to mitigate this problem. System-bath
coupling typically helps reduce the leakage issue.[338, 339]
(We note that the zero-point energy leakage described
here is different from that observed in the context of
nonadibabatic molecular dynamics, see Section 5 for a brief
discussion.) On a practical note, QT dynamics is available
in free software packages such as ABIN[340] and i-PI[341],
while the GLE4MD website[342] provides additional details
on input generation.
4.2.2 Calculating a photoabsorption cross-section
The nuclear ensemble approach (NEA)[96, 302] is a conve-
nient method for calculating photoabsorption cross-sections
using the same set of sampled ICs (in this case, only the
nuclear geometries) that will be used to initiate the nona-
diabatic dynamics. In the NEA, electronic transitions are
calculated on the support of hundreds of IC geometries,
which represent the ground-state nuclear density distribu-
tion of our molecule. Subsequently, individual transitions
are broadened using appropriate shape functions (typically
Lorentzian or Gaussian) to yield a convoluted photoabsorp-
tion cross-section, σ(λ).[96, 302] The cross-section can be
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calculated using the equation:

σ(E) = πe2̄h2mecϵ0cE
Ns∑
J=1

1
Np

Np∑
n

∆E0J(Rn)f0J(Rn)ws[E−∆E0J(Rn), δ] .
(54)

Here, E represents the photon energy, while e, me, ϵ0, and c
denote fundamental constants for the electron charge, elec-
tron mass, vacuum permittivity, and the speed of light, re-
spectively. ∆E0J(Rn) is the vertical transition energy betweenthe ground state 0 and the excited electronic state J, for the
nth sampled molecular geometry with the corresponding nu-
clear geometry Rn. f0J(Rn) represents the oscillator strengthat the geometry Rn. ws[E− ∆E0J(Rn), δ] denotes a normalized
lineshape centered at energy∆E0J(Rn) with a phenomenolog-
ical width δ. Individual line shape widths are typically set to
be much narrower than the overall absorption band widths.

Absorption spectra estimated using the NEA account for
non-Condon effects by considering the dependence of tran-
sition dipole moments on molecular geometries. In addition,
the NEA can predict the overall widths, heights, and positions
of molecular absorption bands. However, the NEA does not
describe the vibronic structure, as it lacks information about
the nuclear wavefunctions of the excited states.[96, 302]

Although more rigorous methods exist for calculating
photoabsorption cross-sections,[306, 343] the NEA offers a
convenient alternative, enabling the estimation of absorp-
tion spectra without incurring additional computational cost
beyond that required for sampling the ICs (see previous sec-
tion). The calculated NEA spectra can be directly compared
to experimental spectra, providing another useful means
to evaluate the suitability of the chosen electronic structure
method (at least for bright transitions). The NEA is also par-
ticularly interesting for the simulation of photoabsorption
cross-sections for molecules exhibiting dark states, given its
ability to recover non-Condon effects and produce absolute
values for the cross-sections, often in close agreement with
experiment.[343] An illustrative example of a photoabsorp-
tion cross-section calculated using the NEA is shown in
Fig. 12.
4.2.3 Selecting the adequate initial conditions to

mimic a photoexcitation
The selection of appropriate ICs depends not only on the nu-
clear density of the initial state (e.g., the ground state) but
also on the nature of the light source. In this context, we will
primarily focus on scenarios where the molecular system is
excited by an external ultrashort laser pulse (from around
one to a few hundreds femtoseconds). However, other se-
tups are also possible. Barbatti[344] proposed a protocol for
simulating nonadiabatic molecular dynamics following pho-
toexcitation by continuous thermal light (e.g., solar radiation).

Continuous radiation can be conceptualized as an ensemble
of coherent short pulses, allowing for the propagation of con-
ventional nonadiabatic dynamicswith varying initial times for
individual trajectories, corresponding to distinct field realiza-
tions. Suchan et al.[9] discussed sampling for dynamics initi-
ated by a continuous-wave laser field using the concept of im-
portance sampling. Curchod and coworkers[319] provided a
detailed account about the selection of ICs for nonadiabatic
molecular dynamics, from the sampling of the ground-state
distribution to the description of the photoexcitation process
in itself.

For a system excited by an ultrashort laser pulse, ICs are
typically selected under the assumption of a sudden vertical
electronic excitation. Sudden excitation maps the ground-
state distribution directly onto a given excited-state PES to ini-
tiate the dynamics – such a sudden excitation is, in principle,
justified by first-order time-dependent perturbation theory
for an infinitely short laser pulse.[17] However, an infinitely
short laser pulse has an infinitely wide energy spectrum and
should excite the molecule to all electronic excited states. In
contrast to that, nonadiabatic trajectories are frequently ini-
tiated from only a single excited state (e.g., the Sx adiabaticstate) regardless of the pulse energy spectrum. Although this
may be the easy way to generate an ensemble of trajecto-
ries (with no selection criteria apart from the index of the ini-
tially excited state), it is not justified when the molecular sys-
tem interacts with a (not infinitely) short laser pulse. In such
a case, a narrow excitation energy window may be defined,
and ICs selected based on excitation probabilities within this
window. Moreover, the initial population may, in principle,
be distributed among multiple states that fit within the exci-
tation energy window.

By applying excitation energy windowing, results from
nonadiabatic dynamics can be more directly compared
to experiments. A simple selection algorithm that biases
the ICs towards those with a high absorption probability
(as reflected by transition oscillator strengths) has been
proposed.[345, 346] For every transition that fits within the
excitation energy window ε ± δε, a selection probability can
be calculated by dividing its transition oscillator strength
by the maximum value among all transitions in the window
(pi = fi/fmax). Note that one IC can have multiple transitions
within the window. The IC (along with the index of the
initial transition) is selected if its normalized probability pi isgreater than a random number from a uniform distribution
in the [0,1] interval, thus favouring ICs associated with
brighter transitions.

Recent work has discussed the benefits of biasing the
selection of ICs.[324] Uniform selection, where ICs are ran-
domly chosen without applying any filters, was compared to
f -biased selection based on the aforementioned algorithm.
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Figure 12. Photoabsorption cross-section of protonated formaldimine decomposed into S1 and S2 contributions. The inset shows 1000structures sampled from a Wigner distribution, while the narrow energy window includes transitions to both excited states. ADC(2)/def2-SVPlevel of theory.

A case study using TSH dynamics revealed that biasing the
selection can significantly affect observables, particularly
when relevant electronic states have very different oscil-
lator strengths (e.g., bright and dark states). The f -biased
selection was found superior when compared to available
experimental measurements. However, oscillator strengths
used for f -biased selection should be sufficiently accurate
and balanced across the excitation spectrum, highlighting
the importance of electronic structure benchmarking.

More recently, a strategy coined the promoted density ap-
proach (PDA) was devised to incorporate the effect of a laser
pulse at the level of the ICs.[347] The PDAwill select given nu-
clear momenta-positions pairs based on their coupling with
the provided parameters of the laser pulse (frequency, pulse
shape, full width at half-maximum – parameters provided to
mimic the experiment). Hence, a given IC within the PDA will
incorporate an initial time (different from t0 = 0 and depen-
dent on the characteristics of the laser pulse) and the excited
electronic state reached by this IC (again, determined by the
characteristics of the laser pulse). When analyzing the swarm
of (TSH, AIMS, AIMC, MCEv2) trajectories initiated from the
PDA, any observables will naturally encode the time broad-
ening (and energy constraints) set by the initial laser pulse
that serves for the photoexcitation. The PDA is rigorously
obtained from perturbation theory and can also be used to
derive, as a practical approximation, the use of a window-
ing approach as discussed above, but with a theoretical jus-
tification. The windowing strategy that can be derived from
PDA, coined PDAW, assigns weights to the selected trajecto-
ries based on the transition dipole moment of its IC. PDAW is
compatible with arbitrary pulse envelopes (giving the same

result as PDA for an unchirped Gaussian pulse), and outper-
forms other windowing strategies described above. A sim-
ple code, promdens,[348] is available to generate the ICs for a
given laser pulse automatically, using as input solely quanti-
ties that are usually determined to calculate a photoabsorp-
tion cross-section (see Section 4.2.2), namely the excitation
energies and transition dipolemoments for each nuclearmo-
menta/positions pair sampled from a given ground-state dis-
tribution.

Photoexcitation can also be described explicitly by in-
cluding in the simulation the coupling between the molecule
and the time-dependent electric field of a laser pulse, for
example. While this statement sounds trivial in theory, it
often leads to multiple challenges in practice, particularly for
trajectory-based nonadiabatic molecular dynamics methods.
The central idea is to describe the interaction of the laser
pulse and the molecule by using a classical light-matter
interaction term, coupling the time-dependent electric field
of the laser pulse with the dipole moment operator for the
molecule. The trajectory-based dynamics can then start in
the ground electronic state from the ICs sampled from an
approximate nuclear probability density (using any methods
described in Section 4.2.1), and the laser pulse promotes
these ICs in one (or more) excited electronic state(s) based
on its central frequency and bandwidth. The inclusion of
a light-matter interaction term is rather straightforward in
methods based on TBFs like FMS/AIMS and vMCG.[237, 349]
Nevertheless, the number of TBFs generated to describe
the nuclear amplitude transfer to excited electronic states
rapidly becomes intractable for long laser pulses. External
field in AIMS (XFAIMS) nevertheless remains a method
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of choice to study the formation of (transient) electronic
wavepackets upon photoexcitation by a ultrashort few-cycle
(attosecond) laser pulse.[227, 237, 350, 351] Including an
explicit laser pulse in mixed quantum/classical methods
like TSH has been suggested,[352–354] but this extension
appears to push the limits of their implicit approximation
(like the independent trajectory approximation in TSH) for
any pulses but ultrashort ones.[238, 355] Hence, while the
explicit description of photoexcitation is in principle feasible
for trajectory-based nonadiabatic molecular dynamics, its
use in practice is limited to specific cases and remains rather
niche due to the limitations listed above. We note that
molecular electronic states can also be directly mixed with
quantum states of light, see e.g. Refs. 356–358. Figure 13
offers a pictorial summary of the different approaches
describes in this Section to incorporate photoexcitation in
nonadiabatic dynamics.
4.3 Performing the nonadiabatic molecular

dynamics simulation
In this Section, we discuss various aspects to consider
when performing the nonadiabatic molecular dynamics
simulations. We begin this Section with some general yet
important considerations and elements to keep in mind
when performing nonadiabatic molecular dynamics. We
then present an example of a typical dynamics simulation
using TSH (Section 3.3.2) and AIMS (Section 3.3.1).
4.3.1 Practical (and numerical) considerations
In the following, we highlight some main considerations and
concepts that are pivotal when performing nonadiabatic
molecular dynamics.
Running a few trajectories first
As discussed above, nonadiabatic dynamics methods like
TSH and AIMS use a swarm of trajectories (uncoupled in TSH
and coupled in AIMS) to depict the nuclear wavepacket dy-
namics. Focusing on TSH, a certain number of ICs is required
to adequately sample the ground-state distribution of the
molecule of interest and, in principle, each IC should be used
for multiple TSH dynamics (each initiated with a different
seed for the random number generator) to adequately
sample the stochastic nature of the nonadiabatic process
in this method.[262, 273] In practice, this process is often
substituted by a larger number of ICs, each used to run a
single TSH trajectory. AIMS only requires an adequate sam-
pling of the ground-state distribution thanks to its spawning
algorithm (except when a stochastic-selection version of
the spawning is used). As a result, AIMS is expected to
converge faster than TSH with respect to the total number of
ICs[359, 360] (but care is needed to ensure that the ground-
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Figure 13. Schemes of the different approaches to describe photoex-citation (here with a laser pulse) in nonadiabatic molecular dynam-ics. Upper panel: approaches describing explicitly the interactionbetween a laser pulse and amolecule. Middle panel: approaches en-coding the interaction between a laser pulse and a molecule implic-itly (VE stands for vertical excitation). Lower panel: approach wherethe precise details of the photoexcitation are omitted (a pulse with abroad bandwidth is assumed, projecting perfectly the initial nuclearwavefunction in the ground state to the selected excited electronicstate). See text for additional details.

state distribution is adequately sampled[361]). In any case,
a recommendation for simulating the swarm of TSH or AIMS
trajectories is to first start with a small subset of ICs (∼ 10)
and carefully analyze the resulting trajectories, focusing
in particular on the behavior of the electronic-structure
method and its stability (see below) along the trajectories.
This initial swarm can also be used to deduce what the
timescale of the propagation should be to reach the desired
outcome (e.g., multiple fs or ps) and the associated compu-
tational cost. These trajectories can also be used to identify
unexpected regions of the configuration space visited during
the propagation, which may need additional attention to
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confirm that the electronic-structure method chosen de-
scribes them adequately. Some trajectories could also crash,
and identification of the reasons for this instability is key (see
also the FAQ in Section 5 for a discussion about discarding
crashed trajectories). Once this first test-swarm is analyzed
and all indicators are green, another set of trajectories can
be propagated, but we would advocate to always propagate
them by small bunch – this strategy allows (i) for a more
careful analysis and an earlier detection of any issues with
the electronic structure chosen and (ii) for a better control
of the convergence of the quantities of interest.
Conservation of total energy
Conservation of total energy is a key consideration for nona-
diabaticmolecular dynamics given that these simulations are
performed in the microcanonical ensemble (as required by
the equations of motion introduced in Section 3.1). Conser-
vation of the total (classical) energy along each individual tra-
jectory, for methods employing classical trajectories like TSH
and AIMS, also constitutes a stringent test for the stability of
the electronic-structure method used for their propagation –
in particular when discontinuities in the total energy are ob-
served. While different rules of thumb have been used to
judge the severity of a total energy discontinuity (e.g., energy
discontinuity should be less than 10% of nuclear kinetic en-
ergy), a detailed analysis of the cause (and potential conse-
quences) of such discontinuities is mandatory.

Discontinuities in total energy along classical nonadi-
abatic trajectories can occur for different reasons from
an electronic-structure perspective. Let us focus here
on multiconfigurational and multireference methods, i.e.,
electronic-structure methods using an active space and a
state-averaging process, as they often leads to the most
problematic issues with total energy conservation. A first
reason for the observation of total energy discontinuities is
that, over the course of a nuclear time step, the electronic-
structure calculation involves the rotation of orbitals in and
out of the active space. In other words, onemolecular orbital
(or more) originally in the active space is replaced by another
molecular orbital (or more). This exchange of orbitals means
that the electronic structure calculated for this time step
is no longer consistent with that of the previous steps,
leading to an abrupt change of the electronic energy and,
as a result, a mismatch in the sum of potential (electronic)
energy and kinetic (nuclear) energy between time steps –
a discontinuity. This type of total energy non-conservation
– coined here ’orbital-rotation discontinuity’ – frequently
happens when studying a photochemical process involving
bond breaking/forming and requires a careful analysis of
the reasons for this orbital rotation – questioning whether
these newly observed orbitals may be required in the active

space or not. We discussed strategies to devise an active
space in Section 4.1.3.

Figure 14. Exemplary TSH trajectory (α = 1) for cyclobutanone (in-set) exhibiting an orbital-rotation discontinuity of total energy (greyarea).
An example of such an orbital-rotation discontinuity in to-

tal energy is provided in Figure 14 for an exemplary trajectory
simulating the nonadiabatic molecular dynamics of cyclobu-
tanone using TSH and XMS(3)-CASPT2(8/8). The TSH trajec-
tory evolves in the first excited state (S1) and a discontinuityin all electronic energies can be observed at around t = 237
fs, caused by the rotation of an orbital out of the active space.
As a result, this orbital rotation impacts the total classical en-
ergy of the TSH trajectory (discontinuity of ∼ 0.15 eV). The
impact of this specific orbital rotation on the electronic ener-
gies (and total energy) is mild, as the orbital that rotated out
of the active space was not a strong contributor, at that time
of the dynamics, to the different electronic characters of the
underlying adiabatic electronic states.

Another cause for a discontinuity in the total energy
along a classical nonadiabatic trajectory is due to the sud-
den importance of initially neglected excited electronic
states for the nonadiabatic dynamics. A subset of electronic
states needs to be selected for state-averaged (multi-state)
methods (see Section 4.1.3), but in the course of a trajectory
some other electronic states may come close in energy
to the driving state. This scenario, that we could coin
’state-averaged discontinuity’, is often observed when a
bond is dissociated in the dynamics, leading to different
electronic states becoming nearly degenerate in this region
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of configuration space.

Figure 15. Exemplary TSH trajectory (α = 1) for methylhydroperox-ide (inset) exhibiting a state-averaged discontinuity of total energy(grey area).
An example of such a state-averaged discontinuity is pro-

vided in Figure 15, where electronic energies for the lowest
four electronic states are plotted along a TSH trajectory for
methylhydroperoxide, together with the total energy and the
energy of the TSH driving state. (XMS(4)-CASPT2(8/6)) is used
for the electronic structure, see Ref. 324 for details.) The
excited-state dynamics of MHP is here initiated in S1 and thisstate drives the dynamics during the trajectory segment pre-
sented here (6 fs). In the time interval 2.75 fs < t < 4 fs,
the energy of the third excited state (S3) increases sharplybefore abruptly decreasing, exhibiting a discontinuity at 3.5
fs. This discontinuity in the electronic energy of S3 attests toa sudden change of electronic character for this state (calcu-
lating an additional excited electronic states would unravel
an avoided crossing with S4 near the discontinuity), causedby the stretch of the O–OH bond of methylhydroperoxide in
the early times of the dynamics and the lowering in energy
of an electronic state with a nσ∗(O-O) character (the charac-
ter of S3 after 3.5 fs). This missed avoided crossing (as one
of the electronic state is not included in the state-averaging
process) is in stark contrast with the orbital-rotation discon-
tinuity presented above (Figure 14), where electronic ener-
gies evolve smoothly along the TSH trajectory before expe-
riencing a sudden jump due to orbital rotation. The abrupt
change of electronic character leads to a small discontinuity
in the total energy (∼ 0.08 eV) and also impacts the behav-

ior of the electronic energy of the other states (e.g., S0). Itis important to stress here that the orbitals composing the
active space are strictly preserved along the TSH trajectory
presented in Figure 15 – the discontinuity in total energy is
purely the result of a new electronic-state character entering
the state-averaging process.

Sometimes, state-averaged discontinuities may be less
severe than the orbital-rotation discontinuity if the character
of the incoming states is encompassed by the orbitals al-
ready present in the active space (as exemplified by the case
presented in Figure 15), and incorporating these electronic
states leads to stable trajectories (see Ref. 309 for another
example). Increasing the number of electronic states con-
sidered in the state-averaging procedure is a solution in
principle, but in practice, this strategy often fails as the elec-
tronic states that may become important in the dissociation
limits are often high in energy in the FC region and hard to
capture. Strategies like dynamically-weighted state-average
methods were defined to alleviate this issue[362–364]
and started to appear in combination with nonadiabatic
molecular dynamics (even though dynamically-weighted
approaches rely on additional parameters and may suffer
from additional instabilities).[125]

Whenone is interested in the formation of photoproducts
in the ground electronic state, the active space defined for
the nonadiabatic dynamics may not be sufficient to describe
the diversity of electronic structures for the products. A
strategy consists of switching the nonadiabatic dynamics for
a regular adiabatic Born-Oppenheimer dynamics, together
with a switch to an unrestricted ground-state electronic
structure method (with a small time step). This switching
strategy requires a strict benchmark to validate the change
in the electronic-structure method, but can provide insight
into the formation of ground-state photoproducts (see
Refs. 229, 365–368 for examples of this approach).

From a numerical perspective, the time step used for the
propagation of nonadiabatic trajectories can also lead to is-
sues with total energy conservation, for example, when the
molecule reaches the ground electronic state and its nuclei
exhibit a high kinetic energy. Drifts (andnot sudden jumps) in
total energy canbe observed in adiabatic Born-Oppenheimer
molecular dynamics for various reasons, and the reader is
referred to Ref. 287 for a discussion on this topic. Strategies
for adaptive time stepswere devised for AIMS.[369] The situa-
tion is trickier for TSH, given that the time step features in the
definition of the hopping probability in its fewest-switches
version, see Ref. 370 for a detailed discussion of this issue.
Similar issues can be observed for nonadiabatic dynamics
employing LR-TDDFT/TDA in regions of the nuclear configu-
ration space near an intersection seam between the ground
and first excited electronic states, where the topography of
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the PESs is known to exhibit sharp energy variations.[115,
142, 149, 153]

We also note that conservation of the total quantum
energy is achievable for Gaussian-based methods only
in the limit of a complete number of traveling Gaussian
functions[371] or if all parameters are propagated vari-
ationally as in vMCG[205], even though further practical
approximations for this method can lead to deviations from
total energy conservation.[372] Various strategies were
devised to improve the total (quantum) energy conservation
for these methods.[373]
Nonadiabatic couplings and nonadiabatic coupling
vectors
A first numerical consideration emerges when observing
the nonadiabatic coupling term in the equations of mo-
tion for the electronic coefficients of TSH or the coupling
between TBFs in AIMS (see Section 3.1 for the definition
of nonadiabatic couplings and Section 3.3 for their role in
the equations of motion). The NACVs are projected onto
the nuclear velocity of the trajectory (in TSH) or the nuclear
momentum for the centroid position between TBFs (in
AIMS). Focusing on TSH and its equations of motion for
electronic coefficients (Eq. (49)), this projection appears as
σJI(Rα(t)) = dJI (Rα

)
· Ṙα(t) = ⟨ΦJ(Rα)| ∂

∂t|ΦI(Rα)⟩r.[248] As dis-cussed above, the last term is, in fact, the term that appears
first upon derivation of the TSH equations of motion (see
Eq. (48)), but it is often rewritten as a projection of the NACVs
onto the nuclear velocities using the chain rule ∂

∂t = ∂
∂R

∂R
∂t .This projection is often referred to as the ’nonadiabatic

couplings’ (NACs) and is also found in the definition of the
fewest-switches hopping probability (Eq. (52)). More than
a curiosity, the appearance of NACs has allowed, from the
early times of TSH simulation, to determine the nonadi-
abaticity along a trajectory without requiring an explicit
evaluation of the NACVs, using finite differences to get the
derivative of the electronic wavefunctions with respect to
time.[248] Given that it requires the overlap of electronic
wavefunctions at different time steps of the dynamics, this
strategy is nowadays often referred to as the ’wavefunction
overlap approach’ and allows to perform TSH (and AIMS) dy-
namics with an electronic-structuremethod for which NACVs
are either unavailable (e.g., ADC(2)) or computationally de-
manding to calculate. Different approaches were developed
to calculate wavefunction overlaps[152, 156, 374–378] or
approximate them,[379] together with a comparison of
their performance.[380] Similar approaches were suggested
for AIMS.[369, 381] Last but not least, a local diabatization
strategy has also been proposed to ensure a smoother
numerical propagation of the electronic coefficients without
the explicit need for the NACs, which might develop strong

peaks near intersection regions.[382]
Another potential danger of the numerical integration

of the equations of motion in nonadiabatic molecular dy-
namics: the possibility of jumping over a coupling region
between two consecutive integration time steps (for the
classical propagation of a TSH trajectory or a TBF in AIMS).
The impact of this problem was made clear by studies in-
volving electron transfer processes,[383] where the diabatic
coupling between diabatic electronic states describing the
electronic transfer might be small, leading (according to
our discussion in Section 3.2.1) to very localized and strong
NACs in the vicinity of the state degeneracy between the
corresponding adiabatic electronic states. Such couplings
are so localized that nuclear motion can easily jump over
within a typical time step used for the numerical integration
of the classical equations of motion in TSH (or the TBFs in
AIMS). A TSH trajectory should, in principle, jump from one
electronic state to another with nearly complete probability
to ensure the preservation of its diabatic character. Yet, if
the numerical trajectory misses this narrow region of cou-
pling, it will continue on the same adiabatic state, meaning
that the trajectory abruptly changed its electronic character
– a clear artifact.[76, 383, 384] Such trivially unavoided
crossings have been triggering the development of various
strategies for TSH and AIMS to better follow the electronic
character of the electronic states,[76, 375, 384–387] most
of them available in current codes proposing TSH or AIMS
dynamics. The current implementation of AIMS in FMS90
does follow the electronic character of each electronic state
considered in the dynamics (as part of the calculation of
couplings between TBFs) and will reject a time step if it leads
to a switch of electronic character between electronic states
(a marker that the TBF may have jumped over a coupling
region), as part of an adaptive time step strategy.[369]
Finally, the interested reader may also consult Ref. 388 for
various numerical tests on the stability of a TSH dynamics.
Nonadiabatic transitions
As stated in Section 3.2, electronic-structure methods like
LR-TDDFT and ADC(2) do not adequately describe the to-
pography and topology of intersection regions between
S1 and S0, either due to their practical approximations or
their formalism. Various strategies have been suggested
to mitigate these particular issues. A pragmatic solution
consists of stopping the nonadiabatic dynamics whenever
trajectories reach a region of nuclear configuration space
where the energy gap between S1 and S0 falls below a
certain value (for example, 0.1 eV).[109, 389]. This approach,
even if perhaps the safest, prevents the explicit description
of the nonadiabatic transfer to the ground electronic state.
Other schemes were suggested to either approximate the
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NACs in this critical region (Baeck-An[379, 390]) or model the
nonadiabatic transitions with a different strategy than the
fewest-switches approach to TSH (Landau-Zener[278, 391]).
Inducing artificially a hop from S1 to S0 constitutes anotherbrute-force alternative (see Ref. 294 for an example and dis-
cussion of this approach). The strategies mentioned in this
paragraph should be restricted to exploratory dynamics, and
a proper description of the nonadiabatic dynamics between
S1 and S0 requires a higher level of electronic-structure
theory.
Velocity rescaling
The previous paragraph naturally brings the discussion to
another potential issue, in particular for TSH, related to
rescaling the nuclear velocities after a hop. The rescaling of
velocities has been amatter of debate in the community, also
connected to the issue of frustrated hops (hops to a higher
electronic state that cannot occur due to insufficient nuclear
kinetic energy, along the NACVs, required to compensate for
the increase in electronic energy).[261, 265, 392] A recent
work has provided strong evidence (validated by other
approaches[280]) that the rescaling should be performed by
along the NACVs (or, if not available, the gradient difference)
and, possibly more importantly, that an isotropic rescaling
of velocities should be avoided.[252] AIMS is less sensitive
to the strategy employed for the rescaling of velocities, due
in part to the nature of the spawning algorithm.[273]
Final considerations
The complexity of a nonadiabatic dynamics simulation and
the number of ingredients it depends on (in comparison
to regular Born-Oppenheimer molecular dynamics) means
that great care should be paid when restarting a trajectory.
If using a multiconfigurational or multireference method
for the electronic structure, the precise electronic energies
should be carefully checked upon restart to ensure that the
very same level of electronic-structure theory was recovered.
The sign of the NACs and/or NACVs should be continuous
throughout the dynamics and checked after a restart.

We should stress again the critical importance that
the electronic-structure method can play in the outcome
of a given nonadiabatic dynamics, as identified in a se-
ries of recent articles and highlighting the crucial role of
benchmarking electronic-structure methods before any
dynamics.[185, 294, 296]
4.3.2 Outcome of a typical TSH dynamics
We discuss here the outcome of a nonadiabatic molecular
dynamics simulation conducted with TSH, using the photo-
dynamics of protonated formaldimine (molecular structure
given in the inset of Fig. 16b) as an example. We consider
a photoexcitation of protonated formaldimine to its second

excited electronic state (S2) and observe the nonadiabatic de-cay of the created nuclear wavepacket. ADC(2) is employed
for the electronic structure (along with def2-SVP basis set),
meaning that we limit our study to the nonadiabatic dynam-
ics between S2 and S1. As discussed in Section 3.2, ADC(2)
offers an adequate description of the S2/S1 seam of intersec-
tion in comparison to XMS-CASPT2. The ICs were sampled
from a harmonic Wigner distribution for the ground state of
protonated formaldimine.
Monitoring a single TSH trajectory
We begin by monitoring the fate of a single TSH trajectory,
labeled α = 1 in the following (following our earlier nota-
tion for TSH trajectories). The TSH trajectory is initiated in
the electronic state S2 and will be propagated classically in
this electronic state following this electronic state until a re-
gion of nonadiabaticity can induce a hop to a different elec-
tronic state. Figure 16a shows the electronic energy of TSH
trajectory 1 during the dynamics (red circle), evolving initially
in S2 before it reaches a region of strong nonadiabaticity (af-ter 4fs), triggering a jump to electronic state S1. The nona-
diabatic transition is clearly explained by looking at the elec-
tronic coefficients for this TSH trajectory (Figure 16b). The
nonadiabatic region encountered after around 4 fs of dynam-
ics leads to an almost complete transfer of electronic popula-
tion from S2 to S1, ensuring a high probability for the TSH tra-
jectory to hop from S2 to S1. The TSH trajectory then rapidly
decays toward the S0 state. Due to the limitations of ADC(2)
in describing the S1/S0 intersection seam, the TSH trajectory
is stopped when the electronic energy gap between S1 andS0 reaches a small value (here < 0.3 eV). As discussed earlier,
a critical quantity to monitor for each TSH trajectory is its to-
tal classical energy, in particular its conservation along the
full dynamics (see green curve in Fig. 16a). For the present
case, the total energy is conserved satisfactorily, with small
fluctuations but no clear drifts or jumps observed.
Analysis of the ensemble of TSH trajectories
A nonadiabatic molecular dynamics simulation using TSH
relies on the sampling of a large number of trajectories (to
offer a proper description of the ICs mimicking the initial nu-
clear wavepacket and to converge the stochastic algorithm
responsible for the nonadiabatic transitions). We focus
here on the populations obtained from an entire swarm of
TSH trajectories (497 in the present case). As discussed in
Section 3.3, the population of a given electronic state I in TSH
can be described in two different ways: the fraction of TSH
trajectories in this particular state, PI(t), or the average elec-tronic population for this state, ⟨|cI(t)|2⟩ (see Section 3.3.2).
For the TSH algorithm to be considered consistent, both
definitions of the electronic population should provide very
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Figure 16. A single TSH trajectory for the photodynamics of protonated formaldimine. (a) Electronic energies along the TSH trajectory α (here
α = 1), labeled as EelI (R1). The electronic state driving the TSH trajectory is indicated by filled circles (Eel∗ (R1)). (b) The electronic coefficientsalong the trajectory α = 1 for the three electronic states considered. The molecular representation of protonated formaldimine is given as aninset.

similar trends.[262] The populations depicted in Fig. 17
offer an approximation to the branching of the nuclear
wavepacket – the photoexcited nuclear wavepacket in the
S2 electronic state relaxes significantly toward S1 within
the short timescale presented here. The ground electronic
state would, in principle, reduce the S1 population, but thissink of population is not accounted for in these calculations
employing ADC(2) for the electronic structure. We stress
again that a single TSH trajectory (as depicted earlier) does
not carry much information, and only the swarm of trajec-
tories should be used to extract meaningful quantities like
populations or variations of geometric parameters. TSH,
being a mixed quantum/classical method, it does not give
access to nuclear (or molecular) wavefunctions, meaning
that the determination of observables relies on a given
’recipe’ (extracting a given quantity of interest along each
TSH trajectory and incoherently averaging it over the entire
swarm) more than an actual well-defined mathematical pro-
tocol (i.e., expectation values of themolecular wavefunction).
For a given property O, an incoherent average in TSH would
be given by O(t) = 1

Ntraj
∑Ntraj

α Oα(t). More information will be
given on the determination of observables in Section 4.4.
4.3.3 Outcome of a typical AIMS dynamics
We provide here an example of an AIMS simulation and the
quantities that can be monitored. We focus here on the

Figure 17. Full TSH dynamics for the nonadiabatic molecular dynam-ics of protonated formaldimine. The electronic populations (frac-tions of trajectories, PI(t)) deduced from 497 independent TSH trajec-tories are represented with thick lines, colored by electronic state.

nonadiabatic molecular dynamics of cyclohexadiene (CHD,
molecular structure given in the inset of Fig. 18b). When
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photoexcited to its first excited electronic state (S1), CHDundergoes an excited-state dynamics that can potentially
result in its ring-opening to form hexatriene. The electronic
structure employed for the following calculations is SA(3)-
CASSCF(4/3), combined with a 6-31G∗ basis set (this level
of electronic-structure theory was validated in previous
work[230, 393, 394]). The ICs were sampled from a harmonic
Wigner distribution for the ground state of CHD, and the
AIMS dynamics were initiated in the first excited state, S1.We note that the example presented below for the pho-
todynamics of CHD is adapted from a detailed discussion
of the practical use of AIMS that can be found for further
information in Ref. 243.
Monitoring a single AIMS run
An AIMS simulation is composed of multiple independent
runs (or ’branches’, using the vocabulary of Refs. 225, 243),
each starting with a single TBF, called the parent TBF, prop-
agated from a selected set of ICs. The complex amplitude
(see Eq. (44)) for the parent TBF k attributed to state I at
the beginning of the dynamics is C(I)k (t = 0) = 1.0 + 0.0i. An
AIMS run consists of propagating the parent TBF k until
new child TBFs are created (spawned) in regions of strong
nonadiabaticity. The AIMS run terminates when a certain
criterion is met (e.g., when most of the nuclear amplitude is
in the ground electronic state).

Figure 18 shows a typical AIMS run for CHD, with a parent
TBF being initially propagated and leading to the spawning
of three child TBFs to ensure a population transfer from the
first excited to the ground electronic state. Only the parent
TBF is present at t = 0, labeled with k = 1 and evolving in the
electronic state S1 (χ̃(S1)1 ). The thick gray line in Fig. 18a depicts
the electronic energy as a function of time for the parent TBF
during this AIMS run, while the time trace of its population
(|C(S1)1 (t)|2) is shown by a similar line in Fig. 18b. As TBFs fol-
low classical trajectories, their total classical energy should
be conserved (see thin full line in gray in Fig. 18a) – this classi-
cal energy should not be confusedwith the total quantumen-
ergy for the system, whichwould be expressed as an expecta-
tion value of the molecular Hamiltonian over the full swarm
of TBFs (see below for a discussion on expectation values in
AIMS). In the early times, the parent TBF evolves adiabatically
in S1 until it reaches a region of strong nonadiabaticity with
S0 (lower dashed gray line in Fig. 18a) after 30 fs of dynamics.
The parent TBF reaches a region of the nuclear configuration
space where the two electronic states become nearly degen-
erate at t ∼ 36 fs. In this region of strong nonadiabaticity, the
parent TBF spawns a new TBF (χ̃(S0)2 ) in the coupled electronic
state S0 (whose electronic energy is depicted by a thick bluecurve in Fig. 18a). The spawning geometry for χ̃(S0)2 is given as
an inset in Fig. 18a (with a blue shadow). The two electronic

traces (for the parent and the child TBFs) become nearly de-
generate at the time of the spawning. The fact that the blue
curve in Fig. 18a appears before the intersection region is due
to the spawning algorithm, which ensures that any new child
TBF is included in the AIMS dynamics before it reaches the
region of strong nonadiabaticity to ensure a proper trans-
fer of nuclear amplitude – see Refs. 225, 243 for details on
the spawning algorithm. The child TBF χ̃(S0)2 rapidly relaxes in
the ground electronic state S0 – its corresponding S0 energydrops shortly after the nonadiabatic region. A large transfer
of nuclear population is observed between the parent and
first child TBF (large variations in the gray and blue curves
in Fig. 18b at around 36 fs). When a TBF evolves in a ’tar-
get state’, here the electronic ground state, and is no longer
coupled to any other TBFs, its dynamics can be stopped (as
seen for the curves corresponding to χ̃(S0)2 after 42 fs).8 After
meeting this first nonadiabatic region, the parent TBF contin-
ues its evolution in S1 until it again hits the S1/S0 intersectionseam, spawning a second child TBF, χ̃(S0)3 (given by red lines in
Fig. 18). Only a small amount of population transfer results
from the nonadiabatic interaction between the parent and
second child TBFs (∼ 8%). After 68 fs of dynamics, the parent
TBF hits the intersection seam a final time, leading to an al-
most complete transfer of its nuclear amplitude to the third
child TBF χ̃(S0)4 (orange lines).

In stark contrastwith TSH, the ‘TBF population’mentioned
above and given by |C(I)k (t)|2 does not represent the actualpopulation of a given electronic state as one needs to ac-
count for the population of all the TBFs within the run and
their interaction (as we are using a nonorthogonal Gaussian
basis set). Hence, the population in electronic state L for a
given AIMS run is determined by calculating the expectation
value of the projector P̂L = |ΦL⟩⟨ΦL| using the AIMS molecu-
lar wavefunction for a given run:

PL(t) =
∞∑
IJ

[ NI(t)∑
k

NJ(t)∑
k′

(
C(I)k (t)

)∗
C(J)k′ (t)⟨ΦIχ̃

(I)
k |P̂L|χ̃(J)k′ ΦJ⟩r,R

]

=
NL(t)∑
kk′

(
C(L)k (t))∗

C(L)k′ (t)⟨χ̃(L)k |χ̃(L)k′ ⟩R

=
NL(t)∑
kk′

(
C(L)k (t))∗

C(L)k′ (t)(S)LLk,k′ . (55)
Eq. (55) highlights another key difference between AIMS and
TSH: by propagating nuclear wavefunctions, AIMS can be

8Stopping TBFs when they reach the ground electronic states may prevent
numerical instabilities caused by the large amount of kinetic energy gained by
these TBFswhen they relax in S0, often necessitating a smaller time step. If one
is interested in the overall dynamics of the nuclear wavepacket (and not just
the corresponding electronic populations), the TBFs in S0 can be propagated
individually with a smaller time step and included in the overall analysis of the
AIMS dynamics.
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Figure 18. A single AIMS run for the photodynamics of cyclohexadiene. The parent TBF in S1 (χ̃(S1)1 ) spawns three child TBFs in S0 (χ̃(S0)2 ,
χ̃
(S0)3 , and χ̃

(S0)4 ). Their respective electronic energy over time is labeled as EelI (R̃(I)k ). a) Electronic energies along the four TBFs, with plain linesindicating the electronic energy driving each TBF and dashed lines (with corresponding colors) highlighting the electronic energy of the otherelectronic states at the current nuclear position of each TBF (R̃(I)k (t)). The three molecular structures represent the nuclear geometries at thespawning time of each child TBF. b) Electronic-state populations during the AIMS run, with the overall S1 and S0 population given by a thickpalatinate and green line, respectively. The population for each TBF is depicted by a thin line (color code is the same as in panel (a)). Adaptedfrom Ref. 243 with permission.

used to approximate a molecular wavefunction from which
one can express expectation values. This equation also
shows the influence of the Gaussian interference terms in
the calculation of expectation values in AIMS. Coming back
to our example of an AIMS run for CHD, the population trace
for the S1 and S0 electronic states – PL(t), with L = S1, S0 – isdepicted in Fig. 18b with thick lines.
Analysis of the full ensemble of AIMS TBFs
An AIMS nonadiabatic molecular dynamics simulation
requires more than a single run (or single parent TBF)
to describe properly the dynamics of the initial nuclear
wavepacket. In practice, one needs to initiate a certain
number of parent TBFs, each of them having different ICs,
sampled based on the recommendation made in Section 4.2
above. The total number of parent TBFs depends on the
nonadiabatic molecular dynamics simulated but typically
ranges from 20 to more than 100 (see Ref. 395 for a brief
discussion on the convergence of AIMS with respect to the
number of initial parent TBF). To recover the final AIMS
population from a swarm of Nini independent AIMS runs
(a given AIMS run being labeled by β), one would simply
average incoherently (that is, without accounting for the
interferences of TBFs between branches) over the AIMS runs

according to

P̃L(t) ≈ 1
Nini

Nini∑
β

Nβ
L (t)∑
kk′

(
C(L)kβ

(t))∗
C(L)k′β

(t)(S)LLkβ,k′β

 , (56)

which, considering that the total AIMS molecular wavefunc-
tion is normalized, corresponds to an average of Eq. (55) over
the Nini branches. Additional details about the calculation ofexpectation values in AIMS and FMS can be obtained from
Ref. 225.

Coming back to the nonadiabatic dynamics of CHD,
one needs to perform more AIMS runs to converge the
expectation value given in Eq. (56). For the current example
of CHD, we used 12 different initial parent TBFs (Nini = 12)
(one would need more initial TBFs to fully converge the
simulation). The time trace for the population of electronic
state S1 (P̃S1 (t), as defined in Eq. (56) for 12 AIMS runs) is
given in Figure 19. This representation allows us to talk
about the branching of the full nuclear wavepacket (origi-
nally in S1) among the different electronic states considered
in the simulation. In the case of CHD, the initial nuclear
wavepacket decays to the ground electronic state in less
than 180 fs (thick line in Fig. 19). Dashed lines in Fig. 19
symbolize the S1 population of each AIMS run (PS1 (t), as
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individually obtained from Eq. (55)). It is important to note
that, while the AIMS dynamics was initiated with 12 parent
TBFs, the spawning algorithm triggered the generation of
new TBFs to adequately describe the nonadiabatic transition
between the first and the ground electronic state, meaning
that 72 TBFs are present by the end of this nonadiabatic
dynamics.

Figure 19. Nonadiabaticmolecular dynamics of cyclohexadienewithAIMS using 12 runs (or 12 initial parent TBFs or ICs), generating 72TBFs in total due to the spawning algorithm. The overall populationof the S1 state, P̃S1 (t) (thick palatinate line, gray area indicates thestandard error), was obtained by averaging the 12 PS1 (t). The S1 pop-ulation time trace coming from each of the 12 AIMS runs, PS1 (t), isindicated by dashed lines.

4.4 Calculation of experimental observables
Calculating the actual signal that was measured experimen-
tally is perhaps the best strategy to compare the outcome of
a nonadiabatic dynamics to a spectroscopic experiment and
provide insight. This direct comparison avoids the potential
pitfalls of trying to match an experimental signal or observ-
able with a proxy quantity obtained from the simulation. For
example, the time trace of electronic populations, which is
a representation-dependent quantity and per se not an ex-
perimental observable, is often used to determine electronic-
state lifetimes, then compared with lifetimes obtained from
an experimental signal.

However, it is important to realize that calculating an
experimental signal or observable often comes with a
new layer of approximations on top of those deployed for
the nonadiabatic molecular dynamics. The calculation of

certain observables indeed requires additional electronic-
structure quantities: for example, one could cite the need
for transition dipole moments between excited states to
determine a transient absorption signal, or for ionization
energies and intensities to obtain a time-resolved photo-
electron spectroscopy signal, or the recent development of
electronic-structure methods to simulate X-ray absorption
or photoemission spectra.[396–398] The calculation of
certain observables requires information about the nuclear
wavefunctions too (molecular time-dependent dipole mo-
ments), while others can use the swarm of trajectories as a
proxy (X-ray or electron diffraction). In the following, we list
a series of experimental observables that were calculated
on the support of nonadiabatic molecular dynamics simula-
tions, highlighting the potential of such approaches to offer
insights into complex experiments. We focus on gas-phase
experiments only, and we invite the reader to consult the
references provided for the details of such calculations. We
expect that future iterations of this living review will fill out
this list and highlight the splendid diversity of applications
of nonadiabatic molecular dynamics.

We begin this survey with time-resolved spectroscopies,
where a molecule is electronically excited by a pump laser
and its resulting dynamics monitored by a probe at various
time delays following the pump pulse. Such pump-probe
experiments differ in name depending on the nature of the
probe pulse used to monitor the molecular dynamics. If the
probe pulse is a laser pulse with an energy large enough
to ionize the molecule, one can follow the experimental
binding energy of the electron as a function of time delay
and the anisotropy of the electron angular distribution col-
lected on a detector, informing on the electronic character
and the structure of the molecule during its nonradiative
pathway.[399] Nonadiabatic molecular dynamics has been
vastly employed to simulate such a time-resolved photoelec-
tron spectroscopy (TRPES) signal – see Refs. 228, 400, 401
and Ref. 402 for a successful prediction of a TRPES signal
using AIMS. Using a laser probe pulse in the X-ray regime
opens doors to investigating the nonadiabatic molecular
dynamics using other probing processes. For example,
time-resolved X-ray absorption spectroscopy (TRXAS) uses
a probe laser pulse that will excite a core electron from a
specific atom of the molecule to populate a frontier (empty)
orbital, offering an element-specific probe for the change
of electronic character (and possibly molecular structure)
during the excited-state dynamics, as the core electron
can populate a molecular orbital involved in the excited
electronic state the molecule is in – see Refs. 112, 403 for
recent examples. The X-ray probe pulse can also lead to an
ionization of the core electron targeted, resulting this time
in time-resolved X-ray photoelectron spectroscopy (TRXPS),
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used for example in combination with AIMS in Ref. 404.
Ionizing a core electron can also lead to a secondary process
called Auger decay, which takes place when a valence
electron of a core-ionized molecule relaxes to fill in the core
hole created (within a few fs to a few tens of fs) leading to
the simultaneous emission of another electron (see Ref. 232
for an example of nonadiabatic molecular dynamics used to
account for Auger decay, resulting in a Coulomb explosion).
Coming back to the world of electronic excitations, the probe
laser pulse could also be in the visible region to trigger an
electronic excitation of the (already excited) molecule of
interest. This strategy, called transient absorption spec-
troscopy (TAS), can be performed easily in a laboratory
environment (in contrast with other experiments that might
require a dedicated facility) but often causes challenges
for nonadiabatic molecular dynamics due to the need for
accurate electronic energies and transition dipole moments
between excited electronic states. Examples of nonadiabatic
molecular dynamics employed for TAS can be found in
Ref. 405 or Ref. 406, the latter using the doorway–window
representation.[407, 408] A more recent flavour of TAS
employed attosecond X-ray pump/probe pulses to trigger
the nonadiabatic dynamics.[409] Nonadiabatic molecular
dynamics can also provide information about the dynamics
of electronic wavepackets – a coherent superposition of
nuclear wavepackets on different electronic states – gen-
erated in the context of attosecond spectroscopy. Such
processes often require a more accurate description of the
nuclear wavefunctions, and TBFs-based methods are often
required. For example, DD-vMCGwas used to investigate the
electronic relaxation upon photoionization,[410] AIMS was
employed to simulate the time-dependent dipole moment
of transient electronic wavepackets,[227] and a semiclassical
thawed Gaussian approximation scheme could resolve the
coupled electron-nuclear dynamics resulting from a core-
valence attosecond TAS experiment.[411] The probe pulse
can also be scattered by the excited molecule to recover
information about its molecular structure at a specific time
delay (and sometimes also its electronic character). In time-
resolved ultrafast electron diffraction (TRUED), a bunch of
near-relativistic (MeV) electrons is sent to probe the excited
molecule, and the collected diffraction pattern contains
information about pairwise atom distances. The resulting
signal of this probing strategy is rather simple to determine
from the result of a nonadiabatic molecular dynamics
simulation (with some caveats), allowing for the investi-
gation of various photophysical processes[234, 412, 413]
and the formation of photoproducts.[368] TRUED was
recently used in the context of a prediction challenge for
the nonadiabatic dynamics community.[295] The goal of the
challenge was to predict the TRUED signals resulting from

the photoexcitation of cyclobutanone at 200nm. This exci-
tation wavelength leads to a very diverse photochemistry
of cyclobutanone: the molecule undergoes an adiabatic
dynamics in the second excited electronic states, evolving
its electronic character from the initially formed 3s Rydberg
state to a valence excited state; this adiabatic change of elec-
tronic character leads to a ring opening and nonadiabatic
transitions to the ground electronic state, where further
the parent molecule fully dissociates into photoproducts.
This challenge highlighted, once again, the sensitivity of
the nonadiabatic molecular dynamics to the underlying
electronic-structure theory. Hard X-ray scattering can be
used to obtain information about electronic rearrangement
during photodynamics.[414] X-ray induced Coulomb explo-
sion imaging is another experimental approach that can use
nonadiabatic molecular dynamics for the interpretation of
the produced signal (e.g., Ref. 415, 416).

Nonadiabatic molecular dynamics can also be deployed
to obtain information about time-independent experimental
observables. The yield of photoproducts is a typical quantity
that can be extracted from a nonadiabatic molecular dynam-
ics solution. A caveat is that, in the gas phase, some photo-
products can be formed in the ground electronic state[229]
and their population can continue to evolve for numerous
picoseconds following the nonradiative decay (see Ref. 365
for an example where photoproducts evolve over tens of pi-
coseconds). As such, yields of photoproducts may be seen
as time-dependent in the early times of the dynamics, and
care is required when comparing these quantities with ex-
periment. Nonadiabatic dynamics can be extended in the
ground electronic state by switching to Born-Oppenheimer
molecular dynamics if the molecule leaves the nonadiabatic
region between the ground and excited electronic state(s),
but note that this is not always possible (in particular in the
case of near degeneracies). This switch of approaches was
discussed above (Section 4.3.1). It is important to stress here
that long-time simulations can be challenging for nonadia-
batic dynamics[360] and lead to issues with zero-point en-
ergy leakage.[417]

Photolysis processes are of prime importance for atmo-
spheric photochemistry, where sunlight can excite (transient)
atmospheric molecules leading to photochemical pathways
that can compete with typical removal chemical reactions.
The characterization of atmospheric photochemical reac-
tions requires the determination of wavelength-dependent
quantum yields for the various possible photolysis channels,
a quantity often challenging to obtain experimentally[83]
but which can be approached computationally.[309] Nona-
diabatic molecular dynamics simulations was used to
unravel the formation of photoproducts for molecules in
the troposphere (e.g., Hg(II) species,[418], volatile organic
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compounds,[330, 419]), the upper atmosphere (HOSO[420]),
and the interstellar medium (methanol[421]). Another exam-
ple of energy-resolved quantities reachable by nonadiabatic
molecular dynamics simulations are stationary photoioniza-
ton and photoabsorption spectra – see Refs. [223, 422, 423]
for typical examples. Last but not least, translational kinetic
energy maps can be obtained from nonadiabatic molecular
dynamics simulations and support the interpretation of
various experiments like velocity map imaging (for selected
examples, see Refs. 324, 424–426).

5 FAQ
In the following, we try to address (in a more informal tone)
some typical questions related to the practical use of nonadi-
abatic molecular dynamics.

• Do I really need nonadiabatic molecular dynamics?
Not always! There are cases where the general photo-
chemistry of a molecule can be deduced from simpler
calculations, like LIICs between critical points. Experi-
mental observables can also be calculated along these
pathways and already provide key information.

• I want to use a certain level of electronic-structure theory,
but a single-point calculation (just for electronic energies)
at a single geometry of a LIIC takes already 2 minutes on
my workstation – is nonadiabatic dynamics doable at all
with this method?
Let us consider that the goal of the nonadiabatic
molecular dynamics is to obtain some information
on the early times of the dynamics, say the first 100
fs, and no minor channels are expected (requiring
more trajectories for convergence). As a very rough
back-of-the-envelope calculation, let us multiply by two
the time of the electronic-energy calculation to account
for the need in dynamics to obtain nuclear gradients
(and possibly NACVs) for each time step. Using a 0.5
fs time step for a 100 fs trajectory, and considering a
swarm of 100 TSH trajectories, the estimated time for
this nonadiabatic dynamics simulation would already
be ∼ 56 days – à bon entendeur! For a more precise
estimate of the computational effort of running a TSH
calculation, see Ref. 427

• Can I simulate intersystem crossing processes – for exam-
ple, nonadiabatic transfer between a singlet and a triplet
state – with nonadiabatic molecular dynamics?
The vast majority of nonadiabatic methods have
been generalized for the description of intersystem
crossings. The influence of spin-orbit coupling on
excited-state dynamics can be implemented either in
a spin-diabatic basis – electronic energies are those
obtained from solving the usual electronic Schrödinger

equation and are spin pure, the coupling between elec-
tronic states of different spin multiplicity is obtained by
calculating spin-orbit matrix elements of a spin-orbit
coupling Hamiltonian (as done for diabatic couplings in
the diabatic representation discussed in Section 3.2.1)
– or in a spin-adiabatic basis – electronic states are
obtained upon diagonalization of the spin-diabatic
electronic Hamiltonian containing spin-orbit coupling,
the spin-adiabatic electronic states do not have a
proper spin multiplicity and are coupled solely via
the nonadiabatic coupling terms.[19, 428, 429] The
reader interested in learning more about the various
approaches available is referred to Ref. 428, 430.
From a practical aspect, performing nonadiabatic
dynamics that includes intersystem crossing requires
additional benchmarks to validate (1) the description
and ordering of electronic states with a different spin
multiplicity (e.g., LR-TDDFT is known to underestimate
the energy of triplet states[147]) and (2) the calculation
of spin-orbit coupling matrix elements (e.g., use of
one- or two-electron spin-orbit coupling Hamiltonian
vs effective one-electron operators, impact of the basis
set, in particular when using the ZORA Hamiltonian).
For trajectory-based approaches like surface hopping,
additional considerations would be: (i) energy conser-
vation when using a spin-adiabatic basis (as nuclear
gradients for spin-adiabatic states often neglect a con-
tribution coming from the spin-orbit coupling contribu-
tion to the Hamiltonian,[428]) and (ii) certain surface
hopping schemes using a spin-diabatic basis may lead
to issues with rotational invariance.[429] Generalized
AIMS allows for the description of internal conversion
and intersystem crossing processes in a spin-diabatic
representation, but comes at a high computational
cost given the number of TBFs spawned to describe
the spin-orbit coupling interaction.[239, 242] The exact-
factorization-based method coupled-trajectory mixed
quantum/classical was also extended to include spin-
orbit coupling.[431] The algorithm was formulated
both in the spin-adiabatic and the spin-diabatic basis,
and it was shown, based on numerical tests, that the
results slightly depend on the electronic representa-
tion – the spin-adiabatic being the most suitable. Last
but not least, the timescales for intersystem crossing
are often significantly longer than those of internal
conversion, meaning long-timescale nonadiabatic
dynamics simulations[331] with possible limitations
for some methodologies.[360]

• If a trajectory crashes, shall I simply discard it?
The simple answer is: no! A crashed trajectory may
tell us something important about the limitations
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of our model. A trajectory often crashes due to an
issue with the electronic-structure convergence –
electronic energy convergence, but also sometimes
calculation of the nuclear gradients or the NACVs –
and the precise reason for this behavior should be
investigated. An instability in the electronic-structure
calculation may indicate that the trajectory visited a
specific (possibly yet unexplored or unexpected) region
of the nuclear configuration space, for which the level
of electronic-structure theory fails (due to an active
space problem, or the need for more electronic states
to describe this region adequately). Hence, a careful
examination of the molecular geometry at the time
of the crash and its electronic structure is required. If
the convergence issue is not related to any specific
photochemical or photophysical pathway but is most
likely due to another factor considered not important
for the process under study, one may discard the
trajectory. However, one should always report the
fraction of discarded trajectories in the computational
details for transparency. As a note, AIMS may be
more prone to numerical instabilities in the electronic
structure because TBFs remain throughout the prop-
agation in their assigned electronic states (unlike TSH,
where a trajectory will hop between electronic states).
Hence, there is a larger probability that a TBF may
find a region of nuclear configuration space where
the electronic structure may become unstable. If the
TBF that crashed carries a very low nuclear amplitude,
it may, in principle, be discarded, but the coupled
nature of TBFs requires great care in this process.
SSAIMS offers a strategy to perform a selection of the
important TBFs and dramatically reduces this issue for
AIMS simulations.[244, 245]

• How do I estimate the error bar for the result of my
simulation, e.g., electronic populations?
A common practice is to employ the multinomial distri-
bution for estimating errors from trajectories. Taking
the example of electronic populations, the electronic
population of state J reads PelJ = NJ(t)

Ntraj , where NJ is thenumber of trajectories in state J at time t and Ntraj is thetotal number of trajectories. The standard deviation
(error) of the population from the statistical sample is
by multinomial distribution defined as σJ = Z

√
PelJ (1−PelJ )

Ntrajwhere Z depends on the desired confidence interval
(Z = 1.96 corresponds to 95% confidence interval). The
same approach can be applied to the error estimate of
quantum yields. A more robust approach to estimating
errors without any assumptions about the distribution
is bootstrapping. Other strategies for trajectory-based

methods are discussed in Ref. 236.
At this point, we also need to comment on the common
issue of failed trajectories in the sample and how to
deal with them when evaluating observables such
as electronic populations. First, one should consider
whether the trajectories can be artificially prolonged.
For example, if the trajectory failed in the ground state
and we know that the molecule never hops back to
the excited state, we can consider the trajectory in the
ground state until the final time. Yet, this assumption
is not possible for trajectories failing in the excited
state. These trajectories can be either discarded from
the sample or considered in the statistics only up to
the time they reach. Neither of these two approaches
can be claimed to be better, and one should always
try both of them. If the populations calculated by both
approaches do not significantly differ, we can safely
choose one of them. If there is a significant difference,
one should always report on that and investigate the
implications.

• Shall I use a thermostat with nonadiabatic molecular
dynamics to mimic the temperature effect?
No! The equations of motion used in approximate
nonadiabatic molecular dynamics methods are de-
signed to mimic quantum equations of motion, which
conserve the total energy of a closed system in the
absence of time-dependence within the Hamiltonian
(e.g., from external time-dependent fields). Therefore,
conventional nonadiabatic simulations should be
carried out in the microcanonical ensemble, where
total energy is conserved. Temperature effects are
typically incorporated through sampling of ICs. In
this context, we do not discuss systems interacting
with an environment, where Langevin thermostats are
sometimes employed ad hoc to mimic environmental
effects by introducing random kicks to the molecules
not explicitly present in the simulation.

• How many trajectories do I need in TSH (or AIMS)?
As advocated in Section 4.3.1, one should start with a
few trajectories first (∼ 10) to make sure all the prac-
tical and numerical aspects of the simulation are un-
der control. The number of trajectories required highly
depends on the quantities of interest from the simula-
tion, as discussed thoroughly in Ref. 236. An electronic
population trace can be well described by a few tens
of trajectories, but may require much more to be fully
converged. The determination of a quantum yield for
a minor channel can require hundreds of thousands
of trajectories – 169200 trajectories were required to
simulate the (weak) chemiluminescence caused by Al +
H2O collisions.[432] An element to keep in mind is that
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a mixed quantum/classical method like TSH does not
reach an exact solution (of the time-dependentmolecu-
lar Schrödinger equation) with a large number of trajec-
tories, but a numerically-converged TSH result within
all its underlying approximations. See Ref. 433 for fur-
ther discussion on this topic.

• How important are the initial nuclear momenta in a
trajectory-based nonadiabatic molecular dynamics?
Initial nuclear momenta may be important on certain
types of photo-triggered processes that take place on
a very short (less than 100fs) timescale. Some of the
fastest chemical reactions are associated with proton
transfer. The vibrational period of the OH bond, ∼ 10
fs, represents the ultimate time limit for a chemical
reaction. However, in photoacids, proton transfer
typically occurs over a longer timescale, as the slower
motion of heavier atoms governs the overall process.
One of the fastest known reactions is proton trans-
fer following the ionization of liquid water: H2O+• +
H2O −−→ H3O+ + OH•, with a lifetime of around
40 fs.[416] An even more rapid proton transfer is
observed after the ionization of a water core electron,
occurring in less than 10 fs.[434] This reaction can be
effectively studied using a method called ’core-hole
clock’, where autoionization during the Auger decay
(with a time constant of 4 fs) acts as a strict halt in the
process. This type of ultrafast process is predominantly
driven by the initial nuclear momentum distribution
rather than the nuclear position distribution. A simple
one-dimensional model appears revealing in this case.
Let us consider the time-evolution for the position x of
a classical particle with massm:

x(t) = x(0) + p
mt − 12 F

mt2 .
At very short times, the linear term, controlled by the
initial momentum p, dominates the dynamics. The in-
fluence of the term containing the force F becomes sig-
nificant only later in the process. In some sense, the
initial part of the reaction can then be conceptualized
as the dispersion of a free wavepacket, meaning that
an accurate sampling of the initial nuclear momentum
space is crucial for correctly describing such extremely
fast reactions.

• When should I worry about zero-point energy leakage in
trajectory-based nonadiabatic molecular dynamics?
Zero-point energy leakage may be problematic for
slower photochemical reactions that occur on picosec-
ond timescales – timescales where intramolecular
vibrational relaxation (IVR) becomes a critical factor.
When a molecule is promoted to an electronically
excited state, it often finds itself in highly excited

vibrational states too, for specific modes. The molecule
subsequently redistributes this excess of vibrational
energy, leading to the cooling of the initially excited
mode (IVR).[435] IVR is inherently a quantum process,
which might be too rapid when nuclei are described
classically.
The IVR is closely related to an artificial phenomenon
known as zero-point energy leakage (mentioned
above). Using a Wigner sampling to describe the initial
state of a molecule (for example, before photoexci-
tation) accurately maps the initial vibrational state,
including the zero-point energy in each mode. In
quantum systems, high-frequency modes retain more
energy than low-frequency modes, and each mode
will retain at least its zero-point energy. In contrast,
classical systems assume equal energy distribution
across all modes, with no minimal zero-point energy
limits. As a result, a classical evolution (based on an
initial quantum distribution of the initial vibrational
state) tends to cause an unnatural energy flow from
high-frequency modes to low-frequency modes –
defining zero-point energy.
Zero-point energy leakage can affect the results of
nonadiabatic molecular dynamics methods based
on a swarm of classical trajectories (TSH) when long
timescale dynamics are considered,[236, 417] and
different corrections for trajectory-based techniques
were suggested.[417, 436]

• How about simulating the photoexcitation of a molecule
with a continuous-wave (CW) laser?
As stated earlier, short laser pulses are not always
used in photochemical experiments. Instead, pho-
tochemical reactions are often initiated by radiation
at a well-defined wavelength, for example, with
nanosecond pulses which can be treated almost as
continuous-wave (CW) radiation from a theoretical
perspective.[9] Another common scenario of photoex-
citation departing from short laser pulses is when
the molecule is exposed to thermal radiation, such
as sunlight.[344] In these cases, the photodynamics
can differ significantly from those observed when the
reaction is initiated by a short laser pulse generating
a nuclear wavepacket in the excited electronic state(s).
One may legitimately ask whether such photochemical
processes can still be mimicked by using (classical)
trajectories.
While still being an active topic of research, the photo-
chemistry triggered by a CW laser can, in some cases,
still be approximated by trajectory-based nonadiabatic
molecular dynamics.[9] A CW laser is essentially a
specific example of a laser pulse scenario, and one can
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use the Wigner transform formalism (including the CW
laser pulse) to generate a ’filtered’ Wigner distribution.
This filtered distribution can technically be produced by
applying an energy filtering to a ground-state Wigner
distribution, which can be sampled using techniques
like the QT method combined with ab initio molecular
dynamics. However, this approach may become com-
putationally expensive, especially for excitations at
the tails of the distribution. An alternative, considered
in Ref. 9, is to perform long ground-state dynamical
simulations by applying a set of constraints to enforce
a given resonance condition (between the desired
CW laser frequency and the energy gap between the
ground and a given excited electronic state). This
strategy is expected to work best for photodissociation
(as would the use of a windowing in this particular
case).
Thinking of possible future developments in describing
state-specific photoexcitation, one could, for example,
try to sample a given eigenstate of an excited electronic
state by using some of the methodologies described in
Section 4.2.1. Trajectory-based nonadiabatic dynamics
could then be launched from these ICs, possibly over
long timescales and their associated challenges (see
the question above on zero-point energy leakage and
Ref. 437). One may also work on an extension of the
PDA, invoking the conceptual idea that a CW pulse is
equivalent to a pulsed short laser with a high repetition
rate.[438]

• Do I need to account for geometric phase effects in
nonadiabatic molecular dynamics?
Geometric (or topological) phase effects [439, 440] are
a more definitive signature of a CX. However, when
using a trajectory-based approach to nonadiabatic
dynamics using the adiabatic representation, geomet-
ric phase effects in the vicinity of CXs can usually be
neglected, which is due to the locality of classical me-
chanics and, often, to a ‘fortuitous’ error cancellation
in the underlying approximations.[24, 441, 442] In
short, the appearance of geometric phases can be
understood as follows. When parallel-transported
along a path in nuclear configuration space, the
(real-valued) adiabatic electronic eigenstate picks up a
purely geometric phase factor, exp (iγn), in addition to
the dynamical phase factor, which appears naturally
from the solution of the electronic TDSE.[443] The asso-
ciated phase, γn, is a geometric quantity given that its
value depends on (the geometry of) the path.[444, 445]
However, if the path encircles a singularity in the
nuclear configuration space, highlighted by a pole in
the dIJ(R) vector (field), the phase becomes topologi-

cal [444] and depends only on the winding number of
the path.[445] If the closed path encircles a CX, then
the topological phase takes a value of π; if it does not
enclose a CX, then it takes a value of zero.[446] In the
former case, this results in the adiabatic electronic
wavefunction gaining a phase factor of −1 (i.e., its sign
flips) and, thus, becoming double-valued.[447, 448] To
guarantee that the total molecular wavefunction re-
mains single-valued, either (i) the (real-valued) nuclear
wavefunction must also gain a topological phase of π

upon full rotation around a CX,[449] or (ii) as suggested
by Mead and Truhlar,[439] the adiabatic electronic
Hamiltonian can be transformed to introduce the
resolution of identity, 1 = exp [iθ(R)] exp [−iθ(R)], giving
now single-valued (but complex) electronic and nuclear
wavefunctions.[441, 449]

• What about using machine learning in nonadiabatic
molecular dynamics?
Great progress has been made in the development
of machine-learning approaches for excited-state
processes, yet with challenges. The interested reader
is referred to Refs. 450–452 for reviews on the topic.

• What is the practical relevance of CXs in trajectory-based
nonadiabatic dynamics simulations?
Despite their theoretical importance, the strict points of
degeneracy at CXs are rarely visited directly in TSH or
AIMS simulation runs,[10, 453] rather hopping/spawn-
ing events occur at very small, but finite, energy gaps in
the vicinity of CXs (i.e., at supposed avoided crossings).
This consideration relates to the fact that, asmentioned
above, the seam space is two dimensions smaller than
the full space of molecular coordinates, and as such,
classical trajectories/TBFs simply miss the intersection
seam in practice.[225] Strictly speaking, exact points of
degeneracy are unobtainable in computational investi-
gations of real molecules due to the finite numerical ac-
curacy of electronic-structure codes.[45, 55] Nonethe-
less, CXs serve in a practical sense as ‘PES staples’,[454]
bringing adiabatic electronic states in close proximity to
one another (and arguably closer than can be achieved
by true ACs alone), such that rapid nonadiabatic transi-
tions (described practically through hopping/spawning
events) can occur. Furthermore, as alluded to above,
MECX geometries, in particular, act as mechanistic ‘PES
signposts’,[10, 453] which highlight likely photochemi-
cal reaction pathways and can, in a number of cases,
be indicative of hopping/spawning geometries.
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6 Checklist
The attached checklist attempts to group all relevant steps
and checks for successful and reliable performance of nona-
diabatic dynamics. Spanning electronic structure selection,
generation of ICs, and running excited-state dynamics, it
follows the previous paragraphs and reflects best practices.
Ticking all items in the checklist should lead to reliable
nonadiabatic dynamics. However, we note that the checklist
may miss some important points.
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ELECTRONIC-STRUCTURE SELECTION
Elements to consider when selecting an appropriate electronic-structure method

□ Review literature for anticipated electronic-state characters and possible photoreactions.
□ Estimate how many excited states are needed.
□ Assess if the system requires a single-reference or multireference method.
□ Consider what orbitals should be included in the active space if multireference treatment is necessary.
□ Estimate whether dynamic correlation will be important.
□ Check whether double excitations, charge transfer or Rydberg states are to be expected.
□ Check if intersystem crossing is to be expected.
□ Assess the affordability of selected methods for the expected timescale of simulations.
Benchmarking in the Franck-Condon region

□ Locate the ground-state minimum and benchmark excited-state characters, excitation energies, and oscillator
strengths for several methods.

□ Benchmark various basis sets on vertical excitations, including effects of polarization and diffuse functions.
□ Benchmark SOC magnitude for various SOC operators, if applicable.
□ Select a proper active space capturing excited states of interest, if applicable.
□ For selected methods, compare absorption spectra from the nuclear ensemble approach or the Franck-Condon

Herzberg-Teller method. Contrast them with the experimental spectrum, if available.
Benchmarking beyond the Franck-Condon region

□ Locate critical molecular geometries: local minima and transition states for each electronic state, together with
minimum-energy conical intersections between the electronic states.

□ Assess the topology and topography of conical intersections.
□ Create interpolation coordinates between the critical points.
□ Benchmark the electronic structure using the interpolated coordinates.
□ Benchmark various active spaces along the interpolated coordinates and select the most stable one, if applicable.
□ Select the final method and recalculate critical geometries and interpolation coordinates.

INITIAL CONDITIONS
Ground-state density sampling

□ Locate all relevant local minima with non-negligible Boltzmann weights.
□ Perform vibrational analysis on the minima and identify possibly problematic modes.
□ Select an appropriate method for the ground-state density sampling.
□ hW: Select normal or Cartesian coordinates.
□ hW: Remove possibly problematic low-frequency modes.
□ MD: Select the thermostat and set up its parameters.
□ MD: Check that the simulation is properly thermalized before extracting initial conditions.
□ PIMD: Select a method to generate complementary velocities to the quantum distribution of positions.
□ Calculate the absorption spectrum to validate the ground-state sampling.
Laser pulse inclusion

□ Characterize laser field: temporal duration and energy spectrum.
□ Identify target excited states using the calculated absorption spectrum and pulse energy spectrum.
□ Select an approximation for the excitation: vertical excitation, CW, PDA, or explicit laser pulse.
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EXCITED-STATE DYNAMICS
Before simulations

□ Prepare the guess for the electronic wavefunction to initiate the trajectories.
□ Set the time step for nuclear propagation.
□ Set the total simulation time based on the expected timescale.
□ Select an approach to calculate NACs and set the threshold for their calculations.
□ Set the total energy conservation criteria reflecting the electronic-structure methods used.
□ TSH: Set the velocity rescaling method and frustrated hops handling.
□ TSH: Select the decoherence correction (if applicable) and set its parameters.
□ TSH: Check the integrator for the electronic Schrödinger equation and its time step.
□ AIMS: Set the spawning threshold.
□ AIMS: Set the TBF widths α for elements without default values.
□ Carefully check and set remaining method-dependent parameters based on literature and tests.
After simulations

□ Check failed simulations and attempt to restart them (carefully checking the continuity of propagated quantities and
the sign of NACs). For simulations failing in the ground state, consider carrying on the propagation with adiabatic
Born-Oppenheimer MD.

□ Check the initial orbitals in each trajectory to confirm the correct initial wavefunction.
□ Decide whether to include failed trajectories that cannot be restarted in statistics or not.
□ Analyze individual trajectories: potential, kinetic, and total energies, electronic coefficients/amplitudes, hopping/s-

pawning geometries, etc.
□ Check the total energy conservation and analyze possible discontinuities.
□ Check distributions of energy gaps between electronic states at hopping/spawning geometries. Confirm that the

threshold for calculating NACs is larger than the energy gap spread.
Analysis of the results

□ Analyze electronic-state populations and estimate their confidence intervals.
□ Play the molecular movies and analyze the behaviour of the molecule. Contrast the observed mechanism with the

mapping of PESs.
□ Analyze the time evolution of specific molecular parameters, i.e., bond distances, angles, or dihedrals of interest.
□ Characterize hopping/spawning geometries and contrast them with minimum-energy conical intersections.
□ Check for hops/spawns over multiple states, e.g., from S2 to S0, as they indicate unusual photochemistry.
□ Calculate time-dependent experimental observables like diffraction, photoelectron, or absorption spectra.
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7 Rationale
In this rationale for the checklist, only specific technical de-
tails omitted in the main text are provided. We reference the
specific sections touching a particular aspect for further in-
formation and to avoid repetition.
7.1 Electronic-structure selection
The aspects to consider and guidance on how to select appro-
priate electronic-structuremethods are detailed at the begin-
ning of Section 4.1. Initial benchmarking in the FC region is
rationalized in Section 4.1.1. Subsequent mapping of PESs
and benchmarking beyond the FC regions is detailed in Sec-
tion 4.1.2. A thorough guideline for controlled selection of a
proper and stable active space is highlighted in Section 4.1.3.
We note that the selection of a proper electronic-structure
method and the correct setting of its parameters is a com-
plex and strongly system-dependent task, whichmay require
considerations beyond those presented here. A chemical in-
tuition and thorough literature survey are always essential.
7.2 Initial conditions
The rationale for the ground-state density sampling is
provided in Section 4.2.1. Specific options for different
ground-state sampling methods are denoted with the
following abbreviations: harmonic Wigner (hW), molecular
dynamics (MD), and path integral MD (PIMD). The list of
thermostats available for MD simulations goes beyond that
mentioned in this text. While based on different principles,
they all require specific parameters for correct functioning,
e.g., QT needs GLE matrices while the Nosé-Hoover ther-
mostat requires appropriate coupling constants to balance
thermal exchange between the system and the thermostat.
Proper thermalization of the simulation before extracting
ICs from the MD simulation is also necessary. The ICs
should be extracted along the trajectory such that they
are uncorrelated, i.e., with sufficient temporal separation
between the selected time frames.

Calculating absorption spectra to validate the ground-
state sampling and identifying target excited states is
described in Section 4.2.2.

For an appropriate description of photoexcitation, a
careful characterization of the laser pulse is necessary. The
key factors are the pulse temporal duration (pulse intensity
profile) and energy spectrum, which dictate the model for
excitation to be used and the number of excited states
targeted. The choice depends strongly on the pulse and
techniques used for nonadiabatic dynamics. The options
for laser pulse inclusion are detailed in Section 4.2.3. Note
that when the laser pulse is not known before simulations,
a sudden vertical excitation constitutes the most straight-

forward strategy. Moreover, such a simulation can be later
post-processed with PDA or PDAW to include a specific laser
pulse.
7.3 Excited-state dynamics
We note that the focus of the presented checklist is not on
selecting the best method for excited-state dynamics. More
details on possible strategies can be found in Section 3.3.
Instead, the checklist highlights best practices when per-
forming simulations with typical trajectory-based methods
for nonadiabatic dynamics.
7.3.1 Before simulations
We stress that the checks and steps necessary before run-
ning nonadiabatic dynamics are highly method-dependent.
Hence, the checklist features only the most typical checks
and steps that are common for most trajectory-based meth-
ods. As discussed in Section 4.3.1, it is highly recommended
to start by running a small set of testing trajectories and
carefully inspect their behaviour before launching a larger
swarm. The thresholds for various parameters can be more
benevolent for the testing set of trajectories, which allows
a more efficient exploration of the performance of each
method. Based on the testing set of simulations, tighter
thresholds should be explored and set for production
simulations.

A detailed discussion about some practical aspects,
such as conservation of total energy, calculations of nona-
diabatic couplings, and velocity rescaling, is provided in
Section 4.3.1, and decoherence corrections are mentioned
in Section 3.3.2. We focus here only on some remaining
practical aspects of trajectory-based simulations. A crucial
step for reliable simulations is a proper initialization of the
electronic wavefunction, especially for multiconfigurational
and multireference techniques. Either load a precomputed
wavefunction guess or ensure the wavefunction guess is
correctly configured in the electronic-structure interface.
Starting from a HF wavefunction or even from a multiref-
erence wavefunction computed at a (different) distorted
geometry can lead to orbital rotations, see Section 4.1.3.
A nuclear time step of 5 atomic units (0.12 fs) typically
suffices. Larger time steps like 10–20 atomic units may be
computationally cheaper but bear the risk of missing sharp
avoided crossings or trivial intersections (if no detection
strategy is deployed). These issues might be mitigated
by the use of time-derivative couplings in TSH (various
implementations were proposed), yet the time-derivative
couplings have their own pitfalls and do not allow for velocity
rescaling along the NACVs. The threshold for calculating
NACs is typically around 1 or 1.5 eV, but may be strongly
system-dependent. Finally, each method has its specific
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parameters. For example, AIMS requires more parameters
than TSH,[395] such as setting up minimum overlap to
calculate couplings, minimum population of a TBF to spawn
a child TBF, or the TBF widths (not available for all elements
but with protocols described to calculate them[455, 456]
and a code available.[457])
7.3.2 After simulations
A thorough inspection of the simulations is mandatory once
they are terminated. First, check the failed simulations. If
possible, restart them or finish those failing in the ground
state with adiabatic Born-Oppenheimermolecular dynamics,
see Section 4.3.1. If the simulations cannot be restarted,
decide whether to include them in the statistics or not,
see FAQ in Section 5 for discussions. For all simulations,
check that the initial electronic wavefunction was loaded
correctly. Monitoring of a single TSH trajectory is detailed
in Section 4.3.2 while analysis of a single AIMS run is dis-
cussed in Section 4.3.3. The total energy conservation and
discussion on discontinuities is available in Section 4.3.1.
Finally, analysis of the energy-gap distribution at hopping or
spawning geometriesmay reveal pathological problemswith
the dynamics. The distribution should peak around or close
to zero and then exponentially decay. If the distribution
does not decay before reaching the threshold for computing
NACs, increase this threshold and rerun the simulations.
7.3.3 Analysis of the results
Once the user has confirmed that the nonadiabatic dynam-
ics were performed successfully and reliably (at least from a
numerical perspective), it is then time to analyze the photo-
chemical (or photophysical) outcomes. A detailed discussion
on TSH analysis is available in Section 4.3.2, while AIMS anal-
ysis is described in Section 4.3.3. Analysis of experimental
observables is illustrated in Section 4.4. Inspection of hops/s-
pawns over multiple excited states can reveal raremultistate
CXs (Section 3.2.2).

8 Available software packages
The following tables list the available software packages for
the different ingredients required for nonadiabatic molecu-
lar dynamics. The tables focus on the capabilities related to
nonadiabatic molecular dynamics, and the reader is referred
to the links provided for the full list of functionalities (and in-
terfaces). We expect this list to grow with future iterations of
the live article.
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Code Main capabilities Link
ABIN Quantum-thermostat AIMD, Path integral MD GitHub
I-PI Quantum-thermostat AIMD, Path integral MD Website

NEWTON-X Harmonic Wigner distribution, NEA Website
SHARC Harmonic Wigner distribution, NEA Website

ATMOSPEC Harmonic Wigner distribution, NEA Website
PROMDENS PDA, windowing approaches GitHub

Table 1. Codes of interest for the sampling of initial conditions and the description of the photoexcitation process.

Code Main capabilities Link
MOLPRO SA-CASSCF, RASPT2, (X)MS-CASPT2 Website

OPENMOLCAS SA-CASSCF, RASPT2 (X)MS-CASPT2 GitLab
BAGEL SA-CASSCF, (X)MS-CASPT2 Website

TURBOMOLE LR-TDDFT, ADC(2), CC2 Website
TERACHEM LR-TDDFT Website

ORCA LR-TDDFT, ADC(2) Website
ET CC2, CC3 Website

GAMESS ORMAS, GMCQDPT2 Website
Q-CHEM LR-TDDFT Website

COLUMBUS SA-CASSCF, MRCI Website
GAUSSIAN LR-TDDFT, SA-CASSCF Website

MOPAC FOMO-CI -
ADF LR-TDDFT Website

OPEN-QP MR-SF-TDDFT GitHub
Table 2. Electronic-structure codes interfaced with nonadiabatic molecular dynamics packages.

Code Main capabilities Link
NEWTON-X FSSH Website

SHARC FSSH, global flux TSH, coherent switching with decay of mixing Website
JADE FSSH, Zhu-Nakamura TSH GitHub
ABIN FSSH, Landau-Zener TSH GitHub

COBRAMM FSSH Website
LIBRA FSSH, global flux TSH, Markov state TSH GitHub

QUANTICS MCTDH, vMCG, Zagreb TSH Website
PYRAI2MD FSSH, Zhu-Nakamura TSH GitHub
G-CTMQC (G)CTMQC, coupled-trajectory TSH GitLab
PYUNIXMD CTMQC, TSH with exact-factorization-based decoherence corrections, Ehrenfest dynamics, FSSH GitHub
MOLCAS FSSH Website

TURBOMOLE FSSH Website
Q-CHEM FSSH Website
OCTOPUS Ehrenfest dynamics Website

CPMD FSSH, Ehrenfest dynamics, CTMQC GitHub
MOPAC FSSH, AIMS -
PYSURF LZSH, FSSH GitHub
FMS90 AIMS, XFAIMS, GAIMS, SSAIMS, AIMSWISS -
MOLPRO AIMS Website
PYSPAWN AIMS GitHub
LEGION AIMS GitLab

Table 3. Codes of interest for the nonadiabatic molecular dynamics.
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https://github.com/PHOTOX/ABIN
https://ipi-code.org
https://newtonx.org
https://sharc-md.org
https://github.com/ispg-group/aiidalab-ispg
https://github.com/PHOTOX/promdens
https://www.molpro.net
https://gitlab.com/Molcas/OpenMolcas
https://nubakery.org
https://www.turbomole.org
http://www.petachem.com
https://www.faccts.de/orca/
https://etprogram.org
https://www.msg.chem.iastate.edu/gamess/
https://www.q-chem.com
https://columbus-program-system.gitlab.io/columbus/
https://gaussian.com
https://www.scm.com/amsterdam-modeling-suite/adf/
https://github.com/Open-Quantum-Platform/openqp
https://newtonx.org
https://sharc-md.org
https://github.com/zglan/JADE-NAMD
https://github.com/PHOTOX/ABIN
https://site.unibo.it/cobramm/en
https://github.com/Quantum-Dynamics-Hub/Libra-X
https://www.chem.ucl.ac.uk/quantics/
https://github.com/mlcclab/PyRAI2MD-hiam
https://gitlab.com/agostini.work/g-ctmqc
https://github.com/skmin-lab/unixmd
https://www.molcas.org
https://www.turbomole.org
http://www.q-chem.com
https://octopus-code.org/documentation/16/
https://github.com/CPMD-code
https://github.com/MFSJMenger/pysurf
https://www.molpro.net
https://github.com/blevine37/pySpawn17
https://gitlab.com/light-and-molecules/legion
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