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1 General Summary

1.1 State of the Art

The Born-Oppenheimer (BO) approximation is a cornerstone of the theoretical treat-
ment of molecular processes. It separates nuclear and electronic motion, splitting up an
immensely challenging many-body problem into two highly involved but well-understood
ones. The electronic problem, solved for fixed nuclear geometries, yields eigenvalues of
the electronic Hamiltonian as a function of the nuclear coordinates. Each eigenvalue (as
a function of the nuclear coordinates) forms a potential energy surface (PES) for a given
electronic eigenstate. The set of these electronic eigenstates forms the so-called adiabatic
basis throughout nuclear configuration space (NCS). The nuclear problem is then rep-
resented in this adiabatic basis in a second step usually. The BO approximation itself is
applied in this second step, by discarding derivatives of the adiabatic basis with respect to
nuclear coordinates arising from the nuclear kinetic energy operator. As a consequence,
this approximation neglects coupling terms between electronic states. It generally holds
for cases where the energies of electronic states are sufficiently separated for the dy-
namically relevant domain of the NCS, making it perfectly viable for a large range of
applications. Conversely, the BO approximation fails when these nonadiabatic coupling
terms become singular or very large for conical intersections (CI) or avoided crossings
[1]. Jahn-Teller (JT) systems are a prototypical example where (symmetry-induced) Cls
play a crucial role, as the presence of conical intersections typically induces the so-called
geometric phase effect (GPE) [1, 2]. While the underlying fundamental theory of the
GPE is well understood, its influence on molecular spectroscopy proves to be non-trivial
even for E®e Cs, JT systems [2-10]. Publication [E1], discussed in greater detail below,
provides a systematic study of how (and under what conditions) the GPE influences the
vibronic level structure of a general £F ® e JT C,, system. This in turn provides a way
to experimentally observe the GPE by spectroscopic means for such general systems,
connecting theory and experiment.

Comparing theoretical findings with experimental data necessitates theoretical com-
putations of sufficiently high accuracy. Hence, the construction of highly accurate PES
models is of fundamental interest. For JT systems, where the BO approximation breaks
down at the usually dynamically relevant symmetry point, it proves more convenient to
use a different representation. Such representations, called diabatic representations, are
constructed such that derivative couplings are sufficiently small, and there is no GPE
causing problems. In return, the electronic Hamiltonian can no longer be described by a
diagonal matrix of PESs. As diabatic electronic states are no longer eigenfunctions of the
electronic Hamiltonian throughout the NCS, the diabatic representation becomes a fully
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occupied matrix. However, diabatic matrix elements representing the electronic Hamil-
tonian become smooth, well-behaved functions, simplifying the construction of PESs. It
may be important to note that while a true diabatic basis may not exist for realistic mod-
els beyond diatomics [11, 12], an approximate quasi-diabatic basis can be chosen in prac-
tice. Such basis sets will hence be referred to as “diabatic” for the sake of brevity. These
representations allow for constructing a representation of a so-called diabatic (potential)
matriz representing the electronic Hamiltonian with smooth, well-defined analytic func-
tions. However, diabatic representations cannot be computed directly and thus methods
for the diabatization of adiabatic states are required.

Common diabatization methods can be split roughly into two categories. The first
category utilizes electronic wave function information. These approaches are usually
characterized by different criteria enforced in the wave function [13-30]. The primary
drawback of these schemes is that they do not yield analytic PES models on their own,
meaning they need to be combined with an appropriate model in a second step to ensure
efficient evaluation usually required by nuclear quantum dynamics calculations. In con-
trast to the above, so-called diabatization by ansatz [31-39] schemes exclusively utilize
adiabatic energies obtained from ab initio calculations. The central idea of diabatization
by ansatz exploits the simple structure of diabatic coupling elements with the necessity
of the diagonalized form of the model reproducing adiabatic energies for each point in
NCS. Linear vibronic coupling (LVC) [40] and similar models [25-28], apart from being
immensely popular, are prototypical for how such a diabatization method is commonly
implemented. Related models [34-39] going beyond LVC usually expand the necessary
coupling terms as polynomials in suitable coordinates, up to some (usually low) order,
with LVC approaches expanding coupling terms in first or linear order only. LVC models
have been extremely successful in describing processes dominated by short-term dynam-
ics with a compact and straightforward model. However, this simplicity comes at the
cost of introducing arbitrariness, as the diabatic matrix elements are not specified be-
yond reproducing ab initio data once diagonalized. Additionally, increasing accuracy for
systems where short-term dynamics are insufficient proves far from straightforward, to
the point that the construction of highly accurate diabatic PESs in closed form continues
to be a major challenge beyond triatomic systems [41-44]. Various attempts have been
made to overcome this problem. Such approaches include the modified Shepard inter-
polation [45-47], the inclusion of invariant polynomials and CNPI symmetry [48], and
manually tailoring the functional form of diabatic matrix elements to satisfy the require-
ments of the given system [41-43]. Finally, a new diabatization approach was developed
recently in this research group called hybrid diabatization [49]. This diabatization tech-
nique combines the advantages of diabatization by ansatz with techniques based on
wave function information, thus reducing the arbitrariness of the model and retaining
more ab initio data per nuclear geometry. The hybrid diabatization method is the start-
ing point of the work presented here. Nonetheless, accurate high-dimensional diabatic
models remain scarce in the literature. One seemingly universally shared limitation of
polynomial-based models is that increasing polynomial orders introduces numerical in-
stabilities to the fitting process and increase the chance of unphysical artifacts. These
artifacts can range from minor oscillations to pathological regions where the PES is no
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longer bound. The latter case, if not treated, can render dynamics calculations unusable,
as the wave packet tunnels into a normally dynamically less relevant domain. For this
reason, alternative functional forms with more desirable properties are of fundamental
interest.

One such functional form is provided by artificial neural networks (ANNs), which have
found a recent surge in popularity. While initially used for the construction of adiabatic
PESs [50-68], first attempts have been made towards diabatic ANN models [69-78]. To
understand their advantages over polynomial structures, one must first take a closer
look at their mathematical structure. The umbrella term “artificial neural network”
describes a very broad class of computational systems, yet the primary development
focus usually lies on the much more narrowly defined subclass of feed-forward neural
networks or multilayer perceptrons, which can be understood as a computational pro-
cess involving the successive computation of vectors (layers), beginning with a given
input layer of coordinates and returning a final output layer. If thought of as a func-
tion, input and output layer serve as function arguments and values, respectively. Each
layer is multiplied by a rectangular “weight matrix” and incremented by a “bias vector”.
Each element of the resulting vector is then evaluated by a layer-dependent, nonlin-
ear “activation function” of a single variable. The result defines the elements of the
next layer. A given ANN may have an arbitrary amount of intermediate (hidden) lay-
ers which only serve a computational purpose and introduce further flexibility to the
system. In such a setup, the weights and biases are the only fitting parameters, with
the (usually sigmoid) activation function being fixed. ANNs with a single hidden layer
were shown mathematically to be capable of reproducing any continuous, real function
of n dimensions up to arbitrary accuracy [79]. Hence, increasing an ANN’s number of
hidden layer neurons is (in terms of model flexibility) equivalent to increasing the order
in a polynomial expansion. However, this means that ANNs extend rather naturally,
as each “term” of a neural network is composed of bound sigmoid functions. This is in
stark contrast to polynomial expansions, where increasing the flexibility involves includ-
ing rapidly growing terms of increasing steepness. This structural difference translates
into an increased stability during fitting, being less prone to causing unphysical artifacts
in sparsely sampled regions of NCS. Most importantly, well-posed ANN models do not
seem to produce pathological regions in sparsely sampled regions of the NCS as polyno-
mials do. However, this advantage comes at the cost of losing the hierarchical structure
of series expansions, making the neural network output hard to analyze and interpret.
In the work presented here, a new scheme is developed, which unifies the flexibility of
neural networks with the commonly known and well-understood structure of LVC. This
scheme shows great potential to produce highly accurate diabatic models of exceptional
simplicity, both computational and conceptual, reliability and extensibility, making it a
promising tool to enable accurate nonadiabatic quantum dynamics studies in the future.

43



1 General Summary
1.2 Detailed Summaries of Presented Articles

The Jahn-Teller effect and its influence on vibronic energy levels of doubly degener-
ate (E) electronic states is a long-standing subject of fundamental theoretical interest.
A study of how the geometric phase effect influences general C, systems is presented
in publication [E1] utilizing simple analytical and numerical models for the cases of n
from 3-8, including the different combinations of F, ® eg Jahn-Teller systems for point
groups with more than one irreducible E-representation. It is shown that findings in Csy
systems do not trivially generalize to arbitrary E, ® eg systems, as induced geometric
phases strongly depend on the particular choice of n, o and . It is first shown that
restricting a model to a single polynomial coupling term is incapable of describing a sys-
tem’s multi-well structure, being itself of higher (Cooy) symmetry. A general derivation
scheme is provided to construct necessary (single-mode) coupling terms up to arbitrary
order. A minimal 2 x 2 model system is constructed for each case, composed of the two
lowest coupling orders. The inclusion of more than one coupling term induces additional
conical intersections away from the C,,, reference point, separating the NCS into an
inner and outer region delimited by a regular polygon of conical intersections. Apart
from analytical arguments, numerical dynamics calculations are performed to further
confirm theoretical findings. The presence or absence of a GPE in conclusion is found
to depend both on the leading polynomial coupling order of the model as well as the
predominant localization of the wave function either within the inner or outer region.
This work also presents a simple Hiickel-type model capable of predicting qualitatively
the structure of vibronic energy levels for systems with sufficiently deep multiple wells.
In such cases the vibronic level structure is composed of multiplets corresponding to
symmetrized local vibrational excitations in each single (harmonic) well. Since barriers
between wells are finite, these tunneling multiplets split with a characteristic level or-
dering. The Hiickel model is capable of predicting the expected level ordering and the
irreducible representations of the vibronic eigenstates based on the distribution of exci-
tation quanta in the local well picture. Consequently, this work provides a way to infer
spectroscopically the presence (or absence) of the GPE based on the observed vibronic
level structure. The prediction of the symmetry of the excited vibrational modes helps
simplifying spectroscopic assignments.

(This author contributed to the development of the theoretical components of this
work. He also contributed to the writing of the corresponding body of text of the
manuscript. )

The construction of highly accurate, diabatic models for many electronic states for use
in nuclear dynamics is an active and essential field of interest. The present work aims
to propose a new method of constructing such models, utilizing state of the art artificial
neural network (ANN) methodology. The newly developed ANN-based diabatization
scheme is first established in publication [E2] in the literature. It utilizes the structure
of a linear vibronic coupling ansatz which is then extended by modifying the polynomial
expansion coefficients using a feed-forward neural network. The model is hence generated
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from appropriately chosen symmetry-adapted coordinates in two steps. In a first step,
a minimal, bound vibronic coupling model is fitted against available ab initio data. In
this paper, the model is composed of all diagonal terms up to second order as well as
all coupling terms up to linear order. The ANN model is then generated by introducing
a simple multiplicative term for every (constant) coupling coefficient, as well as one
diagonal term for every electronic state. Each multiplicative term is composed of a
respective entry of the neural network’s output layer, meaning the number of so-called
output neurons of the ANN equals the number of coupling matrices (plus the number
of different diagonal elements). Consequently, increasing the number of polynomial
coupling matrices no longer serves as the primary source for increasing model flexibility.
Instead, the expansion coefficients are modulated as a function of nuclear coordinates. In
a purely polynomial context, this corresponds to “pulling out” common scalar prefactors
in individual matrix terms and contracting all prefactors with a shared (simplified)
basis matrix to a function. A simple example of such a simplification can be found in
Eq. 16 of [E1], where part of the infinite expansion is absorbed into “coefficient” f1¢.
This approach is developed to combine the straightforwardness of a vibronic coupling
approach with the accuracy and stability of an ANN. The modified model is fitted
against adiabatic energies by means of diagonalization using an appropriately adapted
Marquardt-Levenberg (ML) method. Since the resulting fit is highly non-linear, every
tested ANN architecture is fitted using a set of 100 randomly generated initial guesses.
A small part of the data set is withheld from the fit itself to serve as a validation set
used in a relaxed form of the early stopping technique [80]. The root mean square
error (RMSE) of the validation set serves in this context as a test of convergence, and
is a key indicator for overfitting. The new scheme has been applied to a 5-state model
of NO; restricted to planar geometries as a difficult benchmark system. A large range
of hidden layer sizes has been studied, together with potential benefits of “deep” neural
networks with more than one hidden layer. Such deep networks (within the limited
confines of the study) are not found to improve fitting performance when compared
to a representative single-layer network with an approximately equivalent number of
fitting parameters. Fitting error, validation set error, and state-resolved RMSEs are
utilized as primary metrics for network performance. The discrepancy between fitting
and validation RMSE serves as a measure for risk of overfitting. Additionally, the tenth
percentile of fitted neural networks is taken into consideration as a simple measure for
the stability of the fitting result. The best fitted 75 hidden layer neuron ANN is deemed
optimal in terms of fitting error versus risk of overfitting by all accounts. Overall, the
approach is found to yield models of excellent accuracy in terms of fitting RMS.

(The candidate both developed and implemented the modified ML scheme and co-de-
veloped the ansatz itself. He also performed the necessary ANN fits using a specialized
program he co-developed, and contributed significant portions to the manuscript’s body
of text.)
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A rigorous and systematic test of the performance of the newly developed ANN di-
abatic PES model in accurate quantum dynamics calculations is presented in [E3]. It
serves as a continued study of the scheme proposed in [E2] with a focus on the cen-
tral point of the potential model: nuclear dynamics application. For this purpose,
time-independent DVR calculations are carried out for all previously considered network
sizes on the A}, ground state as well as the E” excited state of the NO; radical. Vibra-
tional /vibronic states also are computed for tenth percentile networks and multi-layer
networks investigated previously, to ensure consistency with previous findings. First,
computed levels are compared among different networks, with the tenth percentile net-
works of the 75 neuron network serving as a simple measure for how computed levels
spread among (in terms of fitting error) equivalent models. This measure then is uti-
lized to put differences between various network sizes and architectures into perspective.
While reducing the number of neurons (compared to the reference 75 network) is found
to have a significant impact on dynamics well beyond differences among competing net-
works, increasing the network size is observed to have a lesser overall impact, further
suggesting that the reference network provides sufficient flexibility. The model also is
compared to a state-of-the-art polynomial model from Ref. [81] as well as experimental
data [82, 83]. To ensure a rigorous comparison, the 6D polynomial model is restricted to
5D, using the multi-configuration time-dependent Hartee (MCTDH) [84, 85] approach,
with the potential being evaluated using the correlated discrete variable representa-
tion (CDVR) [86] method. Analogous computations also are carried out for the ANN
model, to ensure dynamics results are not meaningfully affected by the particular choice
of dynamics calculation. The reference network is found to not only reproduce exper-
imental data optimally among the different network sizes tested, but also significantly
improve agreement with experimental data when compared to the reference polynomial
model.

(The candidate performed the necessary DVR calculations (including state assign-
ments) and implemented the model for the nuclear dynamics application. He also devel-
oped an appropriate estimate for the expected accuracy of computed energy levels purely
based on a priori information. Furthermore, he authored the manuscript together with
the supervisor and another co-author.)

The subject of the fourth publication [E4] is the refinement of the diabatization method
previously established in [E2,E3| by ensuring the ANN model is intrinsically symmetrized
without the need of additional symmetrization. To this end, CNPI invariants are used
as coordinates. This approach again is tested using a combination of methods utilized
in [E2,E3]. However, instead of comparing the modified model to the purely polynomial
model described in Ref. [81], the best model from [E3] is used as a reference. The modified
approach is found to improve previous efforts in every considered aspect, including fitting
error, compactness, and agreement with experiment. The best network setup again is
determined by analyzing the fitting performance w.r.t. hidden layer size [E2] and further
confirmed based on dynamics calculations in analogy to [E3]. The optimal network
size for the modified approach turns out to be 30 instead of 75 hidden layers, cutting
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both fitting error and number of fitted parameters roughly in half. As a result, the
remaining error is deemed low enough to approach the expected limit of accuracy for the
available ab initio data. Ground state dynamics results resemble closely those produced
by the previous 75 neuron model. Excited state (*Ej) results are more significantly
affected, coinciding with the model having significantly improved in reproducing the
intricate triple well structure of the lower A sheet when compared to [E2]. This is likely
caused by the modified input coordinates already encoding the required general structure
(symmetry), thus greatly removing strain from the network. Similarly, agreement with
experimental data is not changed significantly for the ground state, while it is vastly
improved for the A state.

(The candidate developed and implemented the CNPI-modified ANN scheme, and
carried out necessary ANN fits. The candidate also performed the necessary DVR com-
putations, and wrote the manuscript together with the supervisor.)

Up to this point, the benchmark system NOj; was restricted to planar geometries
to ensure consistency among studies [E2-4]. This restriction is lifted in [E5], where the
previous 5D CNPI-ANN model is embedded into a complete 6D model. For this purpose,
a natural extension of the diabatization scheme was developed that allows additional
ANNs to be included hierarchically. This way, a model can be fitted consecutively
against growing sub-domains of the NCS in such a way that new contributions vanish
for previously “covered” parts of the NCS. In this sense, the second neural network serves
as a correction upon a coefficient that is already modified by another ANN. This gives
way to a more general correction-upon-correction approach which may be used to avoid
a duplication of effort. In the present case, this scheme is used to create a fully occupied
PES matrix, taking into account umbrella motion. The new, full-dimensional model
was used then to analyze the effects of temperature and vibronic coupling in the low-
energy regime of the photodetachment spectrum of NO5; . Dynamics calculations were
performed using MCTDH for wavepacket propagation. Spectra are obtained from partial
spectra corresponding to the vibronically coupled X and B state manifolds and various
vibrationally excited initial states to account for temperature effects. Furthermore, near
threshold effects are accounted for in the simulations of the cryo-SEVI spectra by use
of Wigner’s threshold law. Computed partial spectra, when combined, are found to be
in excellent agreement with experimental data [87, 88]. This unprecedented accuracy,
combined with a detailed simulation of temperature and near threshold effects allows to
settle long-standing disputes regarding particular assignments, and made it possible to
fully distinguish thermal and vibronic contributions to the spectrum.

(The candidate developed, generalized and implemented the necessary modifications
to the CNPI ANN model. He also carried out necessary ANN fits and contributed to
the writing of the manuscript.)
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ABSTRACT

E ® e Jahn-Teller (JT) systems are considered the prototype of symmetry-induced conical intersections and of the corresponding geometric
phase effect (GPE). For decades, this has been analyzed for the most common case originating from Cs, symmetry and these results usually
were generalized. In the present work, a thorough analysis of the JT effect, vibronic coupling Hamiltonians, GPE, and the effect on spectro-
scopic properties is carried out for general C,, symmetric systems (and explicitly for n = 3-8). It turns out that the Cs,, case is much less
general than often assumed. The GPE due to the vibronic Hamiltonian depends on the leading coupling term of a diabatic representation of
the problem, which is a result of the explicit 7, &, and  values of a C,, E« ® eg system. Furthermore, the general existence of n/m (m € N
depending on , «, and ) equivalent minima on the lower adiabatic sheet of the potential energy surface (PES) leads to tunneling multiplets
of n/m states (state components). These sets can be understood as local vibrations of the atoms around their equilibrium positions within
each of the local PES wells symmetrized over all equivalent wells. The local vibrations can be classified as tangential or radial vibrations, and
the quanta in the tangential mode together with the GPE determine the level ordering within each of the vibronic multiplets. Our theoretical
predictions derived analytically are tested and supported by numerical model simulations for all possible Ey ® ez cases for Cy,, symmetric
systems with n = 3-8. The present interpretation allows for a full understanding of the complex JT spectra of real systems, at least for low
excitation energies. This also opens a spectroscopic way to show the existence or absence of GPEs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115396

I. INTRODUCTION monograph on conical intersections, edited by Domcke, Yarkony,
and Koppel.'” Despite the widespread assumption that such JT sys-

The study of vibronic energy levels supported by doubly degen- tems generally have a double degenerate vibronic ground state, it

erate electronic states affected by the Jahn-Teller (JT) effect is a
long standing subject studied for more than 60 years."” In partic-
ular, the degenerate E state of a C3,, symmetric system has been the
subject of many theoretical investigations. Several authors tackled
the problem of the E ® e case thoroughly.” * They conclude that
due to the presence of the conical intersection and the associated
geometric phase effect (GPE), the lowest vibronic state of such a
system is doubly degenerate. A broad and thorough discussion of
the GPE can be found in the excellent review by Mead”’ and in the

has been shown for the E ® e case of C3, in a couple of stud-
ies that this is only valid up to a certain strength of the quadratic
couplings.'"'” It was shown that with strong quadratic but weak lin-
ear couplings, the vibronic ground state is nondegenerate. In most
studies, both a linear coupling term and a quadratic vibronic cou-
pling term are considered, resulting in a lower adiabatic potential
surface with three identical local wells. For all strengths of the lin-
ear and quadratic vibronic coupling terms, the symmetry induced
conical intersection at high symmetry configurations is present

J. Chem. Phys. 151, 074302 (2019); doi: 10.1063/1.5115396
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and is located in a region usually relevant for the vibronic
ground state wave function. It has been shown by Zwanziger
and Grant that three additional conical intersections exist on a
circle around the symmetry point and at higher energy.” For
particularly strong quadratic but weak linear couplings, these
additional conical intersections away from the high symmetry
point are driven lower in energy such that they become rele-
vant for the vibronic ground state. These additional conical inter-
sections together with the symmetry induced one are the reason
for the nondegenerate vibronic ground state. This is coherent
with the widespread “rule” that the symmetry of a vibronic
level depends on the number of encircled conical intersections
(odd or even).

In real systems, like the prototypical NO; studied by us thor-
oughly,” " the coupling terms are not limited to the linear and
quadratic low orders. Additional conical intersections may occur
which complicates the picture further. Our previous investigation
of the 2E” state of NO; for which the vibronic level ordering pattern
is not obvious, motivates the present study.

The aim of the present paper is to investigate the presence
of the GPE, its effect on the vibronic quantum dynamics, and
the vibronic level structure in C,,, symmetric Jahn-Teller systems.
This is an extension of previous studies only dealing with Cs,." *
The cases varying from n = 3 to n = 8 are considered explic-
itly in the present work. A general derivation of coupled poten-
tial energy surfaces (PESs) of C,, symmetric systems is given.
It is similar to the procedure developed by us'*'®'" and oth-
ers'?! for the n = 3 case. For each C,, case, we analyze the
conical intersections and their properties (in terms of the GPE)
and show that these properties depend on the lowest order cou-
pling terms. To this end, an analytic proof by asymptotic analy-
sis will be given as well as a numerical visualization of the GPE
by plotting the vector fields of the adiabatic wave functions. The
consequences of the couplings in terms of spectroscopic signa-
ture are discussed. The origin of this analyzed effect is that the
E ® e JT system for C,, causes the lower adiabatic PES sheet
to have multiple equivalent wells leading to a multiplet structure
of the vibronic levels with as many states within each multiplet
as the number of wells. The ordering of the levels in these mul-
tiplets is indicative of the GPE as will be shown in the present
work and as has been recognized in earlier work.”®” This system-
atic study of C,, groups with general n also accounts for the exis-
tence of different E representations. All possible combinations of
electronic symmetry E, with the symmetry of the coupling coor-
dinate eg are investigated for the Ex ® eg JT effect. Our findings
and conclusions are supported both by mathematical analysis and
numerical quantum dynamics simulations. It turns out that the
conclusions drawn from the Cs, case are less general than widely
assumed.

This paper is organized as follows: Sec. II summarizes the
relevant symmetry aspects as well as the derivation of the dia-
batic models. At this point, the diabatic C,, symmetric mod-
els for arbitrary E» ® eg are derived. Section III focuses specif-
ically on the geometric phase effect induced by the potential
energy surfaces and provides a mathematical proof of the GPE
properties of general diabatic Hamiltonians and a visualization
of the effect. Section IV addresses the effects on the vibronic
quantum dynamics, presenting data relevant for spectroscopic

ARTICLE scitation.org/journalljcp

investigations. An analytic analysis and explanation using a Hiickel-
like next neighbor model is given for the vibronic level structure,
and the findings are verified by numerical test calculations. The
main aspects and conclusions of the present work are summarized
in Sec. V.

Il. SYMMETRY AND DIABATIC MODELS
A. Symmetry considerations

The well-known Jahn-Teller effect is a distortion of the molec-
ular geometry due to vibronic coupling within a set of states
belonging to a multidimensional irreducible representation (irrep).
The best known example is the distortion of a degenerate E state
of a C3, symmetric system along a degenerate set of e coordi-
nates, lowering the equilibrium geometry to only Cs due to E ® e
vibronic coupling. The existence of two-dimensional E represen-
tations, and thus the existence of degenerate electronic states and
vibrational modes, is a general feature of all non-Abelian point
groups with a rotational axis of order #n > 3. The most common
molecular point groups of this type are the C,,, groups which are
used here as a general example for our study. The case n = 3
has been used extensively in the past to obtain general insight
into the effects of the symmetry on the quantum dynamics. How-
ever, we will show that this case is much less general than often
assumed.

To this end, a closer look at all E representations of C,,, groups
is necessary. Quantum mechanical eigenstates and vibrational nor-
mal modes must transform like irreps of the molecular symmetry
group due to the Wigner theorem.”” Normal modes are just one
special case of symmetry-adapted nuclear coordinates suitable to
express potential energy surfaces (PESs). Sets of symmetry coordi-
nates belonging to the same two-dimensional irrep e, which we
label Qpx and Qgpy> can be rotated freely. This can be utilized to trans-
form the symmetry coordinates such that each of the components
becomes an eigenfunction of the C, rotation operator, the most
critical operator of a C,, symmetry group. While Qgx and Qgy are
mixed by C,, the complex coordinates

L

5 Qe £1Qp) = re*? M

Q,Bi =

are eigenfunctions with respect to C, with eigenvalues of
exp <:t # ) The fin Eq. (1) refers to the kind of the E irrep, namely,

Eg. The groups Cs, and Cg, only have one E irrep, and thus f = 1
is usually omitted, but in general, C,,, groups have fBax irreps Eg of
dimension 2 with

n+nmod 2
ﬁmax: 5 — - L. (2)

For example, Cs,, and Ce, have two different irreps E; and E;.

The same kind of transformation as for the coordinates Eq. (1)
can be applied to the electronic state components of a degenerate
electronic state transforming as E,, namely,

1 ;
|Yas) = ﬁ(lwax) * il Yay)). 3)
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These are eigenfunctions with respect to C, with eigenvalues of
exp (%: 2’%”) As has been used in our previous work, ® both the com-
plex symmetry adapted coordinates and the complex electronic state
components are relevant for the derivation of the diabatic models
because of their advantageous properties with respect to the rotation
operator Cy.

B. General quantum dynamics aspects

The fundamental aspects of the quantum dynamics in any
Ey ® eg JT system generally can be studied in the two-dimensional
subspace of the two eg nuclear coordinates. It is of advantage
to transform the Hamiltonian to polar coordinates which then
reads

- 19 10 10

H(r.¢) = 2(81’2 * ror * 2 O¢? ) +D(r¢). @
where D(r, ¢) is the diabatic PES matrix. The coupling between elec-
tronic and nuclear motions is described by the off-diagonal elements
of the potential matrix D, which represents the electronic Hamil-
tonian in a diabatic electronic state basis. D may be split into an
average potential for both state components, V1, and a coupling
matrix V.. The function V and the matrix V. can be expanded in
series, and the general form of the coupling matrix reads

= m 0 exp(il$)
Vc(r> ¢) - kg()l:ZOO Cut ¥ (exp(—ll‘/)) 0 )

Note that [ can be negative. The coefficients cy; depend on the details
of the system, especially symmetry can lead to many vanishing
coefficients.

It is of advantage to define [-dependent vibronic angular
momentum operators

a1 0y 11 0
]12_1875(0 1)_5(0 —1)’ ©)

which commute with the term of the Fourier expansion in Eq. (5)
having the same [ value. This operator will not commute with
any other expansion term of V. having a different [ value. In the
particular case of a V. limited to a single I expansion term, 71
presents some interesting properties detailed below. In that case,
7, and V. can be diagonalized simultaneously. The two eigen-
functions of J; corresponding to the degenerate eigenvalue 1/2 are

given by
O (ep(e)) 1 [ exp(ille) .
Va\e(i5'9)) V2\-exp(i%9))

It can be shown that A must be an integer of the same parity as |
because of the general properties of angular momentum operators
and the requirement that the total wave function must be single-
valued. The eigenvectors of J; are also eigenvectors of the Fourier
terms of V. having the same [ value with eigenvalues

®)

A==+ Z Ckl rk. (8)
k=0

This equation also shows that any coupling matrix with a coupling
element restricted to a single  value will have cylindrical symmetry

ARTICLE scitation.org/journalljcp

(Coowv). Equation (7) can be analyzed with respect to rotation of ¢
by 27 and for A = 0, this refers to the purely electronic contribution
to the wave function and thus to the electronic angular momentum.
For odd /, the electronic contribution to the eigenfunctions changes
sign and this implies a nontrivial geometric phase of the nuclear part
of the wave function to compensate. This is not the case for even
I values. These two cases we will refer to as fermionic (odd I) and
bosonic (even I) behavior, respectively.

C. General derivation of diabatic models

We consider a diabatic E ® e model for any system of C,,, sym-
metry, where the highest n-fold rotational axis is denoted by C,. The
general symmetry properties of such systems have been presented
in Sec. I A. With the previously defined coordinates and states, a
general E, ® eg diabatic model can be constructed by expanding the
electronic Hamiltonian in the diabatic state basis as

A- ¥
jke{+-}

= 2 |ve) Di(Qeer Q) (Werl- )

ke {+-}

H

Vaj )(V/aj V/ak) < Yok

The diabatic PES matrix elements can be expanded to arbitrary
order as

1 »
Die(QpesQs-) = 2 — Gipg Q5 Qs (10)
p+Pq£m

and the invariance condition under symmetry transformations

allows us to determine the nonvanishing cj,, terms.

In particular, the invariance when considering the C, rotational
transformation

W/oc:t ) (Qﬁ+)P(Qﬂ—)q <1//ai|
= |6ani>(EnQﬁ+ )P (En Qﬁ—)q (CnWai|

Br—a)

= e ) (Qe ) (Qp ) (s (11a)
[y (Qs+ )" (Qs-)" e

= [Coyes ) (Cr Qg )" (CuQp-)” oy |

= AT ) (@Y (@) | (11B)

implies conditions on both the diagonal and off-diagonal matrix ele-
ments. For the diagonal elements of the diabatic matrix, denoted as
Vu(Qg+»> Qp-), the resulting condition

[B(p - q)]mod n =0 (12)

is independent of a. By contrast, the condition for nonvanishing off-
diagonal elements, denoted by Pya(Qg+, Qp-),

[B(p-q)-2a]mod n=0 (13)
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depends on both & and 8. The diabatic matrix potential for Ex ® eg
is thus

Dna(Qﬁ+> Qﬁ—) = Vn(Qﬁ+> Qﬂ—) 1

0 14
+(p ) (14)

i ( Qg Qp-)
One finds that V,,( Qp+» Qﬂ_) is a totally symmetric offset which does
not contribute to the coupling.
A more detailed analysis can be performed on the individual
terms of the Pna(Q,;+, Qﬁ_) functions. In the expansion of P4, one

me(Qﬁ+) Qﬁ—)
0

can first factorize out totally symmetric factors (Qg Qp- ) which do
not change the symmetry properties as evidenced from a closer look
at Eq. (13). This yields

ARTICLE scitation.orgljournalljcp

Pna(Qﬂ+) Q[Z )= Z Cpq B+ Ql;,

=Y (Qe Q) &7 Q. a3
pa

For each term of the double sum, j can always be chosen to equal
either p or g, respectively, p = q being excluded by the constants given
in Eq. (13). This allows us to rewrite Eq. (15) as

Pnzx(Qﬂ+: Qﬁ—) = Z Z C;“; (Qﬁ*' Qﬁ_)qQZ:q

9=0p=q+1

+ 2 Y g (Qee Q) QF

=0 g=p+1

(16a)

s

TABLE I. Lowest monomials of Ppa(Qg+, Qs ) for Ex ® eg coupling potential of a C,.,, system. The “GPE” indicates the presence/absence of a nontrivial geometric phase

effect in the “inner region” (A = 0) (see text).

n o B Monomials GPE Radius of “inner region”
3 1 1 Q Q Q Q Yes £1(0) -f3(0)r=0
4 1 1 Q Q Q8 Q° No
5 1 1 QL - I+ - No 2(0) = f23(0)r =0
1 2 Qu Q- Q. Q- Yes 21(0) f51'<0)r2—ffi(0)r3=0
2 1 Q Qi i " Yes F30)+£7(0) 2 - £30) =0
2 2 <, - <&, 2 No 2(0) = f5(0)r=0
6 1 1 1 1 he 12 No
1 2 Qa+ 3 3, S Yes
2 1 i R i I No
2 2 Q 5 5 S Yes
7 1 1 Qt 7 7 2 No 50)+f3'(0) 7 f7‘(0)r3=0
1 2 Q- Q. Q. QP Yes Gw>ﬁ,ww' 7 0) - 1250 =0
1 3 Q. Q- Qi QL Yes (0) f”(O)r—
2 1 i i, 2 I Yes f 3(0)-f530)r=0
2 2 Q. - 2 Q2 No 73(0) + ﬁ%wr—ﬂ(Mr—
2 3 Qs S 5 I Yes F0) + 77 (0) 7 + 737 (0) r* — f2(0) r° =
3 1 Q Q. Q- Qi Yes 173(0) +f3?’(0)r2 +370) r* - f72(0) " =0
3 2 Q. Q- Qe QL Yes 5(0)-f5(0)r=0
3 3 Q& 3 2. Q2 No <®+ﬁﬁmﬂ—ﬂamﬁ:o
8 1 1 QL Q- QY Qi‘i No
1 2 Q2+ ;, ; Qz, Yes
DT T T A
2 1 1+ 1- 1+ 1- No
2 2 A > 5 S No
2 3 Q4 Q4_ le le_ No
3+ 3 3+ 3
3 1 Q- A i Qi No
3 2 Q2 %+ g— ;+ Yes
3 3 Q. - M Q4 No
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= ,; Qs 2)5?3+k)q (Qsr Q)"
L

e (Qpr Qp-)

QY hipeiy (Qr Q) (16b)
k=1 p=0
Qe Qp-)
= 2 (F Qe Q) Q.
k=1
+ f18(QprQp-) QE_). (16¢)

The Qf; . and Q;‘L terms of Eq. (16b) are referred to as monomials
in the following. The characteristic properties of the potential con-
sidered in the present work do only depend on these monomials
but not on the totally symmetric prefactors. For all C,,, groups with
n=3,...,8and all combinations of E, and eg, the four lowest orders
of such monomials are given in Table I. If higher orders are desired,
they can be derived easily following the above general rules. Higher
orders beyond the typically used lowest two orders are mainly of
interest to improve the quality of PES models for explicit systems
(like NOs3 studied by us) in regions farther away from the coordinate
origin. They do not change the basic properties of the PES but allow
us to treat large amplitude motions of the nuclei more accurately.
Equation (16¢) gives the expansion in the complex representation
of the coordinates Qg+ and Qg- in which ¢ = B-¢. It is conve-
nient to contract the totally symmetric parts in the expression (16¢)
resulting in

Pua(15,98) = Y[ Fii (1) &% + Fii(rg) %] (17)
k

For practical applications, the functions Fy;(rg) can be modeled by
any totally symmetric and continuous function of rz. The power
expansion of the functions Fyy(rg) will render Eqs. (15) and (17)
equivalent. This form is particularly convenient for the analytic
investigation of the properties of the diabatic Hamiltonians as will
be seen below.

For the numerical models of C,,, Ex x eg systems studied here,
we limit the expansion of P,a(Qg+, Qg-) to the first two monomials,
as given in Table I. The use of at least two monomials is crucial in
order to obtain PESs with the symmetry induced multiple equiva-
lent potential wells on the lower adiabat as is characteristic for such
Jahn-Teller systems. The order of the expansion used for the diago-
nal average potential V,(Qg+, Qg-) is chosen such that the resulting
adiabatic potential surfaces are bound. Table I also provides the next
two higher monomials for the expansion. In addition, the table pro-
vides the information about the presence (or absence) of a geometric
phase effect (GPE) as deduced from Eq. (7) for A = 0 and each #,
@, 8. The last column in Table I presents formulas to determine
the radius at which the additional conical intersections appear and
may change the behavior of the system. This is discussed in detail
in Sec. I1I.

The limitation to the first two coupling monomials in the
following is entirely due to practical reasons for the analyti-
cal and numerical analysis. Adding higher order terms is only
needed to improve the PES accuracy for a real system and
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will not (or rather is not supposed to) change the fundamen-
tal physics. It should also be kept in mind that adding more
and more higher order terms in a Taylor expansion might lead
to numerical problems and unphysical behavior. For this rea-
son, a new strategy has been developed by us recently, which is
based entirely on the lowest coupling orders and artificial neural
networks.”’

lll. GEOMETRIC PHASE

The knowledge of the general and generic diabatic models for
Cho systems now allows us to analyze their properties. One of the
most important and widely discussed properties is the geometric
phase effect, an effect usually considered to be induced by the exis-
tence of a conical intersection. The nontrivial geometric phase in
vibronic coupling systems is just a special case of a Berry phase.” It
is often assumed that the “E ® e” JT coupling generally induces such
a conical intersection and thus the geometric phase effect. However,
it will be shown in the following that the existence of a geometric
phase effect depends on the type of the E ® e system, namely, on #,
a, and f.

For most of the systems with the above given diabatic models,
the coordinate region of interest usually is what we refer to as the
“inner region” where the JT coupling induces multiple equivalent
potential wells on the lower adiabatic PES. In most cases, the number
of equivalent wells is equal to the order n of the principal C, axis. For
n > 6, there are also cases with only n/m equivalent minima due to
the symmetry properties of the eg coordinates (see Sec. I'V). For cases
dominated by the inner region, it is relevant to look more closely
at the PES for short distances from the symmetry point. Therefore,
an asymptotic expansion and analysis in the vicinity of the sym-
metry point (r — 0) is performed to investigate the effect of the
intersection. The totally symmetric part of the potential can be omit-
ted for the following discussion and will not be considered in this
derivation.

In the following, we will illustrate the effects of a geometric
phase using the above described generic diabatic models in more
detail. It is convenient to transform back the electronic component
basis to the real space, namely, {|¥ax), [Vay)}, in order to represent
the effects graphically. To this end, the eigenvectors of the diabatic
PES matrix are determined by solving the following equation:

(Wa(Q/sﬂQ/zf) -A
Z%(Qp+» Qp-)

where W*(Qg+, Qp-) = Re(Pna(Qp+» Qp-)) and Z%(Qp+, Qp-)
= Im(Pya(Qp+» Qp-)). The n dependence of W and Z has been
dropped for better readability. The resulting eigenvectors of this
equation can be expressed in the form

Z(Qps» Qp-)

—W“(Q/s+,Qﬁ)—A)c =0 U9

¢ (Qper Qp-)

) 1 (:I:l—awa(Qﬁ+>Qﬁ—)) (19)
V2O F We(Qe Q) Z7(Qpe Qp-)

corresponding to the eigenvalues

A=y IWe(Qp Qe ) P+ [24(Qpen Q)12 (20)
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A relevant quantity to plot in order to visualize the role of the orders
Iin the coupling part P, is the vector field of the real valued eigen-
vectors in the plane of the real coordinates Qgx and Qg,. Figure 1
presents the obtained vector fields for a selection of point groups
with single principal axis C, of order n =3, 5, 7 for a, § combinations
featuring a leading coupling term of odd order. As already stated,
the numerical model systems are limited to the first two leading
monomials in the expansion Eq. (17), as listed in Table I.

ARTICLE scitation.org/journalljcp

Figures 1(a)-1(c) present the vector field in the region of low
energy around the origin where #n equivalent minima on the lower
adiabatic PES sheet are located. The characteristic feature of all of
these plots is the existence of one or more slits where the vectors
change orientation (“sign”) abruptly. These slits are marked clearly
by red lines for the convenience of the reader. The case n = 3 is the
well-known standard case studied for decades. It clearly shows one
slit starting from the origin, confirming the established existence of

FIG. 1. Vector fields of the eigenvec-
tors corresponding to the lower adiabatic
PES plotted in the plane of the Qg
and Qg coordinates. (a)-(c) show the
inner region for Cs,, Cs, (E1 ® €3),
and C7, (E1 ® e3), respectively. (d)-
(f) present the outer region for the same
three cases. The green circles indicates
the radius separating inner from outer
regions.
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a geometric phase. The same kind of behavior is found for the case
of n =5 for E; ® e; (E; ® e1). Finally, the case E; ® e3 forn =7
is presented because this is a case in which three slits and a corre-
sponding geometric phase are observed. By contrast, two slits are
found for n = 4 and Cs,, (E1 ® e1 or E; ® e,), respectively, with the
consequence that there is no geometric phase in these cases. The cor-
responding vector fields are presented in Fig. 2. It turns out that the
number of slits observed near the origin in the real representation is
always equal to the power of the lowest coupling term as is shown
below.

To this end, the real valued eigenvectors are analyzed for the
limit of small distances from the origin (high symmetry point). In
this asymptotic analysis, only the term of the lowest order remains
relevant in the expansion of the coupling matrix and therefore the
eigenvectors corresponding to the eigenvalues

A=+rF (21)
read
~ 1 +1 - cos(m¢)
c(¢) = 2(1 F cos(m¢)) ( sin(m¢) ), 22)
where

m = Bk. (23)

In the following, only the eigenvector c_ is considered, but the treat-
ment of ¢, is completely equivalent. We note that the normalization
factor becomes singular for m¢ = 2mj + n,j=0,1, ..., m — 1. The
behavior of the eigenvectors in the vicinity of these singularities is
determined by the limit

2nj+m

lim c_(

=0

+ e) =lim !
=0 /2(1 + cos(27j + 7 + me))

-1 - cos(27j + 7 + me)
x ( sin(27j + 7 + me) ) (24)

m

This limit is evaluated by a Taylor expansion up to first order in the
denominator and in the numerator, which yields

............
yyyyyyyyyyyyy
vvvvvvvv
vvvvvvvvv
..................
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
,,,,,,,,,,,,,,,
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*me

- miﬁ(‘f). (25)

This implies a discontinuity for each angle ¢ = (271j + 7)/m, and thus
a total of m slits, with m being the order of the coupling term.
While this explains the behavior of the vector fields shown
in Figs. 1 and 2 for small distances r from the origin, it fails to
describe the r > 1 outer region. Figures 1(d)-1(f) and 2(b) show
the same five systems considered before but now with focus on the
region for larger radius r > 1 and thus for higher energies. The
radius at which the additional conical intersections occur is indi-
cated by green circles in Figs. 1 and 2. The n = 3 case obviously
has two slits starting at this radius whereas the slit starting from the
origin vanishes. By contrast, no change is seen for n = 4 and the
E1 ® e1 (E2 ® e3) case of n = 5. The two remaining cases, n = 5
E, ® e; (E2 ® e1) and n = 7 E; ® e3, result in 4 slits in the outer
region. The explanation of this behavior can be gained from a closer
look at the two adiabatic PES sheets for these systems. We present
two views of the adiabatic PESs plotted in the two-dimensional space
of Qy and Q, for n = 3 in Fig. 3. It becomes apparent from Fig. 3(a)
that the PESs fulfill the 3-fold symmetry and invariance properties
as required and enforced by construction of the model. In Fig. 3(b),
the representation of the bound PESs is restricted to Qx > 0. The
well-known conical intersection is seen at the origin and marked
by a green circle. An additional conical intersection is clearly vis-
ible for larger r and higher energy, also marked by a green circle.
Due to the 3-fold symmetry of the PESs, there are three equivalent
conical intersections of the latter kind. The formation and disap-
pearance of slits in the vector fields presented in Fig. 1 coincide
exactly with these additional conical intersections. Of course, for »n
= 3, the additional conical intersections are known since a long time
as was shown in Ref. 6. In the present work, we show that this is
a more general feature of C,, systems, at least when modeled in
the way described above. Whenever the two used expansion terms
are of different orders, this corresponds to the existence of addi-
tional conical intersections. The radius rc; where these additional
conical intersections occur corresponds to the real positive roots of

FIG. 2. Vector field of the eigenvec-
tors corresponding to the lower adiabatic
PES plotted in the plane of the Qg and
Qgy coordinates. (a) shows the inner
region for Cs,, (E1 ® e4). (b) presents
the outer region for the same case. The
green circle indicates the radius separat-
ing the inner from outer region.
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0.14
0.12
0.10
0.08
0.06 FIG. 3. Adiabatic PESs for n = 3 in the
0.04 two-dimensional space spanned by Q
0.02 and Q. (a) illustrates the 3-fold symme-
0.00 try. (b_) presents a view cytting throggh
.65 the origin and clearly showing the conical

intersections at the origin and for larger r
at high energy (marked by green circles).
Color coded energies in arbitrary units.

Pra(Qp+> Qp-). For example, as modeled here for the case n = 3, the
distance of the additional conical intersection from the symmetry
point is simply rcr = % (in agreement with Ref. 6) and for n = 5 E;

® e (E; ®ey),itisrer = \‘/EI , where ¢; and ¢; refer to the two expan-
sion coefficients. The radii separating inner and outer regions for all
systems treated here can be found approximately by solving for the
roots of the functions given in the last column of Table I in which the
general totally symmetric expansion functions f, (rf;) [see Eq. (17)]
and their derivatives are used.

The existence of additional conical intersections induces two
effects. First of all, the additional conical intersections induce local
geometric phases, which may play an important role in wave packet
propagations. Second, the additional conical intersections will lift
the effect of the intersection at the symmetry point (or in general
other inner intersections). Therefore, the additional conical intersec-
tions will change the properties of the vibronic eigenstates. This has
been observed before for # = 3.°'""'> An odd number of additional
conical intersections on a ring around the symmetry point will flip
the behavior such that if in the inside of the ring there is no geo-
metric phase, at the outside there will be one and vice versa. An even
number of additional conical intersections will not induce such a flip
of the properties.

The above discussion gives a clear picture of what happens to
the system in the two limiting cases with the wave function either
entirely located in the inner or outer region, respectively. However,
this clear picture is lost if the wave function extends significantly
beyond the dividing line and thus probes the additional conical
intersections only partially. In such a case, the impact of the con-
ical intersections and corresponding local geometric phases is not
well-defined and the concept of the GPE reaches its limits as a useful
concept.

IV. GEOMETRIC PHASE AND SPECTROSCOPY

It has been recognized early on that the existence of a geomet-
ric phase has an impact on the vibronic ground state of a Jahn-Teller

system.” Model systems with linear and quadratic coupling terms
have been shown to have a ground state of E vibronic symmetry in
general. An elegant proof for this was given by Ham.” However, it
has been shown that the ordering of the first two states switches
from E/A (meaning E lower in energy than A) to A/E above a cer-
tain value of the quadratic coupling constant.'"'” This is due to the
fact that for strong quadratic and weak linear coupling, the wave
function is not localized in the inner region but extends consider-
ably to the outer region. Thus, it probes four instead of one conical
intersection. Furthermore, Ham showed that an alternating pattern
should be expected for increasing excitation quanta. We recently
found in our investigation of the vibronic eigenstates of the nitrate
radical (NO3) a more complicated and rather intriguing pattern of
the vibronic level structure and proposed an explanation for these
observations.'* Here, we generalize these findings beyond Cs, and
D3y, systems.l3

As discussed in Sec. 111, an n-fold principal axis induces n/m
equivalent minima on the lower sheet of the adiabatic PESs for
any Eq ® eg JT system (m depends on n and 8 and usually
m = 1). The local environment around these minima shows a
lower symmetry than the symmetry of the full system and if the
wells are sufficiently deep the wave function will “localize” (i.e.,
will have a significantly increased density) in these wells. This is
essentially equivalent to the Jahn-Teller theorem stating that the
equilibrium geometry is distorted from its highest possible symme-
try.”® The molecular vibrations can be conceived as small oscilla-
tions of the atoms around their respective equilibrium positions.
However, these equilibrium positions refer to one of the equiva-
lent local minima, and the PES in the vicinity of these minima
only shows the reduced local symmetry. Therefore, vibrations for-
mally belonging to a degenerate e mode in the two dimensional
isotropic harmonic oscillator will not be degenerate in the local sym-
metry and thus the corresponding vibronic levels will split. These
local vibrations are equivalent for the #/m minima and must be
symmetrized according to the global symmetry. This leads to sets
of n/m vibronic states for each kind of local vibration, and these
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vibronic states transform as irreducible representations of the global
symmetry group. If the barriers between the local minima are high
enough, the vibronic states form tunneling sets and the correspond-
ing tunneling splittings depend on the well depth and the barrier
height between the wells. For more shallow wells or higher exci-
tations, the vibronic level energies may be above the barriers but
the general structure of what we call “tunneling sets” or “tunnel-
ing multiplets” remains because this is simply a consequence of
the global symmetry of the system and of the equivalent potential
wells.

This situation can be approximated and analyzed very effi-
ciently with a next neighbor or Hiickel model. The n-fold symmetry
axis of any Cy, point group corresponds to a rotation operator C.
transforming one local state residing in one local minimum into the
corresponding local state residing in the neighboring PES well. If we
further assume that the local states can only interfere with the ones
in the neighboring wells, we can write the Schrodinger equation in
the next neighbor approximation as

a-E b 0 0 b c 0
b a-E b 0 0 153 0
0 b a-E b 0 =10 (26)
b 0 0 b a - E c.n 0

Here, a stands for the expectation value of the vibrational Hamilto-
nian over a purely local eigenstate and b for the integral correspond-
ing to the tunneling interaction with the next neighbor local state.
This yields the relation

be1+(a-E)c+bci1 =0, withl<j<n-1 (27)

The elements of each eigenvector, ¢j_1, ¢j, and ¢j+1, are related to
each other strictly by symmetry. The resulting n eigenvalues are
simply

2
Ek:a+2bcos(ik), k=01,....,n-1. (28
n

For example, for n = 3, the eigenvalues would be
a+2b(A), a—- b (E), and b < 0 for the ground state of systems
without the GPE. Thus, the expected level ordering would be (A)
below (E). The ordering of the tunneling multiplets only depends on
the sign of b, which is a tunneling probability determined from the
localized basis functions.

The parameters a and b are determined following the ideas of
Wallace developed for the band theory of graphite.”” As an exam-
ple, the model for Cs,, is considered, but the results are general and
the conclusions for the other point groups are to be obtained by
analogy. For the calculation of a and b, the adiabatic potential of
the electronic ground state (lower adiabatic PES sheet) is expanded
in a Taylor series around a local minimum, using the planar polar
coordinates r and ¢. This yields

ad

v =2 \/(cur)2 + (€221%)% + 2c1162213 cos(3¢)

2C11C22r

= (eur+ czzrz)\/l + —————(cos(3¢) — 1),

(C11 + 6221’)2

ARTICLE scitation.org/journalljcp

which is further approximated by

C116221
V9 % cir — cnr® — <22 (cos(36) — 1
11 22 - +cz2r( (3¢) )
~(1- sz)(r— cu )i 2 cucar’ - C%I (29)
2—2622 2 C11 + C2t 4—4C22.
Defining
C11
1o = R 30a
= T, (30a)
Wy = 2 - 2622 N (30b)
CIICZZr(Z)
Iwy =\/9——, (30¢)
c11 + 2710
and
2
C11
Vo=-— 30d
0= "1Tac, (30d)

yields the final expansion and definition of the local potential
Vel (y, $) limited to a single well around ¢ = 0,

1 1
v x Ew,(r -n)’+ Elwwz + Vo= VU, ¢). (31)

The local Hamiltonian is defined in terms of the local potential as

Hloml T+ Vlocal) (32)

where T represents the kinetic energy. This local Hamiltonian cor-
responds to a two-dimensional harmonic oscillator. The solutions
to this system are composed of the well-known one-dimensional

harmonic oscillator functions ¢>ng J,equency(x),
local 2i$\ _Ho HO
\PPDVC;:(n ¢) = eXP(T) q)p,,L,w,(V —19) D 2,0 (¢). (33)

The quantum numbers p, and p; correspond to the radial and tan-
gential motion, respectively. In addition, this solution contains a
factor exp( %) accounting for the geometric phase directly induced
by the fact that Cs,, is fermionic. When considering a bosonic case,
this geometric phase factor is absent. For each combination of p,

: local local 2
and py, the three local wave functions Wy, (7, ¢), Wy, (1, = 5),

and ‘I’;,O:;fn(r,(p + ) are the solution for each local well, respec-
tively. Each of these triplets of wave functions with the same p,
and p; forms a basis for a Hiickel model like the one given in
Eq. (26). The diagonal elements aj, p, are approximated as the local
energies,

1 1
ap,p, = wr(pr + 5) + w¢(pt + 5) + V. (34)

The off-diagonal elements of the Hiickel matrix are given by the
integral

oo 4 2
bon = [ ar [Tapi(ne T HYS (). 09)
0 -7
Replacing H by T + V" 1 v — vl yields

oo w 2
bp.pe = ap,p Spope + /0 dr [ i dp ¥y (” ¢+ ?ﬂ)

x (V= v e (ng), (36)
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where S, p, is the overlap between two consecutive local wave func-
tions. As usual in the Hiickel approximation, this term is neglected
such that

b 4 21
bpp, ™ fo dr [ﬂ d ‘I’lo:;f(r,¢ + ?) (V= Vo) s (r9).
(37)
Taking into account the geometric phase factors of the local wave
functions, the equation simplifies to

° ” 21
bPVPr R ‘/0‘ dr [ﬂ d(/) |(I)Pr>1~lmr(r - ro)‘z o t,rlz),wqj((p + ?)
x®, 2, (9) (V - Vl““’). (38)

Because the difference V — V@ is always negative, the sign
of this integral does only depend on the sign of the product
0= ®pt,r§>w¢(¢ + 23—”)(Dph,é>w¢(¢). The product of these local angu-
lar wave functions is positive for even p; and negative for odd p;.
(This holds strictly at least for the lowest few vibronic levels before
the normal mode picture becomes invalid anyway.) The graphical
representation given in Fig. 4 clearly shows the link between the sign
of by, p, and the parity of p; of the local oscillator depending on ¢.
This implies that by, > 0 for even p; and by, < 0 for odd p;. Since
the level ordering in each tunneling multiplet is ruled by the sign of
by,p,» we conclude that each tangential excitation inverts the order of
the tunneling multiplet with respect to the ordering of the multiplet
with one less quanta along ¢. For Cs,, this means that the ground
state multiplet is E under A and the multiplet corresponding to the
first local tangential excitation is A below E and so on.

The argument for different groups C,. is entirely equivalent
keeping in mind that for bosonic cases, the negative sign in Eq. (38)
is absent because no geometric phase occurs in this case (for a
detailed explanation, see Sec. II B). In a bosonic case, by, is neg-
ative for even p; and positive for odd p;, while in a fermionic case,
by,p, is positive for even p; and negative for odd p;. This explains
why fermionic and bosonic cases show opposite behavior regard-
ing the level ordering. The results of the Hiickel-like model holds

—\/ \\__/l 0>0

=1 = 7 1 0<0
pt \/ \\\_/,

- ~
”/ \\\~
pt=0 0>0
well 1 well 2

FIG. 4. Local angular wave functions and local potential of two wells in the Hiickel
model. The product o of the ground state and the second exited state is positive,
but the product o of the first excited states is negative.
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true even if the energy of the wave function is above the tangential
barriers. The tunneling constant b, ,, becomes large, but the general
structure is preserved. The simple picture is gradually destroyed if
Fermi resonances are present. These occur if the spectrum becomes
dense and states of the same symmetry start to be close, which usu-
ally happens in all multimode systems beyond the first few quanta of
excitation.

In the following, we first will demonstrate this effect by numer-
ical simulations” for n = 3 before discussing higher n. The two
leading coupling terms for n = 3 are of first and second order (see
Table T), and only the combination of the two results in the three
equivalent wells. The numerical values used in the following ensure
that the densities of the vibronic wave functions outside the inner
region are negligible and thus that the inner region characteristics
are the only ones relevant for the analysis. The leading first order
term induces a geometric phase. The vibrationless ground state of
a molecule sitting in one of the wells shows no node of the wave
function within the well. However, the global symmetrization over
the three wells leads to a vibronic ground state of E symmetry
and an excited state of A, symmetry together forming a tunneling
triplet. It might appear counter-intuitive at first that the vibration-
less ground state shows nodes in the wave function. However, these
nodes appear between the equivalent wells rather than within the
wells. The ordering of E below A as well as the A, symmetry of
the excited tunneling component is a consequence of the geometric
phase effect. The situation is visualized in Fig. 5 where the densi-
ties of the vibronic wave functions numerically computed using a
prototypical model are plotted.

The densities of the two components of the E state show the
expected lack of symmetry with respect to Cs rotation and cannot
be easily interpreted. By contrast, the sum of these two densities
shows the rotational symmetry and also demonstrates that the wave
function is nodefree within each of the three potential wells. Sum-
ming up the E components also allows us to identify the tunneling
sets of vibronic states which share the same local vibration as the
comparison of Figs. 5(c) and 5(d) demonstrates.

Next, we consider vibrational excitations. It is customary to
label the vibrational modes according to the global symmetry.
Therefore, it is helpful to map the irreps of the modes in global
symmetry onto the corresponding irreps of the local symmetry. The
degenerate e modes of global symmetry are of particular interest as
these map onto two different irreps in the local symmetry, namely,
symmetric (a’) or antisymmetric (a’), with respect to the verti-
cal mirror planes o,. If the polar coordinate representation of the
Hamiltonian equations (4) and (5) is used, the first case would corre-
spond to a radial excitation while the second case would correspond
to a tangential excitation. It is obvious that the PES in the vicinity of
the equivalent PES minima is rather different in radial and tangential
directions, respectively, and this leads to a splitting of the vibronic
levels depending on the local excitation direction. Furthermore, the
tangential excitation is connected with the tunneling probability (see
above), while the radial excitation is not. As a consequence, odd
quanta of tangential excitation induce a sign change in the tunnel-
ing parameter of the simple next-neighbor model presented above
and in our previous study of NO;'* and thus the order within the
tunneling multiplets is inverted. By contrast, any excitation in radial
direction as well as even quanta in the tangential mode has no effect
on the tunneling parameter thus not affecting the ordering.
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FIG. 5. Density of vibronic state wave functions for n = 3 plotted in the Qx, Q, plane. (a) First component of the E ground state, (b) second component of the E ground state,
(c) sum of first and second components of the E ground state, and (d) A, excited tunneling state.

The behavior of the energy levels can be summarized by sim-
ple rules. It is customary to interpret vibronic spectra in terms
of normal modes transforming as e. In a local isolated deformed
oscillator, these normal modes transform like @' and 4’ with
respect to the local symmetry group C,. A single radial excita-
tion transforms like a’, and a single tangential excitation trans-
forms like a”. Symmetrizing these local excitations with respect
to the global symmetry group Cs, yields the tunneling triplets.
This scheme is represented in for a formally single e exci-
tation. The ordering of the tunneling multiplets depends on the
number of tangential quanta of each state. The set (a’ C;) cor-
responding to radial excitation is ordered E/A as in the ground
state. By contrast, the set (a” Cs) corresponding to a single tan-
gential excitation is inverted with respect to the ground state
pattern and the ordering is A/E. The odd tangential excitation
also causes the nondegenerate state to be A; rather than A,.
The construction principle of the vibronic level structure now is
clear and can be applied to formally higher excitations in the e
modes as well. For example, a double excitation (e)* first leads
to a threefold splitting of the levels because the different com-
binatorial possibilities of the excitations are different for (er)z,
(e:)%, and (e;)'(er)', where e, and e; refer to radial and tangen-
tial motions, respectively. Each of the three types of local vibra-
tions will result in a tunneling triplet and the level ordering of

az
—
P
-
a7
i e
(e) .-
e
S all _-
RN
Cs Csy
formal isolated triple well
excitation local well vibronic

FIG. 6. Vibronic level structure of a formal (e)" excitation for n = 3.

the first two cases (even tangential quanta) will be E/A, while the
third case corresponds to odd tangential quanta and thus results
in A/E level ordering. This scheme holds for cases for which the
lower adiabatic PES sheet shows reasonably pronounced multiwell
character.

The behavior of the two different kinds of triplets in Cs,, (result-
ing from radial or tangential excitation) with respect to the cou-
pling parameters can be studied systematically, which is illustrated
in . Setting linear and quadratic coupling to zero results in
an isotropic harmonic oscillator for each of the two electronic com-
ponents. In this isotropic two dimensional harmonic oscillator, the
first few vibronic energy levels are 2-, 4-, 6-, and 8-fold degener-
ate. Using the irreps of the Cs,, symmetry group, the ground state
is of e symmetry, the first exited state transforms like e, a1, and as,
the second exited state transforms like e, e, a1, a2, and so on. The
linear coupling term distorts the isotropic harmonic oscillator to
the well-known “Mexican hat” shape. As a result, some degenera-
cies of the isotropic oscillator are lifted. The split energy levels are
always twofold degenerate and correspond to the +1/2 values of the
vibronic angular momentum since the cylindrical symmetry is still
preserved. As shown in the left half of , the splitting becomes
stronger for increasing linear coupling strength. Note, however, that
all states can be classified in terms of the Cs,, irreducible representa-
tions and can be grouped into the aforementioned tunneling triplets.
For a triplet corresponding to even tangential quanta (black lines
in ), the e state is always lower in energy than the a, state.
Examples are the ground state, the states labeled 10, 2%, and r°£2.
The state assignments in terms of radial and tangential excitations
are given as labels in the right half of . For states correspond-
ing to odd tangential quanta (red lines in ), the a; part of a
triplet is always lower in energy than the corresponding e state. This
is true even if the spectrum becomes very dense. When a quadratic
term in added, the 2-fold degeneracies of the a; and a, energies are
lifted as shown in the right half of where the quadratic cou-
pling is increased for a given linear coupling value. In a vibronic
coupling model with a linear and a weak quadratic coupling, the
splitting of the triplets is quite large as seen near the center of
Therefore, different triplets overlap, but nevertheless, the ordering
of each triplet stays invariant (a, above e or e above a; depending
on the number of tangential quanta, i.e., solid below dashed lines
for black and dashed below solid for red in ). For increas-
ing quadratic coupling, the splitting between the triplet components
decreases and its existence becomes more obvious (see near 0.5 to
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FIG. 7. Vibronic excitation energies of
a Cs, symmetric JT system. Couplings
and energies are given relative to the
harmonic constant. For the left half of
this figure, the quadratic coupling is set
to 0 and the linear coupling varies from
0 to 2. In the right half, the linear cou-
pling is set to 2 and the quadratic cou-
pling is varied from 0 to 0.8. Vibronic
states with e symmetry are drawn as
solid lines, and vibronic levels of a4 or a,
symmetry are marked with dashed lines.
Fermionic states are indicated by black
lines, and bosonic states are given in
red. The states are labeled by their exci-
tation assignment on the right border.
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0.6 of quadratic coupling in Fig. 7). The triplets start to be “true”
tunneling triplets of the corresponding triple well system. If the
quadratic coupling is very strong, the triple well effectively becomes
a collection of three isolated oscillators. In this case, tunneling is
unlikely and therefore the triplets become essentially degenerate as
seen at the right border of Fig. 7. It turns out that for reasonably
strong quadratic JT coupling, the Hiickel-like picture is more ade-
quate than the picture of a perturbed isotropic harmonic oscillator
because the tangential multiwell structure of the potential becomes
important.

A confirmation of the predicted patterns is again obtained by
numerical model calculations and the analysis of the densities of
the vibronic eigenstates. The characteristic densities of the lowest
excited vibronic states obtained from a numerical model in which
the relevant part of the vibronic wave functions samples mostly the
inner region are presented in Fig. 8.

The nodal structure of the vibronic wave functions is clearly
visible, and radial and tangential excitations can be distinguished
easily. The states belonging to a specific tunneling triplet are found
by comparing the sum of densities of the E state components with
the density of the associated A state. This yields the specific level
ordering for each tunneling triplet which is also given in Fig. 8.
Figures 8(a), 8(c), 8(e), and 8(h) show states with radial excitations
exclusively. The corresponding levels are all ordered E/A; like the
ground state tunneling triplet because there are no odd tangential
quanta. Figures 8(b) and 8(g) show states with tangential excitations
exclusively. The states with a single tangential excitation correspond
to a level ordering of A;/E, while the states with a double tangen-
tial excitation yield E/A; as predicted. Finally, Figs. 8(d) and 8(f)
show states with a single tangential node combined with one or two
radial nodes, respectively. In both cases, the observed level ordering
is A1/E in agreement with our theoretical prediction. The numerical
simulations demonstrate clearly that the theory for the ordering
within the tunneling sets outlined above holds for the low lying
vibronic states. Note however that the energetic splitting between

L
0.1 02 03 04 05 06 0.7 0.8
quadratic coupling

different tunneling sets will depend on the specific system. Finally,
the above findings hold for low lying states. At higher energies and
for real multimode systems, this clear picture will be lost gradually as
assignments using excitation quantum numbers will become impos-
sible due to vibronic state interactions (e.g., Fermi resonances).
This is a general problem for all multimode vibrational assign-
ments because of the rapidly increasing density of states, which
is not a special property of the JT systems studied here. Clear
assignments are usually not possible beyond the first few excitation
quanta.

Next, the case n = 4 is considered for which the two leading
coupling terms are of second order, and thus no geometric phase is
induced by the PES. Therefore, the vibronic ground state of the sys-
tem is a nondegenerate A, state followed by E and B, forming the
lowest tunneling quartet. This is indeed observed in our numerical
simulations which also include higher excitations. The densities of
the first four tunneling sets are displayed in Fig. 9. The first local
excitation is found to be a radial one, and thus the same ordering
A1/E/B; is observed for the vibronic states corresponding to this
tunneling set. By contrast, the second single excitation is the tan-
gential one. This results in a tunneling set with a state ordering of
B,/E/A; which again shows a nondegenerate lowest component. In
this case, the inversion of the tunneling multiplet only affects the
nondegenerate states exchanging A and B as well as “1” and “2,”
respectively. The next set refers to a double excitation in the radial
direction for which again the order A;/E/B; is expected. Instead,
an ordering of E/A;/B; is observed in the numerical results. The
reason for this apparently is that the four equivalent wells of our
numerical example on the lower adiabatic PES sheet are very shal-
low and a double excitation is already sufficiently above the origin
energy at the degeneracy point so that due to the very high density
of vibronic states the simple reasoning used above becomes insuffi-
cient. State-state interactions (Fermi resonances) can lead to differ-
ent orderings within the tunneling sets because the density of states
strongly increases with energy and thus it is more likely that states of
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E/A,

A/E

E/AQ E/AQ

FIG. 8. Density of excited vibronic state wave functions for n = 3 plotted in the Qy, Qy plane together with the symmetry labels of the energy ordered multiplets. The local

excitations are r'f0 (a), r°t" (b), r2t° (c), r't" (d), r*£° (e), rt" (), r°f (g), and r*{° (h).

the same symmetry are in energetic proximity and mix. In fact, the
E states show significant mixing with a higher E state in the present
example.

The Cs, point group is the first case for which two differ-
ent two-dimensional irreps E; and E, exist, and thus the situa-
tion is considerably more complex than for the previous examples.
The leading terms in the diabatic PES models are first order for
E1 ® e; and E; ® e; and second order for E; ® e; and E; ® e.
Consequently, the first two combinations will behave fermionic due
to the existence of a GPE, while the latter two combinations will
have bosonic properties. The effects on the vibronic eigenstates are

displayed in . The first and obvious observation is that the
ground state is of A> symmetry in the bosonic case [see ]
and of E symmetry in the fermionic combination [see I
The first two computed excitations in the E; ® e; case correspond
to radial local excitations, and thus the ordering of the tunneling
quintet of A,/Ei/E, remains the same. The third local excitation
puts a single quantum into the tangential mode and thus leads to
an inversion of the tunneling quintet resulting in a level ordering of
E»/E1/A . When analyzing the isomorphic case E; ® e, the only dif-
ference with respect to E; ® e is that the two vibronic E levels E;
and E; are interchanged. As expected, the numerical results for the

A/E/ B,

A /E/B

By/E/As E/A, /B,

FIG. 9. Density of low lying vibronic state wave functions for n = 4 plotted in the Qy, Q, plane. The local excitations are r°t° (a), r't® (b), r°t" (c), and r?t° (d).
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Ey/Ei /Ay

Al/El/EQ
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EQ/El/AQ EQ/AI/EI

FIG. 10. Density of vibronic state wave functions plotted for n = 5 in the Qx, Q, plane. (a)-(d) show the E4 ® ey case; (e)-(h) show the E; ® e4 case. The local excitations
for the E1 ® e case are r’t° (a), r'f® (b), r*° (c), and r°t" (d). The local excitations for the E, ® e case are r’t° (e), r°t" (f), r'£® (g), and r't" (h).

E; ® ey case show a different behavior. The vibronic ground state is
E, followed by E; and A, which form the first tunneling set. The first
excitation corresponds to a single tangential local excitation and thus
inverts the tunneling quintet leading to a level ordering of A{/E,/E;.
The second excited tunneling set is due to a single radial local exci-
tation and thus has the same level ordering as the ground state,
E»/E1/A;. The next set of states corresponds to a combination of a
single radial and a single tangential excitation in the local wells and
thus leads to an inversion again, and would be expected to result in
the level ordering A1/E1/E,. By contrast, the observed level ordering
in our numerical example is E>/A;/E; because the E, state is lowered
in energy by an interaction with another E; level nearby.

The symmetry group Ce, provides an interesting new situa-
tion because it is the first in the C,,, series to contain a non-Abelian
subgroup, namely, Cz,, which is the most basic fermionic case of
a JT system. In addition, Ce, has two 2-dimensional representa-
tions E; and E; leading to four different JT cases. E; ® e; and
E; ® e are bosonic due to a leading coupling term of second order
(see ). The other two cases E; ® e; and E; ® e, have a dia-
batic Hamiltonian isomorphic to that of Cs,, and thus the lower
adiabatic PES sheet only has three equivalent minima resulting in
tunneling triplets for the vibronic states. This is the first case where
the n/m equivalent minima correspond to m > 1. The e, coor-
dinates are symmetric with respect to C, rotation, and thus the

Ay/Ey/Ey/ By

B, /E>/Ey /A,

Ay/Ey/Ey/ By Ay/Ey/Es /By

FIG. 11. Density of vibronic state wave functions plotted for n = 6 in the Qx, Qy plane for the E4 ® e case. The local excitations are r°f (a), r°t" (b), r'f® (c), and r°? (d).
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seemingly missing three potential wells are excluded by the extra
symmetry of the coordinates.” It is also shown easily using the
fundamental properties of the Ce, irreps that the corresponding
vibronic wave functions only can transform as A, A, or E; in this
case.

The remaining two cases, E; ® e; and E; ® ej, do not show
the above idiosyncrasy and are analog to the two bosonic cases for
Cs, but with the expected six equivalent minima. The correspond-
ing vibronic densities are presented in together with the level
ordering of the tunneling sextets. The vibronic ground state is a
nondegenerate A, level followed by the two degenerate states E;

Ey/E\/Es/A, A /Es/E\ | E,

ARTICLE scitation.org/journalljcp

and E; and the highest level of the set transforms as B,. The den-
sities of these four states do not show any node within the local
PES wells. The next tunneling sextet corresponds to a single tan-
gential excitation in the local wells, as shown clearly in

This changes the level ordering to B1/E»/E1/Ay, similar to the corre-
sponding E; ® e; case for Cs, [see ]. shows
the next tunneling set corresponding to a single radial excitation in
the local wells. Thus, the level ordering is found to be A,/E\/E>/B;.
The states corresponding to are due to a double tangen-
tial excitation in the local wells and thus again result in the pattern
A2/E1/E>/B;.

Ag/El/Eg/Eg

Ey/E\/Es/ A, A1/E3/Ey/Ey

FIG. 12. Density of vibronic state wave functions plotted for n = 7 in the Q, Qy plane. (a)-(d) show the E1 ® e case, (e)-(h) show the E1 ® e, case, and (j)-(m) show the
E; ® e; case. The local excitations for the £1 ® e; case are r°t° (a), r't® (b), r*£ (c), and r°t" (d). The local excitations for the E1 ® e, case are r’t° (), r't° (f), r°t! (g),
and r?t° (). The local excitations for the E; ® e; case are r°t° (j), r°t" (), r't" (0), and r't' (m).
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Cy, is the first example for which three different E rep-
resentations exist, leading to nine distinct E, ® ep combina-
tions. The Cy, JT system also shows a new feature in the case
of Ei ® e3, namely, a leading term in the diabatic Hamilto-
nian of third order. The vibronic state densities for the differ-
ent combinations E; ® e1, Ey ® e, and E; ® e3 are displayed
in for the ground and first few excited states. The E; ®
e; case with a quadratic leading coupling term does not present
a Berry phase. As a consequence, the level ordering for the
ground state septet shows a nondegenerate lowest vibronic state
(A,) followed by three doubly degenerate levels (Ei/E,/E3) [see

]. The same ordering is obtained in and

AQ/El/EZ/E?,/BQ

Ay/E/Ey/Es/By  By/Es/Es/E1/A;

ARTICLE scitation.org/journalljcp

which corresponds to a single and a double radial excitation. By
contrast, in ,a single tangential excitation induces an order
of E3/E;/Ei/A; for the vibronic levels of the tunneling set. For both
Ei ® e; and E; ® e3, a geometric phase effect is expected due to
the odd power of the leading coupling term (see ). As a
result, the lowest vibronic levels are doubly degenerate with an E;
ground state for the case with a linear coupling term E; ® e; and
a lowest level of E; in the case of the cubic leading term for E;
® e3. In the case of E; ® e, the order Ei/E3/E;/A; obtained for
the ground state multiplet [ ] and for the radial excita-
tions [ and ] is modified into A1/E,/E3/E; when a
single tangential excitation is present [ ]. The third order

-

B, /E3/Ey/E;1 /A,

As/E\/EyJEs/By  As/Ei/Ey/Es/Bs

FIG. 13. Density of vibronic state wave functions plotted for n = 8 in the Qx, Q, plane. (a)-(d) show the E1 ® e case, (e)-(h) show the E1 ® e, case, and ( j}-(m) show the
E, ® e case. The local excitations for the £1 ® e; case are r°t° (a), r't® (b), r°t" (c), and r?t° (d). The local excitations for the E1 ® e, case are r’t° (e), r't° (f), r°t! (g),
and r't! (h). The local excitations for the E; ® e4 case are r°t° (j), r°t" (), r'£® (1), and r2£° (m).
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leading term of E; ® e3 results in an E/E1/E3/A; set of levels
for the ground state multiplet and for multiplets corresponding to
radial excitations [Figs. 12(j) and 12(1)] and in an A,/E3/E,/E; level
ordering when a single tangential excitation is involved [Figs. 12(k)
and 12(m)].

Finally, we present the various cases for Cg, for which again
three different E representations exist. The nine possible Ex ® eg
combinations yield four different Hamiltonians of which the E; ® e;
one is isomorphic to the Cy,, case. This is due to the fact that Cy, is
a subgroup of Cs,, and the situation is similar to the previously seen
Cev Ei13 ® e, cases. Distinct new cases are found for the isomorphic
sets {E1,3 ® 61,3}, {E1,3 ® ez}, and {Ez ® 61,3}. Of these sets, Only {E1,3 ®
e;} shows an odd leading coupling term and thus a geometric phase
due to the electronic Hamiltonian. The other two sets have even
leading coupling terms, and thus the electronic Hamiltonian does
not induce a GPE. A symmetry analysis of the vibronic eigenstates is
performed using model simulations and the corresponding densities
of the first few tunneling sets for the three new, distinct cases are dis-
played in Fig. 13. The ground state tunneling octet for the bosonic
E1 ® e case shows a nondegenerate A, lowest level, as expected, fol-
lowed by Ey, E», E3, and B, and thus is comparable to the findings for
C7v E1 ® e1. The next tunneling set is due to a single radial excita-
tion, clearly visible in Fig. 13(b) and thus has the same level ordering
as the ground state set. The first tangential excitation is found for the
following tunneling set displayed in Fig. 13(c) and leads to a change
of level ordering, which now reads B1/E3/E;/E;/A,. Finally, a double
radial excitation is found and, in agreement with the theoretical pre-
diction, the observed level ordering is back to that of the ground state
octet.

In contrast to the E; ® e; combination, the Hamiltonian of
the E1 ® e, system has a leading coupling term of odd (first)
order and thus the electronic Hamiltonian induces a geometric
phase in the ground state multiplet. Furthermore, the e, coordinates
are invariant under C, rotation like in the case of the e, coordi-
nates of Cg,. This causes the lower adiabatic PES sheet to support
only four equivalent minima, and thus the vibronic states show
up as tunneling quartets. It is also expected that the ground state
should be doubly degenerate, which indeed is found in the numer-
ical example. As seen in Figs. 13(e)-13(h), each tunneling quartet
is composed of one E; and one E; state. The observed ordering
is E/E3 for all sets with no or even tangential quanta [Figs. 13(e)
and 13(f)] and Es/E; for all cases with odd tangential excitations
[Figs. 13(g) and 13(h)].

Last but not least, the E; ® e; JT system is investigated for
completeness. The leading coupling term of the electronic Hamil-
tonian is of fourth order, and thus the system is expected to
show bosonic character. This is confirmed by the numerical sim-
ulation summarized in Figs. 13(j)-13(m). The ground state octet
displayed in Fig 13(j) and the tunneling sets corresponding to
radial local excitations exclusively all result in a level ordering
of A»/Ei/E;/E3/B; in analogy to the other bosonic case E; ® e;
[Figs. 13(a)-13(d)]. The single tangential local excitation visible
in Fig. 13(k) leads to a set with a changed level ordering of
Bi1/E3/E>/E1/Aj, also in agreement with the finding for the E; ® e;
case [Fig. 13(c)].

The above numerical examples clearly confirm the general pat-
tern following from the analytic analysis using the next neighbor
approximation.

ARTICLE scitation.org/journalljcp

V. CONCLUSIONS

The quantum dynamics and the geometric phase effect (GPE)
are studied in the present work for E, ® eg Jahn-Teller systems of
Cyv groups with n varying from 3 to 8. The coupled potential energy
surfaces (PESs), represented by analytical diabatic 2 x 2 matrices and
derived here for all cases up to n = 8, all present at the symmetry
coordinate origin a conical intersection or touching point depend-
ing on the n, a, and S values. The presence or absence of a GPE
around this origin is directly linked to the polynomial order of the
leading coupling term. The analytically unraveled characteristics of
the coupled surfaces generally show an inner and an outer region
separated by the location of additional conical intersections. These
additional intersections do affect the conclusions about the presence
or absence of a GPE when considering spatially extended vibronic
wave functions for systems for which an odd number of additional
conical intersections are present (thus mostly for odd n). By con-
trast, no change between inner and outer region results for systems
with an even number of additional intersections (most of the cases
with even ). These effects are studied analytically and are also visu-
alized by plotting the vector fields of the eigenvectors of the diabatic
Hamiltonian in the plane of the Cartesian eg symmetry coordinates.
The lines of sign change of the wave functions are clearly visible and
are correlated with the order of the leading coupling term of the
Hamiltonian. These topological slits are responsible for the presence
or absence of the nontrivial topological phase in the adiabatic wave
functions.

A second fundamental aspect is the presence of n/m equiv-
alent minima on the lower adiabatic PES sheet for all C,, E, ®
eg systems (m depending on 7 and f). Such a topography leads
to the existence of n/m-fold sets of vibronic eigenstates, which are
studied in detail in the present work. These sets can be under-
stood in terms of “local vibrations” within each of the local min-
ima and a symmetrization over the equivalent PES wells. The local
vibrations can be characterized as tangential or radial motions,
respectively, when transformed to polar coordinates. This results in
the formation of what we call vibronic tunneling sets, which can
be obtained by a simple Hiickel type model for weakly interact-
ing local vibrations in a next neighbor approximation. The GPE
has a clear impact on the level ordering of the tunneling mul-
tiplets, which furthermore depends on the type of local vibra-
tion. This effect is due to the sign of the tunneling parameter
as shown analytically and changes the level ordering only if the
local vibration corresponds to odd excitations of the tangential
mode. Since the local environment within each well has a low-
ered “local symmetry,” the PES is distinctly different in the radial
and tangential direction, respectively, leading to an energetic split-
ting between the corresponding tunneling sets. The GPE, together
with the interpretation of local vibrations and symmetrization, is
key for understanding the complicated vibronic spectra of real JT
systems. The analysis of such spectra could also yield experimen-
tal evidence for the impact of the GPE. Any experiment which
would provide reliable energy and symmetry data for all levels
within a tunneling multiplet would be suitable to confirm the
predicted effect of the nontrivial geometric phase on the level
ordering.

The theoretical predictions obtained from the above analy-
sis are tested using numerical models restricted to the two lowest
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coupling terms for each case and determining the low energy range
of the vibronic spectra for all C,, Eq ® eg JT systems up to n = 8.
For all cases studied, the lower adiabatic PES sheet presents n/m
equivalent wells as predicted. The signature of the GPE caused by the
electronic Hamiltonian is that the vibronic ground state is a degen-
erate state of E symmetry. This is well known for Cs, and general
linear vibronic coupling models. As shown here, this is always the
case if the leading coupling term is of odd order and the vibronic
wave function is dominated by the inner region of the PESs. For
n > 3, we show that the degeneracy, and more precisely the irre-
ducible representation, of the vibronic ground state does depend on
n, a, and B. Furthermore, the numerical results confirm the theo-
retical interpretation of the tunneling multiplets in terms of sym-
metrized local vibrations. The different effect of local radial and
tangential excitations, respectively, is clearly reflected in a change
of the level ordering within each tunneling multiplet. The symmetry
analysis of the numerical results provides a full characterization of
the computed vibronic states for all cases treated. These results will
be of significant help in the understanding of vibronic spectra of real
systems.
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A new diabatization method based on artificial neural networks (ANNs) is presented, which is capa-
ble of reproducing high-quality ab initio data with excellent accuracy for use in quantum dynamics
studies. The diabatic potential matrix is expanded in terms of a set of basic coupling matrices and the
expansion coefficients are made geometry-dependent by the output neurons of the ANN. The ANN is
trained with respect to ab initio data using a modified Marquardt-Levenberg back-propagation algo-
rithm. Due to its setup, this approach combines the stability and straightforwardness of a standard
low-order vibronic coupling model with the accuracy by the ANN, making it particularly advanta-
geous for problems with a complicated electronic structure. This approach combines the stability
and straightforwardness of a standard low-order vibronic coupling model with the accuracy by
the ANN, making it particularly advantageous for problems with a complicated electronic struc-
ture. This novel ANN diabatization approach has been applied to the low-lying electronic states of
NOs as a prototypical and notoriously difficult Jahn-Teller system in which the accurate descrip-
tion of the very strong non-adiabatic coupling is of paramount importance. Thorough tests show
that an ANN with a single hidden layer is sufficient to achieve excellent results and the use of
a “deeper” layering shows no clear benefit. The newly developed diabatic ANN potential energy
surface (PES) model accurately reproduces a set of more than 90 000 Multi-configuration Refer-
ence Singles and Doubles Configuration Interaction (MR-SDCI) energies for the five lowest PES

sheets. Published by AIP Publishing. https://doi.org/10.1063/1.5053664

. INTRODUCTION

The fundamental understanding of chemical processes
and spectroscopy is one of the main goals in chemi-
cal physics and theoretical chemistry. A key component
in the strive for such understanding is the study of the
underlying molecular quantum dynamics. With the ongo-
ing advances of theoretical and experimental treatments of
chemical systems alike, fundamental insights regarding chem-
ical dynamics become increasingly available. However, the
complexity of experimental data and the intricacy of theo-
retical treatments vastly increase with the size of the sys-
tem. Therefore, extending the fundamental insights to larger
systems is of great interest and an active field of current
research.

One of the core issues in the theoretical treatment of
systems beyond triatomics is the development of accurate
high-dimensional potential energy surfaces (PESs), which
provide the basis for quantum-dynamical investigations. In
the case of a single adiabatic electronic state, several strate-
gies for developing higher-dimensional PESs of sufficient
accuracy have been established. One class of approaches is
based on local interpolation techniques,' and another one
uses invariant polynomials and least-squares fitting to uti-
lize the permutation symmetry of indistinguishable nuclei.®
However, extending these methods to PESs of multiple
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excited states proves difficult due to the added complexity of
accounting for state-state interactions. Recent attempts to
tackle this issue have been formulated by utilizing the mod-
ified Shepard interpolation’ and by using invariant poly-
nomials and complete nuclear permutation-inversion (CNPI)
symmetry. 0!

The proper inclusion of excited states requires a number
of PESs and their couplings to be represented in an appro-
priate form. In general, there will be at least some region in
nuclear configuration space (NCS) with a high density of elec-
tronic states, such that interactions among electronic states
become significant, rendering the Born-Oppenheimer (BO)
approximation invalid. For such a case, a quasi-diabatic rep-
resentation of the coupled electronic states has been found
to be of great advantage.'”>>> Quasi-diabatic, which will be
referred to as “diabatic” from here on for the sake of sim-
plicity, means that the state basis to represent the electronic
Hamiltonian is required to preserve the character of the elec-
tronic states as much as possible, reducing the nonadiabatic
(or derivative) coupling to a degree that it can be neglected
safely. Thus, the electronic Hamiltonian will be represented
by a non-diagonal PES matrix encoding all state energies and
couplings. One advantage is that the matrix elements of the
electronic Hamiltonian become simple, well-behaved func-
tions of the nuclear coordinates, reducing the complexity of
finding analytic expressions for them. The simplest (and most
commonly used) such approach utilizing the diabatic represen-
tation is the multi-mode linear vibronic coupling method by
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Koppel, Domcke, and Cederbaum?® as well as similar methods
developed by Yarkony and co-workers.?’—? These treatments,
while suitable for the simulation of certain ultra-fast nonadia-
batic processes, are too limited to represent more extended
regions of the coupled PESs as required for the treatment
of more complicated dynamical processes. Therefore, exten-
sions of vibronic coupling models needed for the treat-
ment of dynamical processes of higher complexity have been
developed.?!3% Furthermore, several other approaches exist
utilizing properties of the adiabatic electronic wave func-
tions for diabatization.'821:222437-42 Most of these methods
do not require a model diabatic matrix, meaning that they
do not yield a set of PESs in closed mathematical form.
Therefore, a second step would be required to represent
the diabatic matrix elements provided by a point-wise dia-
batization scheme by some external mathematical model.
Representing the diabatic energies and couplings accurately
and in closed form as diabatic PESs beyond simple mod-
els is still a major problem for systems with more than
three atoms.*>6 This has been attempted by the aforemen-
tioned methods of extending vibronic coupling models in
various ways,*! 3¢ using modified Shepard interpolation’~ or
invariant polynomials and CNPI symmetry'® as well as by
choosing elaborate functional forms for the diabatic matrix
elements.*>* However, the number of accurate diabatic
surfaces for such systems in the literature remains rather
scarce.

Recently an alternative approach for the representation of
PESs evolved utilizing artificial neural networks (ANNs),*7-3
which are trained by various methods usually based on ana-
lytic reference data from other models or ab initio data. It has
been shown mathematically that ANNs are capable of uni-
formly representing any continuous real function of n dimen-
sions up to arbitrary accuracy.®® Therefore, in principle, it
should be possible to train an appropriate neural network
to represent any PES accurately with respect to the under-
lying data given. Apart from the high accuracy that can be
achieved, ANNs have the advantage that they can be evalu-
ated very efficiently once trained, which plays a key role in
quantum dynamics methods such as multi-configuration time-
dependent Hartree (MCTDH) where the evaluation of the PES
is the most time demanding part.%”-°8 While ANNs are in prin-
ciple capable of reproducing arbitrary continuous functions,
this is in practice of course limited by the acquisition of data,
training algorithm, chosen network architecture, and an issue
commonly referred to as “over-fitting.” However, ANNs have
already been used with impressive results to represent a sin-
gle PES based on high-level ab initio-data.5>% Some first
attempts to extend the use of ANNS to diabatic PESs are also
known.%%-7°

In the present work, a novel ANN based diabatization
approach is used to accurately represent the coupled PESs of
electronically excited states with strong Jahn-Teller (JT) cou-
plings. For this purpose, an ANN-based diabatic model has
been developed and trained to represent the low-lying elec-
tronic states of NO5. The new method is described here for the
first time and the overall quality, the resulting PES model, and
the stability of the fitting procedure is analyzed depending on
various factors.
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Il. THEORY
A. Adiabatic and diabatic representation

As pointed out above, we aim for an accurate diabatic
representation of the electronic Hamiltonian of a given molec-
ular system. Therefore, the theoretical background of adiabatic
and diabatic representations is briefly summarized in the fol-
lowing. The starting point is the total molecular Hamiltonian
with electronic degrees of freedom q and nuclear degrees
of freedom Q reading

H(q, Q) = T,uc(Q) + T(q) + Vee(q, Q). (1)
H.(0,Q)

If the nuclear motions are frozen, the nuclear kinetic energy
Thuc(Q) vanishes and what remains is the electronic Hamil-
tonian H,; consisting of the electronic kinetic energy T,
and the Coulomb potential V. The eigenvalues E}'(Q) and

eigenfunctions ¥ (q; Q) of H,; can be evaluated by suit-
able ab initio methods for selected points Q in the nuclear
configuration space. The E}(Q) depend parametrically on
the nuclear coordinates Q which yields the adiabatic poten-
tial energy surfaces (PESs) for the electronic states in ques-
tion. The set of all electronic eigenfunctions ¢ forms the
adiabatic basis for the complete molecular wave functions.
The total wave function thus can be expanded as

¥(q,Q = ) Qv Q. @)
k

Expanding H in terms of ¥, (q; Q) yields the adiabatic rep-

=~a
resentation H (Q) with all electronic degrees of freedom
integrated out

ﬁ;clj = (Tnuc(Q) + E]L:(Q)) : 6kj - KkJ(Q) )

In case that the derivative coupling terms K(Q) are small, they
can be ignored which is widely known as Born-Oppenheimer
(BO) approximation. However, this condition is often not ful-
filled for electronically excited states and K(Q) may even
become singular or very large for conical intersections or
avoided crossings, respectively.!?

By contrast, a diababatic basis {l//]‘f(q; Q)} is chosen such

that A remains negligibly small by construction so that in the
resulting Hamiltonian

—~d —~
Hyj = T - 64 + Wi(Q) )

the derivative coupling terms can be ignored just like in the
BO approximation. The kinetic (derivative) coupling of the
adiabatic representation is transformed into a potential cou-
pling in the diabatic representation since the diabatic potential
matrix W9(Q) is not diagonal anymore. Unfortunately, a dia-
batic basis cannot be defined unambiguously and can only
be determined ab initio through the computation of adiabatic
eigenstates and energies. However, it can be shown that the
diabatic matrix elements Wkdj(Q) must be simple and smooth
functions of the nuclear coordinates. Therefore, the approxi-
mate mathematical representation of W%(Q) is usually much
easier than that of E“(Q). Finally, the adiabatic basis functions
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can be expanded in terms of diabatic basis functions as

V@ Q) = D Q) - (e Q). (5)

k

This relates to a basis transformation U(Q) which would be
exact if both bases would be complete or span the same vector
space. In this case, the unitary matrix U diagonalizes W¢

U'W7U = W* = diag(W/) (6)

and the eigenvalues exactly reproduce the adiabatic energies
E{(Q).

Up to this point no approximations were necessary as all
bases were assumed to be complete. However, for any practi-
cal application, all bases involved are finite and only a small
number of states can be handled. Thus, the adiabatic states are
approximately represented in a finite N-dimensional diabatic
basis by

Nd
Vi@ Q) ~ ) uh(Q - yia; Q). )
k
N9 can be equal or greater than the number of adiabatic states
required.

B. Artificial neural networks

In the present work, multilayer perceptron feed-forward
neutral networks are utilized for the diabatization of adiabatic
molecular energy data. A feed-forward neural network is a
function taking a vector (1) as the input layer and processing
it via intermediate results ), the so-called hidden layers, to
a final output vector /) called the output layer. The vector
elements n;k) of the k™ layer are the neurons (perceptrons).

Each intermediate n*) depends solely on the previous layer
7~y

k k k). (k-1
= D)o
I}

)

Here, %) is a function of one variable XJ(.k) called the acti-
vation function, )(J(.k) being a weighted sum of the values of
the neurons 7]5"_1) of the previous layer with an added bias

term ,8](.](). The resulting ANN can be visualized as shown
in Fig. 1.

C. Diabatic model (ansatz)

Since the diabatic matrix elements are by nature slowly
varying functions of the nuclear coordinates, it is straight-
forward to expand them as multi-dimensional polynomials

as
W@ => i ]2 " ©)
[e4 I

The order of the polynomials is given by the sum of the expo-
nents n = ); nq;. Special boundary conditions like asymptotic
behaviour or periodicity may be incorporated into the defini-
tion of the nuclear coordinates Q;. The symmetry of the sys-
tem is conveniently accounted for by using symmetry-adapted
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Hidden
Layers

Output
Layer

Input
Layer

FIG. 1. A neural network with 2 hidden layers. Arrows correspond to
weighted contributions. Bias terms and activation functions are not visualized.

coordinates in which case certain expansion parameters plg
may vanish or be strictly related to other expansion param-
eters. In the latter case, it is very convenient to rewrite this
expansion in terms of basis matrices as

WYQ) = ) A ML(Q). (10)
L

The symmetry relations are encoded in the basis matri-
ces M (Q) here. This approach is extremely successful and
straightforward in the case of linear vibronic coupling®® or
for other low-order expansions. The order of the expansion
terms needs to be increased if higher accuracy of the PES
model is required over more extended regions of the nuclear
configuration space (NCS). However, the higher-order terms
cause several technical problems for the required nonlinear fit-
ting as well as possibly causing artifacts in the shape of the
PESs. Hence, the choice of terms included in the model usu-
ally requires a trade-off between lower accuracy with higher
stability and higher (local) accuracy at the cost of more erratic
behavior outside the sampling space. In the present work, we
therefore propose a new approach based on an expansion in the
basis matrices of lowest orders. The expansion coefficients are
first obtained from a standard nonlinear least-squares fit and
then are modified by corrections provided by ANNs. As will
be shown below, this new method overcomes the character-
istic oscillation features plaguing typical higher-order poly-
nomial expansions. Furthermore, this approach does not pro-
duce the erratic behavior outside of the sampling space, often
observed in higher-order polynomial expansions. The new
ANN approach, thus, leads to very robust diabatic ANN-PES
models.

The fundamental idea of this method is to render the
expansion coefficients of Eq. (10) coordinate dependent read-
ing

WIQ) = > A.(Q) - MLQ), (in
L

where each coefficient is of the form
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/12 for uncorrected terms
LQ=1 o , (12)
a; - (1 +1, (Q)) otherwise.

The constants /12 obtained from standard nonlinear fitting pro-
cedures are modified by the coordinate dependent outputs
of a trained ANN. This way, one can combine the stabil-
ity and basic qualitative description of low-order expansions
while still introducing flexibility to achieve excellent accu-
racy. Of course, the ANN must be trained properly with
respect to ab initio reference data and this training also
involves a necessary adiabatic-to-diabatic transformation. This
requires a modification of standard ANN training algorithms
described next.

D. Backpropagation of generalized outputs

All special properties of ANNs aside, they can be viewed
as parametrized functions modeled for the specific purpose of
closely reproducing an expected output t for each point in the
function’s domain. In the most simple case, the function output
n'") is modeled to directly reproduce the desired output t, in
which case the error can be measured in terms of the difference
e between the two. The problem of finding an optimal set of
parameters can then be expressed in terms of minimizing the
sum of squares error

1
V= §|e2|. (13)

Applying a (gradient descent) step in parameter space to
improve the current parameter set requires derivatives of V
with respect to all parameters wj(.f) and ,B;k). However, thanks
to the mathematical structure of feed-forward networks, the
derivatives can be easily expressed in terms of derivatives with
respect to the weighted sums )(](,k) by defining

ov
o) = PO (14)
Xj
which yields
vV _
® 5;k)'"§k U, (15a)
awﬂ
ov
e (50
’Bj

These equations generalize naturally for sums over multiple
data points by introducing a sum over all points Q,, which is
omitted for brevity. These 6](.k) are in return analytically known
from the recurrence relation

k) _ oty (LK) (k+1) (k+1)
o =f (Xj ) Zwkj N (16)
S——— k
f/(_k)
)

which terminates at the final layer, yielding

5/9‘) =—¢-f /‘.f). (17)
Evaluating and applying gradient descent steps by exploiting
the recursive nature of the required derivatives seen in Eq. (16)
is referred to as backpropagation. This scheme is generally
applicable as long as the error can be directly expressed in
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terms of the ANN output. However, in principle, the neural
network output ) can relate to the desired output t in arbi-
trarily indirect ways. For example, the present case uses the
individual output values as coefficients for a diabatic expan-
sion, which in turn produces a matrix that is diagonalized to
obtain adiabatic energies comparable to the actual ab initio
data. This processed form of '), denoted ’D(n(f)), is now
what is actually comparable to t. Hence we developed a modi-
fication allowing for arbitrary differentiable relations D(l](f))
between the output layer and physical reference data. While
the actual backpropagation remains the same, the final layer
now terminates to

: oV 6Dl(q(f))

=_Ze 9D ) (18)
PO
1 77].

In the present case, where D(l](f)) refers to the eigenval-
ues of a diabatic matrix which is parametrized by the output
layer n') as seen in Egs. (11) and (6), partial derivatives are
obtained from numerical differentiation. This is always possi-
ble as long as the target £ refers to a continuously differentiable
property. Since the diagonalization is carried out numeri-
cally, the partial derivatives must be computed numerically as
well.

E. (Adapted) Marquardt-Levenberg method

The most basic training algorithm using the back-
propagation would be a simple gradient decent approach.
However, due to the extreme non-linearity of the fitting prob-
lem, it is desirable to choose a more sophisticated algorithm
to optimize a given parameter set Q (containing all weights
and biases) than a gradient descent method can provide. A
widely used improvement is to utilize a Marquardt-Levenberg
algorithm’! which approximates the exact Hessian using the
Jacobian

Jp = — 19

T 19

and a damping term A. The working equation to produce the
correction step AQ in parameter space then reads

AQ = (375 + 1) e, (20)

It can be shown, in analogy to the derivatives of V with respect
to individual parameters, that J can be evaluated analytically.
By using backpropagation with a modified termination con-
dition,”! a single backpropagation yields all Jy for a fixed
row index [, meaning one requires as many backpropaga-
tions to construct J as there are physical outputs per data
point (e.g., adiabatic energies). In the standard case, each out-
put neuron corresponds to one physical output and the final
backpropagation layer AY) reads
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AVD = g0 1)

for a given I. We again derived a modified version for the
case that there is no one to one correspondence of neural net-
work output and physical output but an arbitrary differentiable
relation D(l](f)) instead. Equation (21) then generalizes to

A(f’l) __ oDy

=L, (22)
J an](f) J

lll. APPLICATIONS

The new method should be widely applicable and can
be used for conventional diabatization-by-ansatz problems as
well as for the more advanced approaches like the hybrid diaba-
tization’? recently developed by us. A prototypical Jahn-Teller
problem is chosen to demonstrate the novel ANN diabatiza-
tion. The first three electronic states of NOs, XzAé, AzE”, and

B’E’, have been studied by us extensively?>3673-75 and thus
NOs is an ideal benchmark system for the present study. The
results of the present work can be compared directly with our
latest diabatic PES model.”

A. Diabatic model for NO3;

For this first proof-of-principle study of the new ANN
diabatization method, a restricted-dimensional (5D) model of
the lowest PESs corresponding to the X, A, and B states of
the planar NOs3 radical has been developed. Due to the global
D3, symmetry of NO3, two pairs of PESs become degenerate
at symmetry points and are split for distorted geometries due
to strong JT coupling. Thus, the symmetry and couplings have
to be accounted for properly. Furthermore, the A state has
a rather low dissociation threshold and thus the asymptotic
behaviour of the PESs is relevant. To account for the basic
asymptotic behavior and a correct description of the complete
nuclear transformation symmetry in the underlying low-order
model, a set of symmetry-adapted coordinates has been cho-
sen as already described in previous work.3>3 First, a set of
primitive coordinates is defined comprising the three N-O dis-
tances r; and a set of O-N-O angles «;. The latter are numbered
according to the unique atom not involved in forming the angle.
These primitive coordinates are first transformed nonlinearily
as

m; = 1 —exp(—y(ri — 1)), (23a)
ol =TT iaizk (23b)
TiTk

to account for the asymptotic behaviour. Here, r¢ and a( are
the respective distances and angles at the reference point and
v is a chosen Morse-parameter. Then the transformed coor-
dinates are symmetry-adapted to yield a breathing mode a, a
degenerate pair of asymmetric stretching modes x;, y;, and a
degenerate pair of asymmetric bending modes x, y, by

1

a= \/;(ml +my + m3),
1

Xs = \/;(2m1 —-my —m3),

(24a)

(24b)

J. Chem. Phys. 149, 204106 (2018)

1
Vs = \/; (may — m3), (24c¢)
1 ’ ’ ’
Xp = \/;(Za/l —az—a3), (244d)
= \/T ; : 24
Yb = E(a’z - a'3)~ (24e)

With these coordinates, all linear coupling matrices can
be constructed with two non-trivial kinds of coupling matrix
blocks

X, X¢
Eyp = ( s,b ys,b) and ps’b _ ( s,b ) (25)

Vs,b —Xsb —Vs.b

accounting for 2E’ and E”" Jahn-Teller coupling as well as
pseudo-Jahn-Teller coupling between 2Aé and E’. The diag-
onal potential W?(Q) consists of 12 coordinate-dependent
terms up to second order listed in the Appendix. The three con-
stants defining the energy differences between the electronic
states at the D3, reference geometry are modified by the ANN
as well as the expansion coefficients of the coupling matrices.
This yields a total of 9 ANN-corrected basis matrices. In the
following, the diabatic electronic basis states are used in order
A5, ?E”, and E’. This yields the diabatic matrix

A of of
WHQ) = W, (Q+[ 0 21 0
0 0 a5l
0 o7 o7
+|0 A48 + A58 0
0 0 /168s + /178b
0 07 Agp,T + A9p,,T
+ 0 0 0 . (26)
Agps+ Aopy, O 0

where ng a contains all uncorrected diagonal terms. The first,
second, and third matrix terms encode the ANN-corrected
contributions to the diagonal potential terms, the Jahn-Teller
coupling blocks, and the pseudo-Jahn-Teller coupling blocks,
respectively. The corrected coefficients A; are of the general
form

=20 (1+¢- n](.f)(Q)). 27

Factors of ¢; allow further flexibility if particular /l? (read: the
reference model terms) reside in a different order of magnitude
than the other terms (the coupling terms) and hence require a
different treatment.

B. Ab initio data and reference fit

The extremely intricate electronic structure of the NO;
radical requires a rigorous treatment in order to obtain sta-
ble results. The ab initio data points are taken from pre-
vious work’> and were computed by Multi-configuration
Reference Singles and Doubles Configuration Interaction
(MR-SDCI) calculations based on Complete Active Space
Self-Consistent Field (CASSCF) reference wave functions
using a slightly adapted correlation consistent aug-cc-pVTZ
standard basis.”* For details of the ab initio computations,
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see Refs. 36 and 73-75. The data points have been selected
by a stochastic approach described in Ref. 76. To this end,
normalised random vectors are generated which define lin-
ear cuts through the multi-dimensional PESs starting from the
ground state equilibrium structure. Then, ab initio points are
computed along these random directions. By this approach,
we can check and ensure that the CASSCF/MRCI calcula-
tions converge to the correct result. This could not be achieved
by computing single points at random positions due to the
very complicated electronic structure of this system (as typ-
ical for radicals and excited states in general). The sampled
nuclear configuration space is selected such that the resulting
PES model is optimally suited for the simulation of spectro-
scopic properties. The 21 free parameters A° of the reference
model were fitted against this data set using a Marquardt-
Levenberg algorithm incorporated into a genetic algorithm
with a resulting root mean square (rms) error of roughly
1700 cm™!.

The large data set of roughly 90 000 ab initio reference
energies has been partitioned into training sets of 85% of the
data and external validation sets of the remaining 15% of the
energies. The validation set error is used as a convergence
parameter and does not otherwise contribute to the neural net-
work fit, but has been included in the polynomial reference
model. This technique is referred to as early stopping in the
literature.”” In the present work, this early stopping technique
is implemented in a “relaxed” fashion. Instead of immediately
stopping the fit when the reference error does not improve
along with the fitting error, the reference error must increase
for a fixed number of consecutive cycles (default is 3) before
early stopping is executed. The convergence of the fitting error
does not suffer from this restriction, as discussed in Sec. IV
below. The contributions to the squared error which is mini-
mized during the training of the neural network are weighted
with an exponential decay of energy differences of the
form

Tij = exp<_a(Eja(Qi) - Eja(QO))>' (28)

This scheme allows us to weigh regions in NCS more or less
depending on their relevance in the nuclear dynamics and thus
helps to improve the accuracy of the fit in the most relevant
regions.

C. Description of ANN setup

Apart from the actual fit, several parameters and options
regarding the ANN have been taken into consideration to
ensure an optimal setup. The final setup discussed in Sec. IV
involves ANNs with only one hidden layer of varying sizes.
The sigmoid tanh( y) has been chosen as the hidden layer acti-
vation function. For the final layer, the identity Id(y) has
been selected. Each ANN is trained starting from a set of
100 randomly generated initial guesses for weights and biases
which are then optimized according to the working equations
from Sec. II E. While modified backpropagation by itself has
been tested, it has been found inferior for the current applica-
tion compared to the modified Marquardt-Levenberg method.
Similarly, “deeper” networks with more than one hidden
layer have been tested with various size combinations, but no
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improvement compared to single layer ANNs was observed. It
has been shown by Cybenko that any continuous real function
can be represented with arbitrary accuracy by a single layer
ANN.% Since this is a consequence of the superposition of
sigmoidal functions, this also holds for multi-layer ANNs and
has been shown by Cybenko for ANNs with two hidden lay-
ers. In principle, it could be more efficient to achieve a certain
accuracy with less optimization parameters by using multi-
ple hidden layers of smaller size. Therefore, we tested this
possibility by setting up ANNs with one through four hidden
layers and layer sizes such that the total number of optimization
parameters is roughly the same. Thus, a benefit of “deep lay-
ering” ANNs would manifest itself in lower rms errors. From
a study involving various ANN topographies listed in greater
detail in Sec. IV below, we conclude that increasing the num-
ber of hidden layers shows no clear advantage for the present
case (see below). Increasing the number of hidden layers can
yield slightly better as well a significantly worse results com-
pared to a single hidden layer. Larger numbers of initial guesses
(up to 2000) were found to have no influence on the overall
quality of the final model. Various splitting schemes for fitting
reference and validation data, respectively, have been studied.
The selection of 15% of the original data as validation set has
been found to be sufficiently large to reduce over-fitting while
not being detrimental to the overall quality of the final model
by removing too many data from the training set. Table III
provides a quick overview of various choices of data partition-
ing, which is discussed in Sec. IV. Furthermore, the validation
data has been ensured to have no characteristic differences
compared to the fitting data, as random reassignment of fit-
ting and reference subsets had no significant effect on the fit
quality.

IV. RESULTS AND DISCUSSION

The single layer ANN setup described in Sec. III C yields
excellent fit results for a surprisingly low number of hidden
layer neurons. The (weighted) rms error of the primitive ref-
erence model is fairly large and about the same for both fitting
and validation data set (1730 cm™! and 1710 cm™!, respec-
tively). This is to be expected as both data sets have been
included equally in the reference fit. The reference model is
not flexible enough to represent the surface in a satisfying
quantitative way but is sufficient to reproduce the reference
data qualitatively. The remaining deviation is corrected by the
ANN model yielding PESs of very high accuracy. Various neu-
ral network sizes between 20 and 120 hidden layer neurons
have been tested as summarized in Table I. The convergence
behavior of the best rms error (and the corresponding reference
error) is presented in Fig. 2.

Considering the best ANN parametrization found in each
set of 100 initial guesses, the fitting rms expresses satisfac-
tory convergence for 60—75 neurons, the best fit from the
75 neuron set yielding a weighted rms error of 38.4 cm™!.
While the fitting rms expectedly decreases further for ever
increasing network sizes, the difference between fitting and
validation error increases also. For this reason the 75 neuron
network will be considered as the optimal result and primary
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TABLE 1. Fitting results of best and 10th best out of 100 trained networks for
each hidden layer size, depending on the number of hidden layer neurons. Both
fitting rms and rms of validation set are shown. All rms errors are weighted

and are given in cm™!.

Neurons Best Validation 10th best Validation
20 101 103 107 111
40 68.3 72.9 69.9 74.3
50 56.0 60.5 58.5 64.5
55 51.0 56.4 54.4 59.8
60 48.1 52.0 49.5 54.1
65 44.6 49.8 46.6 51.2
70 41.9 47.7 43.2 49.0
75 38.4 42.6 41.1 453
30 36.7 42.4 38.6 44.0
90 344 41.1 35.0 41.0
100 31.0 37.3 32.0 38.7
120 26.8 34.5 27.8 34.0

example to alleviate potential concerns of over fitting. Inter-
estingly, the closeness of the validation set and fitting set error
(here 38.4 cm™! and 42.6 cm™') is consistent throughout many
parametrizations in each set, as even the 10th percentile of each
set of 100 ranked ANNs generally shows the same behavior
as the best ANN itself. This is both a testament to the consis-
tency of the model in areas unknown to the fit as it is to the
stability of the method because a comparably small number
of initial guesses already produces a lot of networks of similar
quality. Knowing the basic capabilities of a 75 neuron single
layer ANN, it may be interesting to consider comparable net-
works of “increased depth,” thatis, ANNs with multiple hidden
layers. To achieve a fair comparison one can increase the
number of layers while keeping the number of corresponding
formal parameters (weights and biases) approximately con-
stant and keeping all other technical influences of the fit the
same. Overall, the errors produced by networks of increasing
depth do not show a straightforward improvement compared to
the single-layer case, as seen in Table II. While the ANN with
three hidden layers does produce slightly better fitting errors,

10
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FIG. 2. Weighted root mean square error of the best neural network of a given
set as a function of hidden layer size. Purple line represents fitting set error,
and green line represents validation set error.
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TABLE II. Fitting results of best out of 100 trained networks for each network

topography. Both fitting rms and rms of validation set are shown. All rms errors

are weighted and are given in cm™!.

Hidden layers Neurons/Layer Parameters Best Validation
1 75 1134 384 42.6
2 27 1170 96.6 104
3 20 1149 26.4 30.2
4 17 1182 759 82.5

both two and four hidden layer networks perform significantly
worse than the single layer model in this particular setup.
Therefore, increasing the number of layers shows no particular
advantage compared to the cost of increased complexity.

Another technical factor influencing the fit is that of early
stopping as described above. In order to investigate potential
(negative) impacts on the overall quality of the PES model,
the single layer 75 neuron model was fitted again without
early stopping and a maximum number of 1000 Marquardt-
Levenberg iterations. Both fitting and validation error have
been found to show no significant improvement (35.7 cm™!
and 40.3 cm™!) at the cost of missing an additional safeguard
against over-fitting. Furthermore, the training without early
stopping is much less efficient in terms of computer time which
might be a big disadvantage for the representation of larger
systems and thus larger ANNS.

Apart from the validation set as used in this work, it is not
uncommon to withhold an additional part of the data set which
is not considered in the fit at all, the so-called festing set. Fur-
thermore, choosing the relative sizes of these three data sets
may be a point of concern. In particular, increasing the valida-
tion (and testing) set(s) may be a way to further decrease the
risk of overfitting. The impact of these two factors has been
studied for the present case, again using the single layer 75 neu-
ron architecture as a benchmark. Table III shows the results of
comparing the present case (85% fit: 15% validation: 0% test-
ing) against a standard literature case (85%: 10%: 5%) as well
as the extreme case of choosing a training and validation set of
equal size, again with and without the 5% testing set. Due to
the extreme similarity of validation and testing rms, no benefit
has been observed in withholding data for a testing set. Instead,
introducing a testing set at the cost of reducing the validation
set has only been found to increase the difference between fit
and validation for the present case. Similarly, an even split
between validation and fitting data has not been found to
have any beneficial effect compared to the cost of increased

TABLE III. Fitting results of best out of 100 trained networks (single layer,
75 neurons) for each choice of data split. The full data set is segmented into
a set for fitting, a validation set for convergence testing (early stopping), and

an independent test set. All rms errors are weighted and are given in cm™ .

Split Best Validation Testing
85%: 15%: 0% 384 42.6 o
85%: 10%: 5% 39.3 47.0 45.6
50%: 50%: 0% 37.7 532 ...
50%: 45%: 5% 384 50.2 50.2




204106-8 D. M. G. Williams and W. Eisfeld

T
fitting rms —6—
100 0 —o—

Error [cm'l]

Hidden layer size

FIG. 3. State-resolved convergence behavior of unweighted root mean square
error for ab initio data points up to 1 eV above respective reference point
energy. States are enumerated from ground state to energetically highest lying
state. Gray: weighted fitting set error.

disparity between the two. For this reason, our preferred dis-
tribution of the reference data is 85% fit: 15% validation:
0% testing.

Another useful measure for the accuracy of the surface
is the unweighted rms error of the adiabatic energies below a
certain threshold. Since we are particularly interested in the
quality of the surface in the physically relevant region, the
cutoff energies have been chosen 1 eV above the reference
point energies, which results in about 15 000 ab initio values
for each electronic state.

Considering again all network sizes as shown in Fig. 3 and
Table IV, one finds that the unweighted errors are generally
well below the weighted fitting rms for all states except the
first (and to a lesser degree third) excited state. This indicates
that the physically relevant regions of the surface are repro-
duced even significantly better than the weighted rms over all
ab initio data points would indicate. While the convergence of
the individual states initially appears more erratic than the total
weighted error for small networks, it becomes well-behaved

TABLE IV. Fitting results of best out of 100 trained networks of size 20 to
120, depending on the number of hidden layer neurons. Both fitting rms and
rms of validation set are shown. All rms errors are unweighted with a cutoff

1 eV above each state’s reference energy. All errors are given in cm™!.

Neurons State 0 State 1 State 2 State 3 State 4
20 49.2 103 63.0 87.4 49.5
40 343 75.1 52.0 55.3 37.5
50 32.7 55.2 39.3 473 37.4
55 31.0 48.8 36.8 42.3 34.3
60 30.5 48.7 36.4 40.5 31.0
65 27.4 46.4 353 354 27.6
70 24.6 40.8 30.2 34.1 30.0
75 229 394 29.3 30.2 23.1
80 22.4 38.7 29.7 28.2 20.8
90 19.9 35.1 27.7 27.1 22.2
100 19.1 31.6 23.1 24.3 20.2
120 16.3 27.1 21.0 21.0 16.5

J. Chem. Phys. 149, 204106 (2018)

for networks approaching acceptable sizes (55 onwards). What
remains to be investigated further is the outlying error of the
first excited state, which almost appears to dominate the total
weighted error for large network sizes. This behavior is easily
explained when investigating the topographical complexity of
the individual sheets, as the first excited state has a far more
complicated multi-minimum structure than the ground state,
resulting in more strain for the network. Conversely, the ground
state itself is extremely well reproduced due to its significantly
simpler shape. With both convergences with respect to net-
work size and initial guess number sufficiently expanded upon,
what remains is a deeper analysis of the produced diabatic
model.

Given the previously considered 75 neuron network, the
cutoff-rms of 30.0 cm™' turns out to be significantly smaller
than the weighted rms of 38.4 cm™!. The ground state by
itself is reproduced with a corresponding cutoff-rms of only
22.9 cm™!. The performance of the ANN model compared to
the polynomial reference model is also demonstrated graph-
ically in Figs. 4 and 5. Figure 4 shows that the ANN model
consistently reproduces the ab initio data quantitatively over
the complete energy range of 6 eV for an arbitrary cut through
the 5D surfaces. While the reference model shows significant
deviations of over 1 eV, the ANN fit is indistinguishable from
the reference energies at the scale of the plot. This also applies
to scans from the validation data set, as can be seen in Fig. 5,

Energy [eV]

0 0.25 0.5 0.75 1
Scan coordinate T

FIG. 4. Comparison of ANN model with underlying primitive reference
model along a linear random cut through the 5D surfaces taken out of the
training set. Above: energies produced by ANN model. Below: energies pro-
duced by polynomial reference model. Circled dots are ab initio fitting data.
T is an arbitrary scan parameter.
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Energy [eV]

0 0.25 0.5 0.75 1
Scan coordinate T

FIG. 5. Comparison of ANN model with underlying primitive reference
model using validation set data. Above: energies produced by ANN model.
Below: energies produced by polynomial reference model. Circled dots are
ab initio validation data. Data points belong to a random cut through the 5D
surfaces, 7 is an arbitrary scan parameter.

indicating consistent behavior beyond the fitting data. Looking
at the two sheets of the 2E” state as a function of the e’ stretch
coordinates x; and y;, Fig. 6 displays the symmetry-induced
three equivalent minima characteristic for the lower adiabatic
sheet. While this behavior is to be expected of a quantita-
tively correct surface, it follows in no way from the underlying
reference model. This is due to the fact that linear coupling

Energy [eV]

FIG. 6. Cross section of diabatic PESs of the two sheets of the 2E” and two
sheets of the 2E’ state of NO3 depending on the stretching modes x; and y;.
Contour lines facing outwards are drawn white. The cross section’s rim has
been marked in black to highlight the present conical intersections.

J. Chem. Phys. 149, 204106 (2018)

terms as used in the reference model are only capable (with-
out inclusion of higher order coupling terms) of producing
rotationally symmetric “mexican hat”-like potentials. Hence,
all characteristic features of the PESs are inherited from the
ANN correction. The two adiabatic PES sheets belonging to

the B°E’ state are also displayed in Fig. 6. The three equivalent
PES wells in the E’ manyfold are less pronounced compared
to the 2E” state and thus not so clearly visible in the figure.
The figure also reveals additional intersections between the
2E”” and *E’ PESs which certainly has an impact on the quan-
tum dynamics of the photochemistry of NOj3 after excitation
into the B state. These additional conical intersections also
become obvious from Fig. 7 in which the adiabatic energies
of the five state components are displayed along the 1D bond
dissociation coordinate rNQ.

The novel ANN approach presented here has one further
extremely positive feature beyond its general ability to repro-
duce the ab initio data with very high accuracy. The Taylor
expansions of the diabatic matrix used so far tend to produce
rapid oscillations and even unbound areas in configuration
space where no ab initio reference data is available. These
Taylor expansions require a considerable trade-off between
local accuracy (higher orders, greater flexibility) and stability
of the model (lower orders, fewer oscillations). By contrast,
the ANN model is found to be completely robust against such
oscillations and unbound regions. Considering, for example,
a scan along an N-O distance as seen in Fig. 7 which has not
been included in the fit, the model shows the ability to pro-
duce a complex coupling structure of the higher states without
producing oscillations in the repulsive wall. The reason for

Energy [eV]

oF

1 1 1 1 1
-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 1.25
NO displacement [A]

FIG. 7. Scan along NO distance around the reference point with all other
coordinates frozen at the reference geometry. The ANN model reproduces con-
ical intersections not included in the reference model and shows appropriate
asymptotic behaviour.
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this is that the used neural networks, unlike polynomials, are
by nature composed of slowly varying sub-expressions (sig-
moid functions) which merely increase in number but remain
unchanged in character for larger networks while polynomial
expansions introduce terms of increasingly erratic behavior
which need to be compensated for by all other terms at every
reasonable point in coordinate space. Furthermore, it is impor-
tant to keep in mind that the neural network model does not
need to reproduce the coupling terms directly. It only needs to
correct a low-order polynomial model which is already intrin-
sically bound and free of oscillations. Each contribution is
scaled in a way such that the neural network corrections reside
in the order of magnitude of the expected terms. It turns out
that this is an invaluable property of the novel ANN approach
when used for quantum dynamics simulations. A demonstra-
tion of the strength of the ANN diabatization method pre-
sented here will be given in a forthcoming quantum dynamics
study.

V. CONCLUSIONS AND OUTLOOK

A new diabatization approach is presented to accurately
represent the coupled PESs of strongly interacting electronic
states. The core idea of this method is to express the diabatic
model in terms of a primitive low-order polynomial expan-
sion whose coefficients are then modulated by an artificial
neural network (ANN). This approach combines the stabil-
ity and straightforwardness of a standard low-order vibronic
coupling model with the accuracy provided by the ANN as
required for reliable quantum dynamics simulations. The new
approach is applied to a 5-dimensional 5-state model of pla-
nar NOs. Special attention has been paid to the stability of the
fitting algorithm, the overall consistency of the resulting PESs
throughout the ab initio data, and the quality of the model with
respect to the whole data set including points not used for the
ANN training as well as the regions which are most relevant
for future dynamics calculations, namely, the potential wells.
The model has been found to excel in all of the above areas.
Furthermore, extensive tests show that a single hidden layer is
sufficient for this excellent performance and that “deeper” lay-
ering shows no clear benefit. While the primitive and easy to
obtain reference model only provides a general bound shape of
the potential roughly representing the reference data, the final
model is of outstanding quality over an energy range of 6 eV.
Despite being intrinsically non-linear, the algorithm produces
many high-quality parameter sets even for a small number of
initial guesses. Of the roughly 90 000 ab initio reference ener-
gies obtained from ab initio CASSCF/MR-SDCI calculations,
a subset of 15% has been excluded from the training data,
but used as validation set for a convergence test to prevent
over-fitting. This validation data set has been found also to be
represented with excellent accuracy by the final ANN model
despite these data not being used to train the ANN.

The present study demonstrates that the proposed method
is capable of producing stable, high-quality PESs based on a
straightforward and easy to extend model. What remains is
the extension of the model to a full-dimensional description of
NOs, including the umbrella motion as well as corresponding
couplings in the diabatic matrix. Furthermore, as a final study

J. Chem. Phys. 149, 204106 (2018)

of the resulting PESs, appropriate quantum dynamics calcula-
tions are already in progress. As the approach laid out in this
paper is generic, applying it to different systems as well as
different kinds of coupling (e.g., relativistic coupling) appears
to be very promising.
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APPENDIX: DIAGONAL MODEL TERMS

For the sake of simplicity, let rib be given as

2 _ 2 2
rs,b - xs,b +ys,b' (Al)

The totally symmetric diagonal contributions of the reference
model are expressed here in terms of three independent scalar
functions V;(Q)
Vi(Q 0" 0"
Wi, Q=] 0 WQ1 0
0 0 V3(Q)1.
Apart from the constant terms, referring to the vertical exci-
tation energies at the reference point, an expansion of each

V;(Q) up to second order yields four (constant) coefficients
H, and the corresponding polynomial terms

(A2)

ViQ) = -a+ i@+l 4 pdyorp. (A3)
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ABSTRACT

A recently developed scheme to produce high-dimensional coupled diabatic potential energy surfaces (PESs) based on artificial neural net-
works (ANNs) [D. M. G. Williams and W. Eisfeld, J. Chem. Phys. 149, 204106 (2019)] is tested for its viability for quantum dynamics
applications. The method, capable of reproducing high-quality ab initio data with excellent accuracy, utilizes simple coupling matrices to
produce a basic low-order diabatic potential matrix as an underlying backbone for the model. This crude model is then refined by making its
expansion coefficients geometry-dependent by the output neurons of the ANN. This structure, strongly guided by a straightforward physical
picture behind nonadiabatic coupling, combines structural simplicity with high accuracy, reproducing ab initio data without introducing
unphysical artifacts to the surface, even for systems with complicated electronic structure. The properties of diabatic potentials obtained by
this method are tested thoroughly in the present study. Vibrational/vibronic eigenstates are computed on the X and A states of NO3, a noto-
riously difficult Jahn-Teller system featuring strong nonadiabatic couplings and complex spectra. The method is investigated in terms of how
consistently it produces dynamics results for PESs of similar (fitting) quality and how the results depend on the ANN size and ANN topogra-
phy. A central aspect of this work is to understand the convergence properties of the new method in order to evaluate its predictive power. A
previously developed, high-quality model utilizing a purely (high-order) polynomial ansatz is used as a reference to showcase improvements
of the overall quality which can be obtained by the new method.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125851

I. INTRODUCTION

The development of accurate high-dimensional potential
energy surfaces (PESs) is of fundamental interest for the theoret-
ical treatment of molecular systems, providing a foundation for
quantum-dynamical studies. Several strategies have been established
for developing such PESs in the case of a single adiabatic electronic
state, such as local interpolation techniques, ~ or least-squares fit-
ting approaches utilizing invariant polynomials encoding complete
nuclear permutation-inversion (CNPI) symmetry of indistinguish-
able nuclei.” However, extending such approaches to PESs includ-
ing excited states proves difficult as state-state interactions enter the

picture. Attempts to tackle this issue include the use of the modi-
fied Shepard interpolation” ’ or more recently invariant polynomials
and the CNPI symmetry. "'

A fundamental concern that arises when accounting for state-
state interactions is the appropriate representation of PESs and their
couplings as the Born-Oppenheimer approximation will not hold for
certain regions in nuclear configuration space (NCS) where inter-
actions among electronic states become significant. In such a case,
a quasidiabatic representation of the coupled electronic states has
been found to be of great advantage.'” *” For the sake of brevity,
we will refer to quasidiabatic representations as “diabatic” repre-
sentations from here on. Such a representation requires the state

J. Chem. Phys. 151, 164118 (2019); doi: 10.1063/1.5125851
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basis to represent the electronic Hamiltonian and to preserve the
character of the electronic states as much as possible throughout
NCS such that derivative coupling becomes small enough that it can
be neglected safely. As a consequence, the electronic Hamiltonian
is represented by a nondiagonal matrix encoding all state energies
and couplings. Accordingly, the matrix elements of the electronic
Hamiltonian become well-behaved functions of the nuclear coordi-
nates, decreasing the complexity required to express them analyti-
cally. A commonly used, straightforward approach utilizing diabatic
representations is the multimode linear vibronic coupling method
by Képpel, Domcke, and Cederbaum.” Analogous methods have
been developed also by Yarkony and co-workers.” "’ Such meth-
ods, while well-suited for ultrafast nonadiabatic processes, do not
provide the flexibility needed to express extended regions of the
coupled PESs needed for more complicated dynamical processes.
Consequently, various approaches have been developed to prop-
erly account for extended regions of the PES, such as extensions of
vibronic coupling models to higher orders’ *® and methods utiliz-
ing properties of the adiabatic electronic wave functions for a dia-
batization.'**"”>***""*> Members of the latter group of diabatization
approaches involving electronic wave function information usually
do not require a model diabatic matrix, thus not yielding a set of
PESs in closed form. Hence, these (pointwise) diabatization methods
require a second step in which an external model is used to construct
(fit) the diabatic matrix elements.

Overall, constructing accurate diabatic models in closed form
beyond simple models such as linear vibronic coupling remains a
significant problem for systems beyond triatomics.”’ ** Attempts to
do so include the aforementioned extension of vibronic coupling
models in a variety of ways,”' " using the modified Shepard interpo-
lation”” or invariant polynomials and the CNPI symmetry'’ as well
as by choosing elaborate functional forms for the diabatic matrix ele-
ments.”” "’ Nonetheless, instances of such diabatic surfaces remain
scarce in the literature.

An alternative, more recent approach to represent PESs
involves using artificial neural networks (ANNs),”** which are fit-
ted (“trained”) against ab initio or some reference data. ANNS, as
has been shown mathematically, are capable of uniformly represent-
ing any continuous real function of n dimensions up to arbitrary
accuracy.”” This makes them in principle suitable for representing
arbitrary PESs up to the limitations of the underlying data. Another
prominent feature of ANNS is that, once trained, they can be eval-
uated very efficiently as their evaluation consists mostly of matrix-
vector multiplications, making them particularly suitable for quan-
tum dynamics methods such as multi-configuration time-dependent
Hartree (MCTDH),”*’ especially when using the correlated discrete
variable representation (CDVR)" scheme for which the evaluation
of the PES is the most time demanding part. Without using the
CDVR approach, a sum of products form of the PES model can
be accounted for by special formulations of the ANN.”**"*” Despite
their mathematical properties, the principal capabilities of ANNs are
of course limited by practical concerns such as the acquisition of
data, limitations of the training algorithm, and an issue commonly
referred to as “overfitting.” However, ANNs have been used already
with impressive results to represent a single PES based on high-
level ab initio data.”**** Very recently, the first attempts to extend
the use of ANNs to diabatic PES models were documented in the
literature.”"”’
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Our recently developed approach presented in Ref. 73 com-
bines the basic, simple structure of a low-order vibronic coupling
ansatz with the ANN introducing the flexibility needed to construct
highly accurate PESs. Planar (5D) NO; was chosen as the first test
case because it is certainly a tough, nontrivial problem and, sec-
ond, plenty of data and experience are available. The new approach
has proven to perform better in terms of overall accuracy than the
previous approach which was based on inclusion of high-order poly-
nomial expansions.”"*’*"* More than one parameterization of the
ANNS as defined in Ref. 73 leads to very similar rms vs the electronic
ab initio energies. Selecting one of them as the “most physically rele-
vant” is thus not straightforward. In the present study, we investigate
the performance of these ANN based coupled PESs by computing
the bound states they support. Similar to the previous paper,”” planar
NO:s serves as a benchmark system. The low-lying electronic states of
NOs3 are a notoriously difficult system with strong Jahn-Teller (JT)
coupling.”*”>” In this work, only planar geometries are consid-
ered, mostly because of the computational cost reduction in dealing
with a 5-dimensional instead of a 6-dimensional system. This pla-
narity constraint also allows us to determine the vibronic energies
of the first excited state of NOj3 as it decouples from the other elec-
tronic states when NOj stays planar. The first excited state presents
a strong JT effect. We investigate the method’s performance by con-
verged accurate quantum dynamics computations of the vibrational
states supported by the *A} adiabatic electronic ground and of the
vibronic levels supported by the “E” first excited state. Energies are
compared with the ones supported by the potential energy surfaces
previously published’®”* and based on a high-order polynomial dia-
batic model. A direct comparison is made possible due to the use of
the same underlying ab initio data set. The results are also compared
to the available experimental data for the two *A} and *E” electronic
states.

Il. DIABATIC POTENTIAL MODEL

In this work, the properties of the recently developed restricted-
dimensional (5D) model of the lowest PESs corresponding to the
X 245, A%E", and B *F’ state of the planar NO; radical are tested
thoroughly. A brief summary of the crucial aspects of the pre-
sented model and diabatization method is given below, all details
regarding both being available in Ref. 73. The core idea of this
method is to combine the advantages and general structure of a
low-order vibronic coupling model with the accuracy of ANNSs.
To achieve this, we construct a minimal, symmetry-adapted poly-
nomial model and fit its coefficients by a nonlinear least squares
procedure yielding a qualitatively correct but not very accurate
initial model that follows the general shape of the final surfaces.
Then, in a second step, most of the obtained parameters are mod-
ified by an ANN making them coordinate dependent. This way,
the polynomial model dictates the overall structure of the cou-
pling model, while the neural network applies corrections to indi-
vidual terms yielding significantly improved (and in fact excellent)
accuracy.

In the present case, our underlying ansatz for the dia-
batic matrix is expressed as a sum of diagonal and coupling

. 12,32,73
matrices,
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The matrices &, are the first-order Jahn-Teller coupling blocks, and
the vectors p;;, are the pseudo-Jahn-Teller coupling blocks. These
couplings are given by

Xsb sb Xs,b
. P and py, - ( : ®)
Ysp  —Xsb ~Ysb

where symmetry-adapted coordinates corresponding to the degen-
erate asymmetric bending and stretching modes x;;, ys,, have
been used. These coordinates, together with a totally symmetric
stretch coordinate a, are collected in the nuclear coordinate vec-
tor Q. They have been presented in previous work’*® and are
given in the Appendix for the ease of the reader. They are con-
structed from a set of primitive valence coordinates specifically cho-
sen to account for the basic asymptotic behavior in the underly-
ing low-order model. In Eq. (1), ngag(Q) is a diagonal matrix
which contains first and second order terms as detailed in previ-
ous work™**"*"* and reproduced in the Appendix. The 12 param-
eters appearing in this matrix are not modified by the ANN pro-
cedure. The three subsequent 5 x 5 matrices of Eq. (1) refer to
the usual zero-order (or constant), linear Jahn-Teller and linear
pseudo-Jahn-Teller coupling matrices. When the parameters 1;(Q)
are kept constant (i.e., independent of Q), the model resumes to the
usual linear vibronic coupling model in symmetry-adapted nuclear
coordinates with /1](-), j = 1,9 being the usual parameters of the
expansion. The ANN step modifies this picture by allowing the 9
parameters to vary with Q. These 9 coordinate-dependent A; are
given by

K@ =X (14617 (@), 3)
where 71].(f ) are the neural network outputs and the A;) are obtained
from a nonlinear least squares fit. Thus, the neural network output of
a single ANN depending on the five input coordinates only provides
corrections to the low-order polynomial model as a function of the
coordinates, going beyond constant coefficients in the expansions.
Additional scaling factors ; are introduced to allow for further flex-
ibility if particular /\JQ (read: the reference model terms) reside in a
different order of magnitude than other terms and hence require a
different treatment. The coupling blocks, together with their corre-
sponding A, account for *E’ and “E” Jahn-Teller coupling as well as
pseudo-Jahn-Teller coupling between *A} and “E’, providing 6 inde-
pendent coupling terms in total. Additionally, the constants defin-
ing the energy differences between the electronic states at the Dj,
reference geometry are modified by the ANN (1, _3).
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All neural networks tested belong to the broad category of feed-
forward neutral networks, that is, a function taking a vector 11(1) as
input (layer) and processing it via intermediate results #'*), the so-
called hidden layers, to a final output vector '/ called the output
layer. The vector elements 17].(k) of the kth layer are the neurons (per-
ceptrons). Each intermediate n(k) depends solely on the previous
layer 4%~V by

k k k k—
7 =f(")(ﬁ} "+ wn ”)- ()
1

o)

Here, f*) is a function of one variable )(j(k) called the activation

function, Xj(k) being a weighted sum of the values of the neurons

ql(kfl) of the previous layer with an added bias term ﬁj(k). In the

present case, f*) is chosen to be tanh for all hidden layers and as
the identity Id for the output, respectively. The network architec-
ture ultimately to turn out as optimal in our present case features a
single hidden layer with 75 neurons, corresponding to a function of
roughly 1100 formal parameters. Both neural networks with more
or less neurons, respectively, as well as “deeper” architectures fea-
turing more hidden layers have also been investigated. All networks
have been trained using batches of 100 randomly generated initial
guesses for weights and biases which are then optimized utilizing a
specialized modification to a standard ANN Marquardt-Levenberg
method we developed alongside the present diabatization scheme.”
The inclusion of more than one initial guess arises from the nonlin-

ear nature of the fit. The reference model resulting from the fit of the

constants (") yields a root mean square (rms) error of 1730 cm ™!

which is about two orders of magnitude higher than the final error
after the ANN training of 38.4 cm™'. More specifically, this model
reproduced ab initio energies of the 5 adiabatic electronic states
with an excellent accuracy with unweighted rms values of 22.9, 39.4,
29.3,30.2, and 23.1 cm™}, respectively, for energy ranges up to 1 eV
above the energies of each state for the reference geometry point.
The 10th best network of the same batch shows very similar rms val-
ues. These (and all other later considered) fits used the same data
set containing roughly 90 000 adiabatic energies in total, of which
15% were withheld from the neural network fit for the sake of exter-
nal validation. The necessary energy data points for performing the
fit are taken from previous work’* and were computed at the Mul-
ticonfiguration Reference Singles and Doubles Configuration Inter-
action (MR-SDCI) level of theory based on Complete Active Space
Self-Consistent Field (CASSCF) reference wave functions using
a slightly adapted correlation consistent aug-cc-pVTZ standard
basis.”” For further details regarding the ab initio calculations, see
Refs. 36, 74, and 79-81.

At first glance, the remaining rms errors are slightly larger
than what has been achieved for single, uncoupled, adiabatic PESs
so far. However, the errors are similar to previous ANN repre-
sentations of diabatic potential models based on ab initio refer-
ence data.””’* Smaller rms errors were obtained for a diabatic ANN
representation based on model reference data.”’ One reason for
this observation most probably is the complicated topography of
the coupled adiabatic PESs to be reproduced. Very accurate ANN
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PESs can be obtained for spectroscopic purposes in the case of a
single adiabatic state single-well problem. This is not the case in
the present work, and it seems indicative that the second adiabatic
PES sheet, corresponding to a very pronounced triple-well PES with
low dissociation threshold, shows a significantly higher rms error
than the single-well ground state PES. This lower adiabatic sheet
of the A *E” excited state dominates the vibronic energy levels
of the A state manifold (see below). A second reason most likely
lies in the reference data and explains why generally smaller rms
errors are obtained when analytic model PESs are used as refer-
ence data. It is a very demanding task to compute the electronic
structure of excited states for which usually multiconfiguration ref-
erence methods have to be applied. In the present case, the inter-
nally contracted MR-SDCI method by Werner and Knowles has
been used, which still is the state of the art."*® However, due to
the internal contraction scheme, the number of contractions (vari-
ational parameters) is not constant throughout extended regions
of the nuclear configuration space. Wherever the number of con-
tractions changes significantly, small jumps in energy are observed,
which can be up to about 30 cm™ in our experience. This sets a
natural limit to the rms error that can be achieved by the ANN
diabatization without introducing artifacts by overfitting. A second
aspect worth mentioning is the required number of reference data.
For a 5D problem it might appear unnecessary to use 90 000 refer-
ence energies. However, since five adiabatic states are computed, this
corresponds only to about 18 000 different geometries. Furthermore,
nine independent matrix elements must be determined accurately
using these reference data. In this light, the number of used reference
data is certainly not too large but rather necessary to obtain robust
results.

Finally, a short note on choosing a 5D rather than the full-
dimensional 6D model is provided. First of all, NO3 is predomi-
nantly planar and many experimental observations can be simulated
without including the out-of-plane mode. Furthermore, the A state
is decoupled for planar geometries and thus, the vibronic eigenstates
can be obtained easily, which would be much more difficult in the
full-dimensional and fully coupled case. Second, the performance of
the ANN diabatization is tested by a large number of subsequent
quantum dynamics calculations. Such calculations can be performed
in 6D without problems, but doing literally hundreds to thousands
of such calculations as was necessary for the present study would
be prohibitively expensive without gaining more insight than by the
restriction to planar 5D NO3. However, a full 6D ANN model will
be published shortly.

lll. COMPUTATIONAL DETAILS

Vibrational/vibronic energy levels have been calculated on the
adiabatic ground state as well as the (for planar geometries sep-
arable) first excited state in order to benchmark the novel ANN
diabatic PES model. The second excited state of *E’ symmetry,
however, is coupled to the A5 ground state by pseudo-JT cou-
pling, and thus, vibronic eigenstates would not be accessible easily
and are not computed in the present study. For the computation
of the vibrational/vibronic energy levels, a time-independent Her-
mite discrete variable representation (Hermite-DVR) was used”’
in which the corresponding Hamiltonian has been diagonalized

ARTICLE scitation.org/journalljcp

by an exact short iterative Lanczos method. Normal coordinates
from MRCI calculations at the D3, point have been used, with
the out-of-plane umbrella bending mode (v, a5) being excluded
for these 5D calculations. The remaining coordinates correspond
to the symmetric stretch (vy, aj) as well as the asymmetric stretch
(v3x.395 ¢’) and asymmetric bend (v4xa4y, e’). The kinetic energy
operator is transformed into the DVR grid point basis, neglect-
ing vibrational angular momenta, as previously established in
Ref. 74.

The associated number of DVR grid points (i.e., basis func-
tions) for each mode is 15, 17, 17, 17, and 17 for the ground state
and 19, 25, 25, 25, and 25 for the computations on the two cou-
pled surfaces of the first excited state. This yields total energies con-
verged to better than 107" cm™', degeneracies being reproduced
better than 107 cm™" for all calculated levels. The obtained vibra-
tional and vibronic eigenstates are analyzed in the same manner as
in our previous studies.”””*”*

Our previously developed high-order polynomial based 5 x 5
diabatic model”* has been used already to compute the vibrational
energy levels supported by ground electronic state in full dimen-
sionality. The vibronic levels supported by the E” state have also
been determined using an earlier 2 x 2 model in Ref. 36. In order
to generate usable reference data, we recomputed these data using
the older PES models in the reduced 5D dimensionality considered
here so that a comparison with the ANN models is possible. The
MCTDH approach,””"* together with the state average and block
diagonalization scheme as described in Ref. 86, is employed to this
end. As in the previous studies, the six internal curvilinear coordi-
nates as proposed in Ref. 87 are utilized, that is p¥, 9%, o,
0, ¢, 4 keeping 6Y) = 7/2 to impose planarity. With this
choice of the coordinate system, the kinetic term is exact for D3, and
close to exact for the other geometries. As proposed in Ref. 87 and
used in Refs. 74 and 78, the fourth order Taylor expansion of the
only term not in the sum-of-product form is used here. The basis
set definitions used for the MCTDH approach are given in Table L.
The potential term is evaluated using the correlated discrete variable

33,68

representation (CDVR).

TABLE I. Wave function representations given by the number of single particle func-
tions (n), the number of Fourier points (N), and the range of the underlying box (in
a.u.) for the six curvilinear coordinates constructed using mass weighted Cartesian
coordinates. The two columns provide the details of the MCTDH basis for the 2A]
ground state surface’* and for the 2E”” first excited state coupled surfaces.*®

2A£ ZEII
Coord. n N Range n N Range
P 5 32 [628:694] 7 32 [640:800]
9w 7 32 [0.845:1.055] 10 32  [0.805:1.105]
o' 7 32 [0.655:0.915] 11 32  [0.615:0.955]

glew /2 /2

¢ 9 32 [0777:1377] 9 32 [0.860:1.235]
K 10 32 [2.641:3.541] 9 32 [2.829:3.454]
Electronic 1 1 2 2
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IV. RESULTS AND DISCUSSION are not particularly interested in the energy levels themselves, but
rather ask how much equivalent levels deviate from the reference

The various ANN parameterizations fitted and tested in Ref. 73
are studied systematically below. The results of that previous study
suggested that an ANN model with a single hidden layer of 75 neu-
rons would provide an optimal balance between fitting accuracy and
robustness against overfitting. However, that assessment was based
on fitting errors only, while the present study will focus on quantum
dynamics results obtained with those ANN models. The 75 neuron
model is chosen as a reference case and the other ANN models will
be compared with respect to these reference results. The dynamics
results of the various ANN models will also be compared with the
results obtained with our previously developed purely polynomial
models’”""* for both ground and *E” excited states. Our earlier
polynomial PES models reproduce the reference data with similar . . . 8 - .
rms errors but are much harder to fit. The performance of the new ering the ‘ﬁttln.g error. T}}e computed vibrational exc1tatlop ér}ergles
approach finally will be assessed by its capability of reproducing the on the adiabatic electronic ground state PES are presented in Table I1

. R 88,80 for the best ANN.
available experimental data. o s .
The computed vibrational excitation energies of the compet-

ing networks (rank 2-10) are provided in terms of deviations from
the best network. The two last columns of Table II provide the

Since both the size of the input layer (coordinates) and the average excitation energies over the 10 ANNs, as well as the stan-
size of the output layer (modified coefficients) are dictated by the dard deviation. Considering this set of competing networks, one
general model, the number of neurons in the hidden layer is the pri- finds that the produced energies differ within a few cm™', the stan-
mary convergence parameter left for fitting a given ab initio data dard deviation over all states being roughly 2 cm™'. The values
set. As such, it will be the primary focus of our investigations. If ~ of Table II are reproduced in Fig. 1 in order to better visualize

model.

In order to properly quantify what a significant influence on
the computed energy levels is, let us first consider otherwise iden-
tical neural networks that differ only in the explicit values of their
weights and biases and marginally in terms of fitting error. Due to
the nonlinearity of ANNs, many fits with different initial guesses
are performed and ranked according to the resulting fitting error.
For the NO3 system, we found that the fitting errors of the best
10 obtained parameterizations hardly differ (41 cm™" vs 38 cm™").
Therefore, we compare the ten best out of 100 fitted ANNs includ-
ing the 75 neuron reference network. They are hereafter referenced
to by their “rank,” rank n meaning the nth best model when consid-

A. Impact of the hidden layer size

an ANN is viewed as a simple, parameterized function, the num- how the results of the different networks are spread around the
ber of hidden layers as well as each hidden layer size determines the average energies. It is observed that, considering that these 10 net-
neural network’s number of formal parameters. More specifically, in work parameterizations are of very similar quality in terms of fitting
the case of a single hidden layer, each neuron exactly corresponds error, the deviations among the vibrational level energies within

to a set of 15 formal parameters to be fitted additionally (9 + 5 the given spread are intrinsic to the model. This means that they
weights, 1 bias). While the number of formal parameters increases are produced by the flexibility of the ANN approach to reproduce

in a more involved manner for multiple hidden layers, we will focus the ab initio reference data. In this sense, we consider all changes
solely on the single layer case in this section. The central question  to the model that only produce deviations within this range to be
here is whether or to which degree increasing/decreasing the num- insignificant as they become a priori indistinguishable from com-
ber of hidden layer neurons (thus, fitting parameters) significantly peting networks of the same architecture as our reference. Thus,
influences computed energy levels. Therefore, in this section, we from here on, we will denote the excitation energies with a +0; to

TABLE II. Comparison of computed transition energies for the X*A} state of ¥NO; (in cm—") for the 10 best (in terms of fitting error) ANNs from a set of 100 fitted neural
networks, including the reference ANN. Standard deviation is provided with respect to average energy levels ;.

Best 2nd 3rd 4th 5th 6th 7th 8th 9th 10th Ui o
State E; — E Deviations from best network Mean Std. dev.
1/2 366.8 39 1.8 4.1 3.1 1.5 4.6 3.7 1.8 3.7 364.0 1.5
3 756.3 3.9 0.5 4.3 —0.6 —0.8 3.9 1.2 —3.2 3.5 755.1 2.5
4/5 774.6 6.1 2.4 3.8 3.6 1.2 6.1 5.6 0.8 29 771.3 2.2
6/7 1039.7 34 —2.5 —1.3 —0.8 1.8 3.3 —2.7 3.0 0.2 1039.3 2.3
] 1054.9 0.2 —0.2 —0.7 0.0 —0.4 0.6 —1.1 1.0 —1.0 1055.1 0.7
9/10 1179.3 3.7 1.4 3.6 —2.6 —2.3 3.0 —0.7 —5.0 —0.4 1179.2 2.9
11 1187.7 5.6 2.1 2.4 1.8 —0.7 5.6 4.4 —4.7 2.2 1185.8 3.1
12 1215.1 8.7 4.4 4.2 5.6 1.7 8.5 8.0 0.8 0.7 1210.9 34
13 1344.9 3.7 —3.2 0.6 —1.3 1.4 5.0 —3.1 —0.3 0.4 1344.5 2.6
14/15 1417.7 2.9 0.5 2.1 1.9 0.5 4.1 1.0 1.7 1.8 1416.1 1.2
16/17 1490.0 4.1 —1.0 1.0 1.9 1.7 4.3 —2.0 0.2 1.3 1488.9 2.0
18 1498.2 8.7 0.5 —0.1 5.3 3.2 9.8 0.9 7.5 1.9 1494 .4 3.8
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of tested reasonable parameterizations. Instead, the method appears
1415 +S——t—eo—a—tcg—o— 1416+1 to produce several network parameterizations yielding consistent
results under present conditions. Thus, the method appears to work

13 T L=e— o1 134543 robustly.
a Deviations in excitation energies for a representative subset
12 S 121143 of hidden layer sizes are summarized in Table III, which can now
AL be interpreted within the limits of our estimated intrinsic errors.
11 §o8<== ~—% 118643 The 40 neuron network, having almost half the number of for-
e mal parameters, deviates significantly for individual excitations (in
9/10 o=~ ~— 11793 particular 4/5, 11, and 12), causing energy levels to be signifi-
cantly spread around the reference computation. This is intuitively
8 ——S——°1 10551 understandable as the significant loss of flexibility compared to
L the reference model eventually limits the quality of the surface in
617 1< ~— o 103942 areas relevant for the quantum dynamics. The 60 neuron network
shows similar features although they are less pronounced as the
415 Ittt 77142 network is significantl flexibl I d

gnificantly more flexible. In general, states 1/2, 8, an

Y P . . 14/15, which alread.y pr().vefi to be extremely robust with respect
to the network choice within the same set, show very low devia-
o e . . tion among reasonable network sizes. Increasing or decreasing net-
172 Ly T 3641 work size by 5 neurons (that is 70 and 80 neurons) largely leaves

the overall quality of the model unchanged, with the ANN being
marginally more susceptible to a decrease in parameters than to
an increase. Similarly, increasing the number of neurons to 100
(over 30% more parameters) yields no energy shift that is distin-
guishable from noise caused by choosing a different 75 neuron
network.

The vibronic levels supported by the “E” first excited state of
the radical are an even more stringent test of the robustness of
the proposed ANN parameterizations of coupled surfaces as the
coupling terms are directly used in the dynamics computations.

123456 78 910
ANN Rank

FIG. 1. Visual representation of the first 15 states given in Table |I, showing devi-
ations of the 10 best networks from respective average state energies. Level
distances, not to scale, correspond to a deviation of 20 cm~" from average. Gray:
Standard deviations o; around average energies. Average energies are provided
on the right-hand side together with the deviation o; in cm~".

emphasize this point. While individual networks deviate more from
the average than others (e.g., network 7), the overall spread achieved
remains around or below 10 cm™'. This indicates that the method
does not produce a single exceptional network among the number

Vibronic energy levels for the reference coupled surfaces (single hid-
den layer with 75 neurons) as well as deviations obtained among the
ten best networks of this architecture are summarized in Table IV in
analogy to Table II. The data are reproduced, furthermore, in Fig. 2

TABLE III. Comparison of computed transition energies for the X2A} state of "NOj (in cm—") for different hidden layer
sizes. The vibrational excitation energies of the reference (75) surface are reported together with the deviation ¢; as defined
before (see text). For the five hidden layer sizes tested, §(E; — E) provides level shifts compared to the reference network
(75). The dotted vertical line materializes the separation between increased and decreased hidden layer sizes with respect to
the reference.

75 40 60 70 80 100
State Ei —Ey +0i O(E; — Ey) O(E; — Ep) O(E; — Ey) 6(E; — Ep) O(E; — Ey)
1/2 366.8 +1.5 6.2 7.8 1.2 3.0 1.5
3 756.3 £2.5 5.2 5.8 —5.1 3.0 2.6
4/5 774.6 +£2.2 13.6 10.7 3.1 4.9 2.9
6/7 1039.7 £ 2.3 —0.6 0.7 3.9 —4.1 1.6
8 10549 £ 0.7 0.6 0.2 0.0 —0.4 0.0
9/10 11793 £2.9 9.0 5.9 —6.1 2.8 3.3
11 1187.7 + 3.1 15.3 7.1 —1.0 3.6 3.0
12 1215.1+34 21.9 13.3 7.6 7.8 3.1
13 13449 £ 2.6 7.0 5.3 —1.7 —4.3 0.1
14/15 1417.7 £ 1.2 4.7 6.2 —0.8 0.8 1.0
16/17 1490.0 £ 2.0 —0.1 0.8 14 —0.4 2.6
18 1498.2 + 3.8 6.0 4.4 9.6 1.7 6.0
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TABLE IV. Comparison of computed transition energies for “NO5 (in cm—") on the A state for the 10 best (in terms of fitting error) ANNs in analogy to Table II. All states are
given labels in terms of excitations in the breathing mode (a) as well as radial and tangential excitations in the degenerate stretch and bend modes (rs,p, fs,5). Assignments
marked with (=) display visible contamination of other rs excitation(s). States to which no meaningful label could be assigned are marked with ?

Best 2nd 3rd 4th 5th 6th 7th 8th 9th 10th Ui gi
State  Assignment Ei — Ey Deviations from best network Mean Std. dev.
2 0ay 56.6 —2.5 3.2 29 3.4 0.6 0.9 3.5 6.3 —1.8 55.0 2.7
3/4 ree’ 5162 —153  26.0 43 1.2 —14.0 —6.5 0.8 188 22 514.5 12.9
5 t} af 539.3 —56 —40 —32 —72 -97 —59 —02 —80 —22 543.9 3.3
6 rlal 5764 —184 228 —04 —20 —11.8 —65 —29 171 —0.4 576.7 12.2
7/8 1 e 6047 —14.5 2.8 09 —33 —105 —5.3 2.6 0.1 —2.7 607.7 5.7
9/10 e’ 790.0 —16 168 —34 14.2 10.5 —43 74 111  —10.6 786.0 9.2
11 ry (*) af 8339 —17.8  39.1 2.6 16.1 —37 =37 46 190 —10.6 829.3 16.4
12/13 ¢ 1013.4  —383 593 1.7 -32 306 —71 55 355 —6.4  1012.9 28.5
14 rity ay 10248 —195 215 28 —21 —188 —10.1 23 159 48  1025.2 13.3
15 r2ay 10844 —359 488 23 -39 —202 —105 —39 312 —83 10849 24.2
16/17 7 (#)€” 1100.1 —274 159 —28 —114 215 —87 —34 54  —45 11059 12.5
18/19  rity (%) ¢€” 11512 —29.7 7.9 0.1 —85 —183 —8.5 0.9 14  —10 1156.8 11.1
20 tal 1161.8  —24.4 0.7 0.1 95 —16.8 —6.3 29 —60 —3.6 1168.1 8.6
21/22  a'e” 1179.8 6.3 8.6 5.0 1.2 —2.6 43 0.5 4.1 40 11767 3.3
23 thay 1276.1 —0.6 02 —76  —43 —43  —112 36 —5.0 14 12796 3.9
24 a' (+) a)f 1291.4 —0.1 516 165 17.5 —1.3 16.0 59 219 —42 12791 16.7
25026 rprie” 1302.8 —253 543 0.0 19.1 —4.0 —0.2 56 221 —7.6 12964 21.4
27/28 e 13574 —194 252 —1.7 4.1 —5.1 —7.0 4.6 98 —114 13575 12.3

for better visualization. In addition to the energies, Table IV also
N\ &
15 p—e—"=S—s___21 1085+24 : - -
\/’ ~N = provides D3y, labels and state assignments based on symmetry infor-
N e mation and projected wave function densities. State assignments in
14 S == 1025413 the degenerate stretch and bend coordinates are given in terms of
12/13 A ™ o 2| 1013529 radial r!, and tangential excitations ¢,,"’ while excitations in the
\/7 N N totally symmetric mode are denoted with a”. In contrast to ground
11 dee=A a2 70116 state calculations, the “spread” of individual energy levels is between
N~ 1 and 30 cm ™', the standard deviation over all vibronic states being
9/10 fe—se—an oo 2l 78619 roughly 13 cm™', with few states showing individual deviations up
to around 50 cm ™. At first glance, such an increase in error may
718 o=~ —=— 608+6 be fully attributed to the fact that the lower adiabatic sheet has been
found to be a very dominant contribution to the fitting error, makin
ry g g
6 6/6\\9/° S=e—s__o-577+12 it the most difficult part for the ANN to fit. In addition to this factor,
the deviations are not evenly distributed among the vibronic lev-
5 o —e—S—o 54413 els but well-structured. More specifically, the ground state tunnelin
p Yy, the g g
N o first excitation of 57 cm™" is robustly reproduced by the 10 param-
3/4 N o S<—=°1 514%13 eterizations. Similarly, levels without noticeable contributions of r;
- excitations show lower deviations than the ones with considerable r,
2 Lo T 5513 excitations. This means that, while the triple well structure is overall

well-described for dynamics, the accuracy of the surface diminishes

123456782910 for larger displacements in the asymmetric stretch. The reason for

ANN Rank this observation is not clear but could be due to the sampling of the
FIG. 2. Visual representation of the first 15 states of Table |/, showing deviations reference data.
of the 10 best networks from respective average state energies. Level distances, In analogy to the vibrational levels supported by the ground
not to scale, correspond to a deviation of 100 cm=' from average. Gray: Stan- electronic states (see Table I11), the effect of the number of hidden

dard deviation o; around average energies. Excitation energies together with the

- | . : neurons used in the ANN is tested for the vibronic levels of the
deviation o; are given at the right-hand side.

2E” coupled surfaces and the results are summarized in Table V.
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TABLE V. Comparison of computed transition energies for *NOj (in cm—1) on the A state for different hidden layer sizes.
S8(E; — Ep) provides level shifts compared to the reference network (75). Assignments are identical to that of Table V.
The dotted vertical line materializes the separation between increased and decreased hidden layer sizes with respect to the

reference.

75 40 60 70 80 100
State Assignment E;i — Ey S(E, — Eo) 5(E1 — Eo) (5(E1 — E()) (S(E — Eo) (S(E; — Eo)
2 0ay 56.6 2.7 —0.1 —1.2 —09 1.8 5.6
3/ rle” 5162+129 164 —15.6 —109 7.4 30.1
5 t, ay 539.3+3.3 —8.8 —4.3 -89 4.1 —9.2
6 reay 576.4+122  —12.1 —13.3 —116 4.1 25.7
718ty e’ 604.7 + 5.7 —83 —11.5 —13.7 6.1 —0.2
9/10 rye” 790.0 £ 9.2 —27.7 10.0 9.0 25.7 22.1
11 r (*) af 8339+ 164  —55.6 —6.2 —29 314 42.4
12/13 r2e” 1013.4+285  —47.1 —31.8 —27.2 17.1 60.6
14 rit)al 1024.8 + 133 214 —17.6 —16.4 14.6 23.4
15 2 ay 1084.4 +242  —32.9 —23.9 —24.2 13.4 50.1
16/17 t; (*)€¢”  1100.1+12.5 —26.0 —17.7 —22.1 i 10.4 13.1
18/19 rit} (#)€” 115124111  —135 —20.2 —226 i 121 4.0
20 t7af 1161.8 + 8.6 —13.1 —15.8 —216 ¢ 117 —4.3
21/22 a' e’ 1179.8 + 3.3 -39 1.3 14 7.7 6.4
23 thay 1276.1 +3.9 —4.5 2.2 1.5 4.1 0.0
24 a' (%) ayf 12914+ 16.7  —44.9 2.3 7.0 42.8 442
2526 ryrie” 1302.8 £21.4  —62.2 —52 —36 47.3 52.5
27/28 2" 13574+ 123 —39.0 —4.6 —6.8 29.6 27.2

In contrast to ground state calculations, we find the 40 neuron
network to just marginally deviate for most r° states such as 2,
5, and 7/8, while producing a significant difference for the r,
fundamental. Overall, agreement increases for increased network
size up to the 80 and 100 neuron network, where, for exam-
ple, state 9/10 suddenly shows an increase in deviation. The lat-
ter may actually be an overfitting effect as both the dynamics on
the excited state and the fitting error are dominated by the lower
adiabatic sheet and both begin to show discrepancies past the 75
neuron mark (one in the form of yielding different energy lev-
els and the other in the form of being less consistent with the
validation set).

In conclusion, our findings regarding the behavior of the
model with respect to the hidden layer size coincide with pre-
vious conclusions drawn from fitting performance alone, that is,
while reducing the number of hidden layer neurons has a signif-
icant influence on ground state dynamics, increasing the network
size has an unclear effect. Furthermore, the dynamics on the first
excited electronic state produce results analogous to previous find-
ings, suggesting that networks significantly greater than the ref-
erence reproduce the ab initio data less consistently. As a conse-
quence, the 75 neuron model remains the ideal candidate for further
testing. In addition, the vibronic level analysis also suggests that
this instability may result from lacking data in certain regions of
the NCS.

B. Comparison of different ANN (and fitting) setups

Up to this point, we have only investigated the impact of the
network size (i.e., the number of formal parameters of the model)
with a single hidden layer architecture on the ground and excited
state dynamics of the resulting surfaces. We have found that our
initial reference of 75 neurons produces ground state excitations reli-
ably and consistently across different parameterizations arising from
different initial guesses. In the following, we give a brief summary of
the impact of two other factors independent of the number of for-
mal parameters of the fitting function. These tests are in analogy to
the study discussed in Ref. 73 based on fitting performance. For the
following two cases, we will focus on ground state dynamics as they
give easier insight into the surfaces’ overall quality without sampling
effects.

Early stopping”" as used in the present work is a means of avoid-
ing overfitting by imposing an additional convergence criterion. For
this, we reserved about 15% of all ab initio data for an external val-
idation set for which an independent fitting error is computed at
each iteration. If this validation error does not improve along with
the fitting error for three times in a row, the last parameter set to
improve the validation error is considered converged. The valida-
tion set itself is not used for the training of the ANN. In order to
investigate potential downsides of this method, the identical set of
100 initial guesses that produced the 75 neuron reference ANN is
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refitted with early stopping disabled and a maximum number of
1000 Marquardt-Levenberg iterations. The deviations produced by
this network, referred to as network 75* for brevity, are listed in
Table VI alongside another networks discussed below. Deviations
found remain indistinguishable from differences between compet-
ing networks within the same fitting set, meaning that while early
stopping (in our present case) shows no clear advantage beyond
serving as an algorithmic safeguard and speeding up the training,
no discernible disadvantages of using it have been found.

One further aspect of relevance besides the number of free
parameters is the actual ANN architecture. As we have noted pre-
viously, each neuron depends on a small set of formal parameters
to fit, if we consider ANNs merely as fitting functions of a particu-
lar analytical form. This notion becomes marginally more involved
when considering networks with more than one hidden layer. This
is due to the fact that the number of formal parameters is roughly
equal to the number of connections between individual nodes in the
network. Hence, an ANN with 50 hidden layer neurons, one input
and one output, will have a different number of formal parameters
depending on whether it is one hidden layer with 50 neurons (100
connections, 50 in and 50 out) or two hidden layers with 25 each
(675 connections, 25 in, 625 intermediate, 25 out). This makes com-
paring different architectures particularly difficult. Hence, for our
practical purposes, we have chosen to take our best working model
(75 neurons) and produce multilayered networks with close to the
same number of formal parameters. For the sake of simplicity, we
further chose the number of neurons to be the same for each hid-
den layer, keeping all other technical details of the fit the same. Of all
network topographies considered, the only one that even remotely
compared in terms of fitting error to the single layer case was a
5-20-20-20-9 network (see Ref. 73). Other tested topographies
include two and four hidden layers. Considering again devia-
tions of ground state excitation energies, Table VI shows that the

TABLE VI. Comparison of computed transition energies for *NO3 (incm—") on the X
state for various networks (see Sec. |V B). 8(E; — E;) provides level shifts compared
to reference network (75). Networks fitted without early stopping are denoted with an
asterisk (). Networks fitted with more than one hidden layer list neuron numbers
separated by —.

75 75% 5-20-20-20-9
State Ei —Ey O(E; — Ey) O0(E; — Ep)
1/2 366.8 +1.5 0.6 2.6
3 756.3 £2.5 0.1 2.9
4/5 774.6 +2.2 2.2 5.6
6/7 1039.7 £ 2.3 0.2 2.7
8 10549 £ 0.7 0.2 —1.0
9/10 1179.3 £2.9 1.0 5.9
11 1187.7 + 3.1 1.8 2.3
12 1215.1+34 3.4 9.4
13 13449+ 2.6 —1.4 0.5
14/15 1417.7 £ 1.2 0.0 0.1
16/17 1490.0 £ 2.0 —0.1 —0.1
18 1498.2 + 3.8 3.2 7.3

ARTICLE scitation.org/journalljcp

5-20-20-20-9 network, while “noisier” than, for example, the 75*
network discussed above, shows deviations of the same order of
magnitude as the scattering of values among the best ten parame-
terizations of the 75 neuron reference model. While a more in-depth
investigation could provide further insight into the intricacies of the
effects more sophisticated network topographies could have, our
current findings suggest that the added value might be marginal,
while the sheer combinatorial effort required would be immense.
We thus conclude that a single-layer topography might be the most
robust and recommendable choice.

C. Comparison with experimental and previous
theoretical data

So far we investigated the impact of the ANN design parameters
on the quantum dynamics results by comparison with a reference
ANN model. Special attention has been paid to how the number
of hidden layer neurons influences the quality of the resulting sur-
face. These comparisons aim at estimating the intrinsic error of the
model with respect to differences in excitation energies produced by
ANNSs of (in terms of fitting error) indistinguishable quality. In the
following, the focus will be on the quality of the surfaces based on
external consistency with experimental data, considering X and A
state transition energies.

1. Vibrational eigenstates in the XA, electronic state

The results of the vibrational eigenstates of the X state are given
in Table VII in which comparisons between experimental frequen-
cies and computed transitions for both the novel ANN model and
the previous purely polynomial ansatz are listed. The MCTDH com-
putations with the earlier PES models’* are repeated in reduced
(5D) dimensionality excluding the umbrella mode in order to eval-
uate the effect of the reduced dimensionality. As apparent from
the third and fourth column of Table V1II, the differences between
the original 6D and the new 5D calculation (with the previous
PES model) is rather small with a maximum absolute deviation of
3.5 cm L In previous work, we also ensured that the deviations
between the DVR method and the MCTDH calculations are very
small. This was confirmed again computing the vibrational and
vibronic states on the reference ANN PESs with both MCTDH and
DVR. Thus, the 5D ANN results of the DVR calculations, also used
to check for internal consistency (see above), are estimated to be
within about 5 cm™' of corresponding 6D MCTDH calculations
once the full 6D ANN model is available. In the following, the focus
will be on the comparison of the 5D data with available experi-
ments and the improvements over the previous polynomial model
(Ref. 74).

We report a striking decrease in the overall deviation from
experimental data by about an order of magnitude for almost all
states compared to Ref. 74, which is easily seen from the last two
columns in Table VII. All assignments remain the same as for the
corresponding state(s) in the polynomial model calculation. As in
the case of the polynomial model,”* the long-debated 3' fundamen-
tal can be assigned confidently to a state computed at 1039.7 cm™*
(previously 1021.8 cm™" in 6D and 1025.3 cm™ " in 5D) with signif-
icantly improved agreement to experiment. This assignment, now
at higher energy, agrees well with other theoretical treatments”
and recent experimental assignments.”*”*”” The second state of
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TABLE VII. Summary of the comparison between experimental and computed transition energies for 1*NO3 (in cm—").
The “assignment” column provides the corresponding D3y, labels as well as state assignments including dominant state
contributions. Ef}ifD provide excitation energies using the previous (polynomial) model’* and Et’}fjg‘f the ones obtained for

the present ANN based model.”

under Eexp reported from Ref. 88. See text for discussion.

The remaining two columns provide respective differences from experimental data as listed

6D 5D
Etheo Etheo
Assignment Eexp Polynomial model”* EANN 6E§g, 6E?,$N
4t e 365.5 361.1 361.1 366.8 4.3 —13
4% 4 752.4 711.0 711.1 756.3 413 —3.9
4* ¢ 771.8 7422 7423 774.6 29.5 2.8
1'a 1051.2 1038.6 1040.2 1054.9 11.0 —3.7
3le 1055.3 1021.8 1025.3 1039.7 30.0 15.6
4 1173.6 1082.5 1082.7 1179.3 90.9 —5.7
£ a 1214 1139.7 1140.1 1215.1 73.9 —1.1
1'4' ¢ 1413.6 1388.1 1390.0 1417.7 23.6 —4.1
34! g) 1491 1302.4 1305.9 1344.9 185.1 146.1
34t ¢ 1492.4 1438.6 1441.9 1490.0 50.5 2.4
314! g 1499.8 1498.2 522 1.6

particular interest is the combination mode 3'4}, giving rise to three
sublevels of ¢/, af, and a; symmetry, respectively. Much like the fun-
damental mode, the 3'4 ¢’ transition now computed at 1490.0 cm ™"
displays significantly improved agreement with the experimental
value at 1492.4 cm™* with a deviation of only 2.4 cm™". This gives
further strong evidence that this energy level does not correspond
to the 3' fundamental. The effect of the 5D approximation to the
6D dynamics using the polynomial model on this transition is found
to be less than 4 cm ™" (1438.6 cm ™" vs 1442.0 cm™?). Similarly, the
3'4" af state, to which no state could be assigned using the polyno-
mial model, now can be assigned with certainty to an energy level
at 1498.2 cm™!. Indeed, the harmonic oscillator basis function of
the DVR calculations corresponding to the 3'4' aj state accounts
for over 70% of the total vibrational wave function. Finally, the
3'4" a) state, computed at an energy level of 1344.9 cm™", shows
significant deviation from the experimental assignment to a level
at 1491 cm™'. This disagreement of more than 150 cm™' is one
order of magnitude larger than the second largest deviation (about
16 cm™ ") and over 25 times greater than the third largest deviation
(about 6 cmfl). Considering, however, that excitations even higher
in energy, namely, 3'4! ¢/ and al, do not deviate more than a few
cm™! from the experimental values suggests that this deviation is
more likely to be due to an incorrect experimental assignment. It is
worth noting that deviations between the new ANN results and the
experimental assignments for most states reside well within devia-
tions between different ANNs from the same fitting set as described
in Sec. IV A. The impact of the ANN size on the quantum dynam-
ics results is put into perspective with respect to experimental val-
ues in Table VIII. We find larger hidden layer sizes to have no
significant effect on the agreement with experimental data when
compared with the competing reference network of 75 hidden neu-
rons. The same is observed when comparing with the 75 ANN
results.

The agreement of the present results with experimental data
shows that the PES model must be very accurate and certainly must
be qualitatively correct. This allows us to shine some light on another
controversy in the literature. The equilibrium geometry of NO3 in
its electronic ground state has been subject to debate since the late
1970s (see Ref. 80 for an extensive discussion). Electronic structure
calculations mostly yield a Cy, equilibrium geometry, but it was
shown by one of the authors that this is an artifact due to artificial
symmetry breaking of the electronic wave function caused by the
use of single reference wave functions.”’ The adiabatic ground state
PES resulting from the present diabatic model clearly has a single
PES minimum of D3;, symmetry, thus supporting a D3, equilibrium
geometry. With this strong evidence from the current dynamics cal-
culations using this PES model and the excellent agreement obtained
with respect to experimental spectroscopy data, it is nearly unimag-
inable that a distorted Cy, equilibrium structure is more than an
artifact.

2. Vibronic eigenstates in the A E" electronic state

For the electronically excited *E” state, there are only a total
of 3 experimentally measured transitions to compare with as all
other observed transitions involve umbrella excitations and can-
not be computed with the present ANN model. The corresponding
results are gathered in Table IX together with their assignments. Due
to the strength of the Jahn-Teller coupling in this system and the
resulting triple-well structure on the lower diabatic sheet, the assign-
ment of the D3}, labels based on normal mode excitations is not as
straightforward compared to the X state labeling. The assignments
used in Sec. IV A in terms of radial and tangential excitations pro-
vide deeper insights regarding the limits of accuracy of the model as
states corresponding to r, excitations have been found to be more
limited in terms of accuracy. Further explanation as to how tunnel-
ing and geometric phase effects influence both the complexity of the
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TABLE VIIl. Comparison of absolute differences between experimental and computed (ground state) transition energies for
"NO3 (in cm ") for different hidden layer sizes. Assignments are identical to that of Table VIl. |0Eexp| corresponds to SEAN™
from the same table. 5(|6Eexp|) provides decreases (negative) or increases (positive) in deviation from experiment compared
to the first column. The third column provides data for the 10th percentile instead of the (in terms of fitting error) best fitted ANN
from a set of 100 fitted neural networks, including the reference ANN. Bottom rows: average increase/decrease in deviation

over all states and root mean square variations around the reference surface, disregarding the outlier state 3'4! a); see

Sec. |V C 1.

75 75 (10th best) 40 70 80 100
Assignment |0Eexp| 8(|8Eexp|) 8(|0Eexp])  0(|0Eexp)  0(|0Eexp])  O(|0Eexp])
4t 1.3 1.0 3.6 —12 0.3 —12
4 a 3.9 —3.5 —2.6 5.1 —3.0 —26
42 ¢ 2.8 —2.7 8.0 —26 —0.8 —2.7
1'd) 15.6 0.2 —0.6 3.9 —41 1.6
3le 3.7 1.0 —0.6 0.0 0.4 0.0
42 5.7 0.4 —24 6.1 —28 —33
4 a) 1.1 —0.7 19.6 5.4 5.5 0.8
14t ¢’ 4.1 —18 —35 0.8 —0.8 ~1.0
34! ¢f 146.1 0.4 7.0 —1.7 —43 0.1
3lal ¢ 24 1.3 —0.1 1.4 —0.4 26
314! g 1.6 1.9 6.0 9.6 1.7 6.0
Mean increase —0.3 2.7 2.9 —0.4 0.0
Variance 1.7 7.2 4.4 2.8 2.6

resulting spectra and the structure of the vibronic eigenstates can be
found in greater detail in Refs. 78 and 90. The deviations between
experimental assignments and both the new ANN model and the
prior, purely polynomial ansatz are given in Table IX. Of the three
states for which experimental data are available, all show significant
improvement in terms of reproducing experimental data over the
previous polynomial model. Both computed purely tangential exci-
tations reproduce experimental data up to a few cm™', while the
excited state shows a larger deviation. This means that the relative
improvement of the 2E” model is consistent with that of the ground
state, with dissociative motions being a limiting factor on the excited
state surface.

3. Numerical stability and potential artifacts

In Secs. [V C 1 and IV C 2, we outlined how our present ANN
scheme significantly outperforms the previous purely polynomial-
based ansatz. One of the reasons for why the neural network per-
forms better than the polynomial model certainly is the more flexible
functional form of the ANN compared to the previously used poly-
nomial approach. To achieve higher flexibility with the polynomial
ansatz, one would have to increase the polynomial order consid-
erably. However, it is a fundamental property of polynomials that
as the order increases, the function starts oscillating rapidly or get-
ting unbound in areas not well sampled. This unphysical behavior

TABLE IX. Summary of the comparison between experimental and computed transition energies on the AZE" state of NO;
(incm—"). Assignments in the first column correspond to those of Table VI of Ref. 89, with assignments from Table V given in

parentheses. ES>" provide excitation energies using the previous (polynomial) model,”* "® the ES2 ~being reproduced from

Ref. 78 and Eﬁgg the ones obtained for the present ANN based model.”® The remaining two columns provide respective
differences from experimental data.

D D
Et6heo Etsheo
Assignment Eexp Polynomial model " EGNN SEEEP 6E‘;I;N
45 (1) 539.5 549.1 544.9 539.3 54 0.2
45 (rit) 1056.6 1136.9 1142.2 1024.8 —85.6 31.8
35 () 1270.5 1300.1 1291.5 1276.1 —21.0 —5.6
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becomes a problem for dynamics treatment even for physically irrel-
evant nuclear configurations when the oscillation tends to negative
infinity. Such regions cause the wave packet to get trapped in these
unphysical regions. However, since these artifacts only occur where
little to no data are sampled, they only become apparent when the
wave packet dynamics on the PESs are investigated, meaning that
there is no structured, a priori method to predict or detect such
regions in a high dimensional nuclear configuration space. There-
fore, the development of high-dimensional coupled PESs, especially
when using some sort of polynomial model, is usually plagued by the
occurrence of such artifacts.

However, the general structure of the ANN approach tested
in this work shows a crucial difference. Unlike polynomial terms
of increasing order, the functional shape of hidden layer neurons
is bounded as they are composed of sigmoid functions depending
on weighted sums of coordinates. Furthermore, all hidden layer
neurons are homogeneous in the sense that increasing the num-
ber of neurons always adds a term of the same functional form as
the previous ones, merely differently parameterized, in stark con-
trast to adding a higher-order polynomial term to a function. As
a consequence, none of the investigated ANNs produced the arti-
facts discussed above in any of the dynamics calculations performed
here. This suggests that all ANN surfaces produced by our current
method, even if insufficiently parameterized to describe the PESs
well (e.g., the 40 neuron network) or potentially overfitted (e.g., the
100 neuron network) are well-behaved and free of severe oscilla-
tions or unbound areas comparable to those commonly occurring
in polynomial fits. This is a property of the new ANN approach of
invaluable importance for future applications.

V. CONCLUSIONS AND OUTLOOK

In the present study, we investigate the viability of our recently
developed diabatization method as a means to produce coupled PESs
for reliable high-dimensional quantum dynamics calculations. This
method, combining vibronic coupling models with artificial neu-
ral networks (ANNs), has been tested using the NO3 radical as a
benchmark system of exceptional complexity. For the purpose of
this work, the molecule has been restricted to planar geometries,
which will be extended to a full 6D space in future work. Using a
time-independent DVR method, the behavior of vibrational eigen-
states on the A} ground state as well as vibronic eigenstates on
the first excited “E” state has been investigated depending on the
number of hidden layer neurons (corresponding to the number of
formal parameters) and to a lesser extent depending on the num-
ber of hidden layers (conserving the number of formal parameters).
The various resulting surfaces, exclusively differing in the underly-
ing ANN, have been compared among one another as well as with
previous efforts using a purely polynomial ansatz. To this end, the
MCTDH approach has been used to evaluate the effect of the planar
geometry restriction. The ANN results are also compared with avail-
able experimental data. The investigated approach utilizes the basic
structure (and simplicity) of low-order vibronic coupling models
and achieves the high accuracy needed for reliable dynamics simula-
tions by the neural network. Despite the highly nonlinear nature of
the fitting procedure, the presented method produces PESs of con-
sistent quality for a large number of initial guesses, with deviations
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of fitting errors as well as excitation frequencies of a few cm™" for
the best 10 out of 100 fitted networks for a fixed but reasonably large
number of hidden layer neurons. Similarly, despite being restricted
to planar geometries, the model reproduces measured transition
energies (excluding umbrella mode excitations) with unprecedented
accuracy, with deviations of only a few cm™'. It therefore is par-
ticularly noteworthy that for the vast majority of measured exci-
tations, deviations between best ANN results and experiment are
of the same order of magnitude as deviations among ANN results
of similar fitting quality but different parameterizations (different
initial guesses). While deviations on the excited “E” state can be
significantly larger (10 cm™" range), they remain well-structured.
The larger deviations correlate with radial excitations in the asym-
metric stretching mode (rs), which might indicate insufficient data
in the dissociative motions. Overall, when compared to experimen-
tal data, the surface model based on our new approach produces
vibrational/vibronic excitation frequencies that are an order of mag-
nitude better than our previous polynomial model. This allows us
to assign debated ground-state transitions with great confidence.
The numerical results indicate that our new, ANN-based model is
thus capable of providing reliable interpretations of experimental
data. In this context, we report a resolution of the disputed assign-
ment of the 3! ¢’ state, now confirmed at 1055.5 cm ™ (computed
at 1039.7 cm™}) and the measured excitation at 1492.4 cm™! (com-
puted at 1490.0 cm™") corresponding to the 3'4' ¢’ state. Given the
accuracy reached, we can also confirm the measured transition cor-
responding to the 3'4" a} state to be most certainly an incorrect
experimental assignment, as previously suggested by our polyno-
mial model. This is supported by the fact that this state is the only
one deviating from computed excitations by about 150 cm™" across
all investigated ANN models, an order of magnitude higher than
any other (experimental or computational) deviation. Apart from
a significant increase in accuracy, it is also found that throughout
all investigated ANN-based PESs, there is not a single instance of
oscillations producing deep, unphysical minima in scarcely sampled
regions, a common problem with polynomial models. Such artifacts,
if close enough to physically relevant areas in NCS, can cause wave
packets to be trapped producing unphysical results. Consequently,
these results suggest that the present model not only produces PESs
of much higher accuracy than possible before but also better adapted
to dynamics calculations.

The influence of ANN size (in terms of free parameter num-
ber) and ANN design (number of hidden layers) on the dynamics
results is also studied. The same set of ANNs is investigated, which
previously was assessed purely on the basis of the fitting error. The
findings of the previous study confirmed (within the small scope
of this study) that multilayered network architectures are not supe-
rior to single-layer ANNSs for our diabatization scheme. Similarly,
no significant disadvantage is found to be caused by omitting early
stopping from the fitting procedure as PESs produced remained
indistinguishable from those of the unmodified fit. The previously
reported indicator for overfitting is in agreement with the current
finding that hidden layer sizes beyond that point either do not
improve the dynamics results or even can lead to worse dynamics
results.

In conclusion, our present findings (based on quantum dynam-
ics calculations and experimental data) demonstrate that PESs pro-
duced by our novel ANN diabatization method, despite its simple
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Published under license by AIP Publishing

151, 164118-12



The Journal

of Chemical Physics

setup, are not only very accurate but also robust against typical arti-
facts. Furthermore, the obtained PES models are very suitable for
quantum dynamics calculations and yield results of high accuracy.
The spread of quantum dynamics results among different parame-
terizations yielding a similar fitting error is rather small and gives a
good idea of the size of errors to be expected in general. Remaining
goals for future investigations include extending the model to a full-
dimensional description of NO3, including the umbrella motion, as
well as corresponding couplings in the diabatic matrix, and applying
the method to different kinds of coupling (e.g., relativistic coupling).
Corresponding work is in progress.
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APPENDIX: SUPPLEMENTARY EQUATIONS
1. Coordinates

The symmetry-adapted coordinates are constructed from a
set of primitive valence coordinates as already described in previ-
ous work’>** and account for the basic asymptotic behavior in the
underlying low-order model. The primitive coordinates comprising
the three N-O distances r; and a set of O-N-O angles «; are first

transformed nonlinearly as

mi =1 —exp(=y(ri—r0)), (A1)
al =TT stk (A2)
Vj?’k

where 7o and «p are the respective distances and angles at the
reference point and y is a chosen Morse-parameter. The out-
of-plane umbrella coordinate is omitted in the present study.
These primitive coordinates then are linearly transformed to
yield the symmetry-adapted coordinates a (breathing mode) and
the degenerate asymmetric modes xs, ys (stretching) and x;, y,

(bending),
1
a:\/;(m1+m2+m3), (A3)

X5 = \/E(Zml —my — m3), (A4)
yo = \/g(m2 - ms), (A5)

1
Xp = E(Za{ —ah - ag), (A6)

Yo = \/g(oé -a3). (A7)

ARTICLE scitation.org/journalljcp

2. Diagonal model terms

For the sake of simplicity, let rib be given as
T = Xep + Yebe (A8)

The totally symmetric diagonal contributions of the reference model
are expressed here in terms of three independent scalar functions

Vi(Q),

Vi(Q) o’ o’
Wi (@@= 0o w@1 o | (A9)
0 0 V3(Q)1

Apart from the constant terms, referring to the vertical excita-
tion energies at the reference point, an expansion of each Vi(Q),
i = 1,2,3 up to second order yields four (constant) coefficients u}
and corresponding polynomial terms,

Vi(Q):yil-a+yi2-a2+yi3-rf+yfyrﬁ. (A10)
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ABSTRACT: A recently developed scheme to produce accurate high-dimensional
coupled diabatic potential energy surfaces (PESs) based on artificial neural
networks (ANNG) [J. Chem. Phys. 2018, 149, 204106 and J. Chem. Phys. 2019, 151,
164118] is modified to account for the proper complete nuclear permutation
inversion (CNPI) invariance. This new approach cures the problem intrinsic to the
highly flexible ANN representation of diabatic PESs to account for the proper
molecular symmetry accurately. It turns out that the use of CNPI invariants as
coordinates for the input layer of the ANN leads to a much more compact and
thus more efficient representation of the diabatic PES model without any loss of
accuracy. In connection with a properly symmetrized vibronic coupling reference
model, which is modified by the output neurons of the CNPI-ANN, the resulting adiabatic PESs show perfect symmetry and high
accuracy. In the present paper, the new approach will be described and thoroughly tested. The test case is the representation and
corresponding vibrational /vibronic nuclear dynamics of the low-lying electronic states of planar NOj; for which a large number of ab

initio data is available. Thus, the present results can be compared directly with the previous studies.

1. INTRODUCTION

The fundamental theoretical understanding of chemical
processes by quantum dynamics simulations depends critically
on the availability of accurate models for the molecular potential
energy, the so-called potential energy surfaces (PESs). The
development of single, uncoupled PESs for systems of more than
three atoms made impressive progress in the past couple of
decades.' ™ Particularly the use of artificial neural networks
(ANNs) seems to be a very promising approach to achieve high
accuracy even for high-dimensional problems.” ** The decisive
advantage of ANNs may be that it can be shown mathematically
that they are capable of uniformly representing any continuous
real function of n dimensions up to arbitrary accuracy.” Thus, in
principle, ANNs should be capable of representing arbitrary
PESs up to the limitations of the underlying data. Besides the
potential accuracy, they also can be evaluated very efliciently
once trained, as their evaluation consists mostly of matrix-vector
multiplications. This is an invaluable advantage for the use with
quantum dynamics methods such as the multiconfiguration
time-dependent Hartree (MCTDH) method,”®*” especially
when using the correlated discrete variable representation
(CDVR)*® scheme for which the evaluation of the PES is the
most time-demanding part. Alternatively to the CDVR
approach, a sum of products form of the PES model must be
used, which is also possible in the ANN framework.'?** A

© XXXX American Chemical Society

N4 ACS Publications

further advantage is that the training of ANNs can be done very
efficiently and is much less demanding than other nonlinear
optimization approaches. Of course there are also problems of
which one of the most prominent is an issue commonly referred
to as “over-fitting”. This algorithmic problem, related to the
extremly high flexibility and nonlinearity of typical ANNS, limits
the accuracy of the function representation and has to be
accounted for in the training algorithm. However, the impressive
results already obtained by the ANN representation of single
molecular PESs based on high-level ab initio data demonstrate
the power of this approach.'**¥*%7~3>

The situation is way more complicated in the case that
multiple and strongly interacting electronic states are involved in
the process. For such nonadiabatic processes, not only the PESs
corresponding to different states but also the interactions
between those states have to be represented by a PES model.
One fundamental problem is here that the Born—Oppenheimer
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approximation will break down in regions in nuclear
configuration space (NCS), where interactions among elec-
tronic states become si§niﬁcant or even singular as is the case for
conical intersections.” It is well-established by now that the
solution in such cases is to use a quasi-diabatic representation of
the coupled electronic states and corresponding PES
model.**™* For the sake of brevity, we will refer to quasi-
diabatic representations as “diabatic” representations from here
on. The diabatic representation removes singularities in the
nonadiabatic couplings and nondifferentiable points on the
PESs but is neither unique nor easily available. Many methods
have been developed to find the unitary basis transformation
between the adiabatic states and energies directly available from
ab initio calculations and diabatic states and PES matri-
ces. V770 One particularly successful and straightfor-
ward approach is the multimode linear vibronic coupling
method by Koppel, Domcke, and Cederbaum®® and similar
approaches.”””>”””® These models are sufficient to treat many
ultrafast nonadiabatic processes but are not accurate enough for
many problems that are more complicated and depend critically
on more extended regions in the NCS. Thus, the vibronic
coupling a%proach has been extended to higher coupling orders
as well.** %997 However, the use of higher-order Taylor
expansions for the representation of the diabatic PES matrices is
quite cumbersome, and therefore alternative representations
have been developed as well.”””? 7%

The latest development in the persuit of finding better
diabatic PES models is the use of ANNs.*’"*’ Different
strategies have been followed of which some are based on the
use of complete nuclear permutation inversion (CNPI)
invariant polynomials of the input coordinates.*””"”* Our
recently developed approach presented in ref 90 and thoroughly
analyzed in ref 95 is based on a different strategy and uses all
symmetry-adapted valence coordinates of the molecule rather
than CNPI invariants. The reason for this is that the approach
combines the basic, simple structure of a low-order vibronic
coupling ansatz, which is tuned by an ANN so that very accurate
results are obtained. The high flexibility of the ANN introduces
slight symmetry contaminations, which are removed by an a
posteriori symmetrization. The new method presented here
circumvents the problem of the symmetry contamination by
using CNPI invariants as an input layer of the ANN in
combination with a standard low-order vibronic coupling
reference model.

To stay consistent with our previous studies,’””” the
performance of the new approach was tested using planar
(5D) NOs, for which plenty of data and experience are available
in the group.”**>’*% A 5 X 5 diabatic model for the ground and
first two excited electronic states of *A,’, *E”, and *E’ symmetry
is trained, and vibrational/vibronic eigenstates are computed.
The latter can be compared to 7previous theoretical 75797103
and experimental results.'*""

2. THEORY

2.1. Adiabatic and Diabatic Representation. At the
center of any diabatization approach is the adiabatic-to-diabatic
transformation that connects an adiabatic and a diabatic basis of
electronic states. There are many established ways to do this, and
for a deeper discussion we refer to the literature, for example, ref
33. The necessary information for this basis transformation
usually is obtained from adiabatic energies only (“diabatization
by ansatz”), by using the adiabatic wave function representation
alone (“block diagonalization”), or by a combination of both

(“hybrid diabatization”).”® The method presented here is
designed for the hybrid diabatization approach, though in the
example calculations, the wave function information is not used.
The fundamental requirement utilized in this method is that the
adiabatic and diabatic PES matrices are related by the unitary
transformation U that diagonalizes the diabatic matrix, and the
eigenvalues reproduce the adiabatic energies

Uwiv =w" = diag(WJf") (1)

The eigenvectors are related to the adiabatic electronic wave
functions and can also be used to determine the matrix elements
of the diabatic PES matrix W¢.

2.2. Artificial Neural Networks. The diabatization
approach presented here utilizes a multilayer ;)erceptron feed-
forward neutral network. The input layer V) consists of the
molecular coordinates (cf. Section 2.3), which are connected to
the hidden layers #*) according to

(k) — (O (k) (k),, (k=1)
U A s Z @i,
I

f(k) (){/‘(k)) (2)

The activation functions f<k) used in the present version depend
on the layer k. While the output layer (k = 3) uses the identity Id,

the activation function for the hidden layer reads
fPG) = V3 tanh(az) ®)

with A = artanh(

1
Na
sigmoid activation function in such a way that its “linear domain”
resides in the interval [—1,1], approximating the identity, while
the exponential plateaus reside outside of this interval. The
output layer is used to parametrize the diabatic PES matrix (cf.
Section 2.4). A simplified version of the neural network utilized
(with a reduced number of neurons in each layer) can be found
in Figure 1.

The ANN is trained by a modified Marquardt—Levenberg
back-propagation method described in ref 90. The modification
is necessary, because the output layer cannot be compared
directly to the reference data. Only the eigenvalues (and
eigenvectors) of the matrix parametrized by the output neurons

). This choice of factors rescales the

Input Hidden Output

Layer Layer Layer

Figure 1. A neural network with one hidden layer. Arrows correspond
to weighted contributions. Bias terms and activation functions are not
visualized.
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can be used to determine the root-mean-square error (RMSE),
which is minimized by the method. Therefore, an additional
numerical differentiation of the eigenvalues (and eigenvectors)
with respect to the output neurons is required.

One notorious problem with the ANN training commonly is
called overfitting and is related to the very high flexibility of the
ANN. Since the training data are limited, an optimal
representation of this reference data might result in a poor
representation of data not contained in the reference set. This
can be avoided, at least to some degree, by a method called “early
stopping”. For this, the complete available data set is partitioned
into a reference and a validation set. Only the reference set is
used for the actual training to minimize the reference RMSE. In
each step also the validation RMSE is computed, and if the latter
rises, the training is stopped. The details of how the early
stopping is implemented in the present method has been
described in ref 90.

While overfitting is a crucial aspect, it is naturally not the only
limitation to consider. ANNs are generally rather sensitive
toward the data set with which they are trained. A simple, yet
important example of this sensitivity lies in the sheer amount of
data required, as neural networks tend to extrapolate data rather
poorly. However, the use of a robust low-level reference model
tuned by an ANN as presented here at least ensures that the
extrapolated regions behave reasonably without showing
pathologies. Another, more subtle problem related to the
input data and the ANN training arises from the range of the
input data. Since the present training method relies on
derivatives of the activation function with respect to (wrt) its
argument, initial convergence will be slowed tremendously if the
derivatives are very small. Given the present activation eq 3, this
means that y should, on average, reside in the interval [—1,1].
For this purpose, the molecular coordinates 7(*) are scaled and
shifted in such a manner that all 7]]-(1) have a mean of 0 and a
standard deviation of 1 across the presented data set. This is
achieved by first computing the mean 7; and standard deviation
o(;) of the coordinates 17}(1) over the training data; in other
words

Ny 57 (4a)

Np
o) = Ni 2. 0@ - ) -

where Np is the number of ab initio data points, and nj(l)(Qk) is
the explicit value of 77](1) at the given data point. The normalized
input coordinates 7}; actually used in the training process are then

obtained by

~ J

LAY s)

which by definition has an average of 0 and a standard deviation
of 1 over the given set of ab initio data. Once the training is
completed, the optimized parameters corresponding to a)j(lz) and
ﬂ](z) from Equation 2 are modified to obtain an equivalent neural
network depending on the original coordinates 17]-(1), eliminating
the need to compute the means and variances when evaluating
the PES model during dynamics calculations. The equivalent
parameters CTJ]-(IZ) and ﬁfz) follow from Equation 2 for k = 2 by

substituting 7Y with its normalized version of Equation S and
read

2
ofp

6(’71) (6a)

~(2) _
a

@)

52 ,0) Wi M,y
[ D Yy
/ / ™ a(n)

- /)}(2) - 2 (DJ‘(IZ)ﬁl
! (6b)

In the present work this preconditioning is combined with an
appropriate choice of random initial weights and biases to ensure
better convergence.

2.3. Coordinates and CNPI Invariants. The ansatz
diabatic PES matrix has to fulfill strict symmetry requirements
for the matrix elements, because the represented Hamiltonian
must be invariant under all symmetry transformations. However,
the off-diagonal elements are not necessarily totally symmetric,
which has to be taken into account. In standard vibronic
coupling approaches the matrix elements are usually expressed
as polynomials in terms of symmetry-adapted coordinates Q
according to

Wi = Xe/ [T
a 1 (7)

The expansion coeflicients p are strictly related by symmetry,
and the coordinates transform according to different irreducible
representations of the molecular point group. Alternatively, the
diabatic matrix can be constructed from CNPI invariants of the
actual CNPI group and the invariants of its permutation
subgroups.”"""

The present approach is illustrated for the Dy;, symmetric NO;
radical in the following. In this case it is convenient to use
symmetry-adapted coordinates for the representation of the
vibronic coupling model, because the groups D5, and S; X C; are
isomorphic. The five symmetry-adapted coordinates excluding
the umbrella motion read

1
a = \/g(ml + m, + m3) (82)
— \/I(Z — — )
x, = p my — m, — my (8b)
1
*T \E (2 =) (89
— \/I(z ’ _ ! _ /)
X, = p a, a, — ag (8d)

1 ’ ’
T \E (=) (8¢)

in which the transformed distances m; and angles ;" are
m; =1 — exp(=y(r, = r,)) (9)
a4 — &

= ———, i#j#Fk
Tl (9b)

IS
|
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The coordinate a transforms totally symmetric as a,’, and the 2 0of of
vectors (xy,y;) transform as e’. The resulting invariants are 4 4 !
determined as®+%>7+109110 wY(Q) = Wdiag(Q) +]10 4,1 0
W0 =1 (10a) 0 0 41
0 o 0"
=0 (10b) +|0 Ae + A, 0
0 0 A€ + A€
W = (o +y?) (10¢) ¢ 7
T T T
0 0 Agp +igp,
¥ = (2 - 6y%) (10d) + 0 0 0
A’S ps + 29 pb 0 0 (12)

v =(a* + 2% +yY)
(10e)

for the first few orders, and the mixed terms of two different e’
modes read

ve(ez’l) = 2’(xl‘xl + ylyZ) (lla)
i = 2w, — xp) = 2a09,) (11b)
o0 = 2(xx, — 2y — 2x,) (11¢)

4,1 2 2 2 2 2 2 2 2
o )=2(x1 X" = x )T = wy +yy + Aeayy,)

(11d)
o = 200, + vy + e + 30, (11e)
oY = 20 + a1+ 2%) (11)
Ve(:A) =’¢12’Cz2 + x12y22 + xzz)’lz + )’12)’22

(11g)

Each of the above invariants may be multiplied by an arbitrary
power of the a mode and still remain an invariant. Similarly, if we
were to include the umbrella motion 6, we could also multiply
each term with arbitrary powers of 6. Since for NO; the CNPI
group and the Dy, point group are isomorphic, the above point
group invariants can be used for convenience. In cases in which
point group invariants are not sufficient, the CNPI invariants
may be constructed following the techniques developed by
Braams and Bowman.’ Finally, it may be worth noting that, in
the present planar case, the CNPI and CNP symmetries are
equivalent.

2.4. Diabatic Model (Ansatz). The new approach will be
demonstrated using a 5 X S diabatic PES model to represent the
electronic Hamiltonian corresponding to the first few electronic
states of planar NO;, namely, X A, A ’E”, and B *E’. The
diabatic PES model is based on a simple vibronic reference
model to simulate the basic physics of the problem, which then is
tuned by the ANN to achieve high accuracy. This reference
model is expressed in terms of a set of coupling matrices
depending on the symmetry-adapted coordinates Q para-
metrized by expansion coeflicients A and reads

1 in the above supermatrix is a 2 X 2 unit matrix, the matrix
blocks &), are the well-known linear Jahn—Teller coupling
matrices, and the vectors p, represent the linear pseudo-Jahn—
Teller couplings, which are given explicitly as

Xs,b ys,b J ys,b
&y = an [}S =
¥ Vb ~Xsb A (13)

The symmetry-adapted coordinates corresponding to the
degenerate asymmetric bending and stretching modes are
labeled x,y, ), respectively. The diabatic PES matrix eq 12
can be recast in a more compact form as

wi(Q =) 4,(»)M(Q
L (14)

utilizing explicit coupling matrices M;. The ANN is introduced
into this model through the expansion coefficients

A for uncorrected terms

A (v) = 0 ) ]
(1 +n(v)) otherwise (15)

The constants Af, obtained from standard nonlinear fitting
procedures, are tuned by the outputs 7”(v) of a trained ANN.
Note that, in our previous studies, the ANN was fed with all
symmetry-adapted coordinates Q, while in the present approach
the invariants v are used. This turns out to make a significant
difference. Though the vibronic coupling model with all output
neurons ;Y set to zero fulfills the symmetry transformation
invariance exactly, this is not the case anymore when the output
neurons depend on the symmetry-adapted coordinates Q. One
could say that the ANN simply does not know about the
symmetry of the problem except for what it can “learn” from the
reference data. The errors are very small (~1 cm™) and have
been removed by an a posteriori resymmetrization in our
previous studies. However, the new approach presented here
deletes this issue intrinsically by feeding the ANN with
invariants rather than symmetry-adapted coordinates. Thus,
on the one hand, regardless of the various equivalent realizations
of a molecular geometry related by symmetry transformations,
the values of the invariants are the same and thus enforce the
proper symmetry of the model. On the other hand, it is not
obvious whether or not the invariants contain all the coordinate
information represented by the symmetry-adapted coordinates.
The lowest-order invariants are a, v (xyy,), v¥(xy), and
vgez’l)(xs,ys,xb,yb). This means that there are only four instead of
five coordinates available. Furthermore, these invariants do only
represent information about the radial displacement of the

https://dx.doi.org/10.1021/acs.jpca.0c05991
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Figure 2. Weighted RMSE of the best neural network of a given set as a function of the hidden-layer size. Purple line represents the fitting set error;
green line represents the validation set error. (left) Previous model. (right) New model.

molecular geometry with respect to the conical intersection but
none about the tangential displacement with respect to the three
equivalent positions around the conical intersection.'' The
missing information can be retrieved by utilizing the next higher
order of invariants as will be demonstrated by numerical tests. It
turns out that adding the four third-order invariants provides
sufficient input information for an accurate representation of the
full diabatic PES model.

Finally, the cubic terms in the invariants on the input layer of
the ANN cause small numerical errors, which only show in the
detailed results of the quantum dynamics calculations for the
vibrational/vibronic levels of the system. This is avoided by
damping the invariants according to

v(Q) = ¢ tanh(dw(Q)) (16)

where ¢, and d, are empirical scaling factors chosen according to
the physical problem to be treated. A reasonable choice for this
scaling appears to be ¢, = di ' = 10, and this assumption is tested
numerically in Section 4.3.

This diabatic PES model is designed such that the stability and
basic qualitative description of a low-order vibronic coupling
expansion is combined with the flexibility of the ANN to achieve
excellent accuracy. We found in previous studies that the basic
reference model should be restricted to the lowest reasonable
orders to avoid numerical problems in the ANN training. This
also ensures that the model is free of pathologies. The accuracy is
not limited by this reference model but by the ANN tuning the
corresponding coupling parameters according to eq 15. What
remains is to fit the reference parameters A and to train the
ANN with respect to ab initio reference data.

3. COMPUTATIONAL DETAILS

The present method is tested by representing the 5 X 5 diabatic
Hamiltonian for the NOj radical. The training of the ANN is
based on an extensive set of ab initio reference energies
computed by Multiconfiguration Reference Singles and Doubles
Configuration Interaction (MR-SDCI) calculations based on
Complete Active Space Self-Consistent Field (CASSCF)
reference wave functions using a slightly adapted correlation
consistent aug-cc-pVTZ standard basis.''" All details of the ab
initio computations can be found in refs 74, 98, 111, and 112.
The sampling approach for the data points is based on the
method described in refs 113 and 90.

These reference data are used first to fit the 21 free parameters
/1;) of the reference model using a Marquardt—Levenberg
algorithm incorporated into a genetic algorithm with a resulting
RMSE of ~1700 cm™. This is the same reference model as used
before. Then the reference data set is partitioned into a training
set of 85% of the data and an external validation set of the
remaining 15% of the energies. The training set is used to train
CNPI-ANNSs with a single hidden layer of various sizes. The
validation set is used in the early stopping mechanism to prevent
overfitting as suggested in ref 114. The specific way how early
stopping is used here has been described in ref 90. All data are
energy weighted as described before in order to get the best
accuracy of the PES model in the region of the NCS most
relevant for the nuclear dynamics.

The resulting PES models were tested by computing
vibrational/vibronic energy levels on the adiabatic ground
state as well as the first electronically excited state, which is
separable for planar geometries. The second excited state of *E’
symmetry cannot be tested easily by the dynamics calculations,
because it is coupled to the A, ground state by pseudo-JT
coupling, and thus vibronic eigenstates would not be accessible
easily and therefore are not computed in the present study. The
computation of the vibrational/vibronic energy levels was
performed using a time-independent Hermite discrete variable
representation (Hermite-DVR) method,''® in which the
corresponding Hamiltonian was diagonalized by an exact short
iterative Lanczos method. Further details can be found in refs 74,
90, 98, and 105.

4. RESULTS AND DISCUSSION

The new scheme is tested and compared to its predecessor laid
out in refs 90 and 95. First, both are compared in terms of fitting
performance and convergence with respect to the number of
parameters needed. In a second step, both models are compared
in terms of the dynamics results for both *A," ground and *E”
excited states, respectively. Finally, the new approach will be
assessed by its capability of reproducing the available
experimental data,'”'%” in comparison to previous efforts.
While various ANN parametrizations will be used to provide
deeper insights regarding the stability of the produced results
(wrt the initial guess), each scheme will be primarily represented
by one specific parametrization as a reference case, which turned
out to be particularly suitable for the present case. The previous

https://dx.doi.org/10.1021/acs.jpca.0c05991
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Figure 3. State-resolved convergence behavior of unweighted RMSE for ab initio data points up to 1 eV above respective reference point energy. States
are enumerated from the ground state to the energetically highest lying state. Gray: weighted fitting set error. (left) Previous model. (right) Current

model.

method will be represented by an ANN model with a single
hidden layer of 75 neurons (corresponding to 1134 formal
parameters), and the new model has a single hidden layer of 30
neurons (corresponding to 549 formal parameters).

4.1. Fitting Performance. The first and somewhat
surprising observation is that the new ANN setup outperforms
the previous efforts significantly in terms of compactness and
overall fitting results. Various neural network sizes between S5
and 120 hidden-layer neurons have been tested. The
convergence behavior of the best obtained RMS error (as well
as the corresponding validation error) is presented in Figure 2,
together with the analogous graph from ref 90. Not only does the
new scheme converge to roughly half of the previous fitting
error, convergence itself occurs significantly faster with respect
to the ANN size. As in previous work, a sudden increase of the
difference between fitting error and validation error is observed
at a certain number of hidden-layer neurons. This is a sign for
overfitting, and ANN models with a larger hidden layer are
considered less reliable. This point is reached for 50 hidden-layer
neurons with the new approach compared to 80 neurons for the
initial method. In the present study we will focus on the best
fitted 30 neuron network, with a fitting RMS of 21.4 cmlanda
validation error of 23.6 cm™, respectively. This was chosen
instead of the 40 neuron network, because both result in almost
indistinguishable results, and the smaller ANN is more efficient
to test thoroughly. It also should be pointed out that the
reference data are obtained from very intricate ab initio
calculations rather than an analytic test model, and thus the
remaining errors not only reflect possible shortcomings of the
present model but also the errors intrinsic to the multireference
configuration interaction (MRCI) calculations. We are inclined
to estimate that an RMSE on the order of 10—20 cm™" might be
the lower limit of what is possible to achieve with the present
data set.

While the total root-mean-square error provides a measure for
how well the given ab initio data are reproduced overall, it
provides no information regarding how deviations are
distributed. For this purpose, unweighted RMS errors were
computed for each adiabatic energy separately below a certain
threshold. This threshold was chosen the same way it was in
previous work,” 1 eV above the reference point energies, to
obtain a measure of how well the model performs in the

physically relevant regions of the individual sheets. A
comparison between the convergence behavior of both present
and previous models can be found in Figure 3. Apart from
inheriting the same smoother, more well-behaved manner of
convergence, state-specific errors produced by the new method
are significantly closer together, meaning the overall error is far
more evenly distributed across the individual electronic states.
This is in stark contrast to the previous model, where the error
seems largely dominated by the error of the lower *E” sheet. A
reasonable explanation for this is that, while its intricate triple-
well structure remains the topographically most demanding to
reproduce, the inherent symmetry of the modified input
coordinates greatly reduces the overall strain on the network.
This also explains the significant reduction of required
parameters (less than half of the previous reference ANN
surface).

4.2. Impact of the Hidden-Layer Size on Dynamics.
While representing ab initio data reliably is a central aspect and
strong point of the presented method, it is equally essential for
the resulting models to behave consistently in dynamics
calculations. To this end, in a first step, fits of neural networks
are considered, which differ only in which particular (randomly
generated) initial guess was used in the training for the neural
network parameters. As mentioned above, these tests are
performed with 30 as the number of hidden-layer neurons for
this particular study. The resulting surfaces can vary significantly,
as the highly nonlinear nature of the model allows for a great deal
of different realizations of nearly identical fitting errors. The
study itself is performed in analogy to that of ref 95, taking the 10
best-fitted networks (in terms of the RMS error) from a set of
100. These networks only differ marginally in terms of the fitting
error, ranging from 21.4 to 22.2 cm™', meaning they can be
considered roughly identical in terms of quality. They are
enumerated by their numerical “rank” (starting at 1 for the best
network) for the sake of convenience in the following. Figure 4
shows an excerpt of the data resulting from computing
vibrational transition energies for the X 2A," state, together
with the obtained average transition energies as well as
respective standard deviations o, The latter are of particular
interest, as they provide a simple measure for how dynamics
results “spread” among samples of very similar networks. In
other words, these o; values are a measure for what kind of

https://dx.doi.org/10.1021/acs.jpca.0c05991
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Table 1. Comparison of Computed Vibrational Transition

Energies”
30 20 25 40 60 80
S(E,— o — 8(E — O — &, —
state E,— Ey+o; & E,) B E,) E,)
1/2 365.8 + 1.0 —-0.9 0.2 0.5 1.4 1.2
3 754.6 + 1.3 —-1.5 —-0.5 —0.2 —-0.2 0.9
4/5 7725 + 1.7 =32 —-0.8 —-0.5 1.2 1.5
6/7 1035.5 + 1.7 0.4 2.6 1.9 2.1 2.2
8 1055.6 + 0.7 —1.7 -1.0 -1.2 —-1.2 —-1.1
9/10 1176.6 + 1.5 —2.8 —-1.1 -19 —1.8 —-04
11 1186.6 + 1.9 -2.7 0.4 —0.8 1.8 1.3
12 12123 + 2.5 —6.1 -3.1 =23 0.6 1.7
13 1342.7 + 1.5 =23 2.5 0.5 1.2 1.9
14/15 1417.6 + 1.0 2.5 —-0.7 —-0.7 —-0.2 0.0
16/17 1488.1 + 0.8 0.1 1.8 —1.1 —0.1 0.0
18 1489.8 + 2.1 0.0 3.6 0.2 2.8 2.8

14/15 fe—o—o—=sn —— 1418+1
13 4 1345£1
12 oS o1 121143
1 —e—Ce—e =21 11862

9/10 o—e—== o2 11752
8 — 1055+1

6/7 e 103812
4/5 —e 0 L 77242
3 ——— 75411
1/2 — 366+1
L

123456 7 8910
ANN Rank

Figure 4. Comparison of the computed transition energies for the X
A, state of *NO; (in cm™) for the 10 best (in terms of the fitting
error) ANNSs from a set of 100 fitted neural networks, including the
reference ANN. Level distances, not to scale, correspond to a deviation
of 20 cm™" from average. Gray: Standard deviations 6; around average
energies. Average energies are provided on the right-hand side together
with the deviation o; in inverse centimeters.

deviations are a priori indistinguishable from competing
networks of the same architecture as our reference, which is
why excitation energies will be denoted with a +o0; when
appropriate.

Overall, the dynamics results obtained from the new 30
neuron model closely resemble those from the previous 75
hidden-layer neuron model both with respect to the average
energies produced as well as with respect to the corresponding
standard deviations. Standard deviations are close to 2 cm™" for
all 18 states considered in the present work. This more than
likely confirms the previous conclusions that the previous model
already exhausted the limits of what accuracy can be achieved
within the confines of the ab initio data presently available. This
indicates that the new approach inherits one of the most
favorable aspects of its predecessor, in particular, the consistency
of the dynamics results produced and thus the overall tendency
of the method to produce robust results of excellent quality.

With the standard deviations o; as a measure for significant
deviations from the reference network at hand, the findings
presented in Table 1 can be contextualized.

The 20 neuron network, with its significantly smaller number
of formal parameters, results in vibrational level energies
deviating significantly for all states known to be affected by
insufficiently flexible ANN models in the past (in particular, 4/,
11, and 12), suggesting that these states are particularly sensitive
regardless of the specifics of the model used. States 9/10, 13, and
14/15 are additionally affected, further suggesting that this
network size is insufficient to reproduce the lowest adiabatic
sheet accurately. The 25 neuron network, while being more
consistent with the reference network overall, still shows
significant deviations for states 12 and 13 as well as 6/7, 16/
17, and 18, in particular, which were previously indistinguishable
from the reference. Most interestingly, the 40 neuron network
(corresponding to an increase of formal parameters by ~30%)

“Comparison of the computed vibrational transition energies for the
X %A, state of NO; (in cm™) for different hidden-layer sizes. The
vibrational excitation energies of the reference (30) surface are
reported together with the deviation o; as defined before (see text).
For the five hidden-layer sizes tested, 5(E; — E,) provides level shifts
compared to reference network (30). The dotted vertical line
indicates the separation between increased and decreased hidden-
layer sizes with respect to the reference.

shows little to no significant change when compared to the
reference network. This was the reason why the less flexible 30
neuron ANN was chosen as reference model, because it is the
more rigorous test for the efficiency of the new model. It turns
out that network sizes depending on more than twice the
number of formal parameters than the reference network (such
as 60 and 80 hidden-layer neurons) show very few significant
deviations, with state 18 featuring the largest deviation overall.
This is surprising, as overfitting effects were much more
apparent in the previous model scheme, where the molecule’s
symmetry was not directly taken into account by construction.
This change in behavior suggests that, at least for the sample of
states considered, reproducing the adiabatic ground-state PES
accurately is less indicative of the model’s overall performance.
Apparently, the new CNPI-ANN approach greatly reduces the
strain on the network to reproduce the comparably simple,
highly symmetric structure of this PES.

Moving on to the significantly more sensitive dynamics of the
2E” first excited state, again first the 10 best networks are
considered for the reference hidden-layer size (30 neurons) to
estimate the size of a “significant deviation”. A visualization of
the first 15 states is again provided in Figure S. Despite the
overall improvement of the new model in terms of reproducing
ab initio data for this particular electronic state, no change in the
overall sensitivity of the resulting transition energies could be
observed. However, while the standard deviations o; remain
rather similar to those produced by the analogous study using
the previous model and 75 neuron network for each state
considered, even the average energies of the first few states (such
as 3/4, 6, and 8) deviate up to 30 cm™'. On the one hand, the
latter is to be expected, as the changes in fit performance were
the most significant for the coupled surfaces of the *E” state. The
former, on the other hand, can easily be interpreted as the
sensitivity of these states being intrinsic to the complexity of the
particular system, combined with the limited availability of ab
initio data. This interpretation is consistent with our findings in
ref 95.

https://dx.doi.org/10.1021/acs.jpca.0c05991
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Figure 5. Comparison of the computed transition energies for '*NO;
(in cm™) on the A state for the 10 best (in terms of fitting error) ANNs
in analogy to Figure 4. Level distances, not to scale, correspond to a
deviation of 100 cm ™! from average. Gray: Standard deviation 6, around
average energies. Excitation energies together with the deviation o; are
given at the right-hand side.

The obtained standard deviations again provide a context in
which the resulting vibronic excitation energies of different
network sizes, summarized in Table 2, can be compared. In
addition to the energies, this table also provides Dy, labels and
state assignments based on symmetry information and projected
wave function densities. As in the previous work,” state
assignments in the degenerate stretch and bend coordinates are
given in terms of radial {}, and tangential excitations t;‘,b.lm
Excitations in the totally symmetric mode are denoted with a".
While deviations are largely well below 40 cm™, the 80 neuron

network showed such immense overfitting artifacts that
comparison was not deemed feasible, which is why it was
omitted. Overall, deviations observed are rather large for
different neural network sizes, in particular, for states
corresponding to radial stretch excitations r,. The fact that the
radial stretch excitations remain sensitive despite the new model
representing the related ab initio data significantly better than
before further confirms the previous conclusions that this may
be a limitation of the underlying data itself being insufficiently
sampled in the dissociative domain of the nuclear configuration
space. Apart from that, the overall size of the deviations is
consistent with findings from the previous modeling scheme.

On the one hand, considering again the smaller networks first,
the 20 hidden-layer neuron network exhibits the most significant
deviations for the r, fundamental and the # af state (state 20),
with most other states showing deviations close to their
respective ¢, The 25 neuron network, on the other hand,
shows expectedly fewer deviations than the 20 neuron network,
as the flexibility of the network increases. Both networks remain
comparably more similar to the reference ANN overall, at least
relative to the deviations found for the same ANN sizes and the
corresponding dynamics results for the ground-state calcula-
tions.

Intriguingly, this pattern was also observed in the previous
model. A plausible explanation for this is that the adiabatic
ground state is more sensitive to underfitting, requiring a
minimal flexibility to be reproduced though having a simple
overall structure. Conversely, the A state appears to be more
sensitive to overfitting, having the most complicated structure.
This sensitivity toward overfitting can be observed when looking
at the 60 neuron network. In this case, deviations are again
larger, reaching up to 40 cm ™', with state 20 again deviating the
most, relative to the standard deviation. The 40 neuron network,
while significantly deviating for a few states (state 20, in
particular), is overall very similar to the reference network and
can be seen as an overall equivalent choice.

In conclusion, our findings show that the new modeling
scheme is overall very similar to its predecessor in terms of how

Table 2. Comparison of Computed Vibronic Transition Energies”

30 20
state assignment E, — E, + o; S(E; — E,)
2 0al 58.1 £2.0 22
3/4 e 536.7 + 10.5 12.3
5 tay 539.5 +2.1 2.4
6 rlay 595.0 9.9 134
7/8 te” 6143 £ 6.5 11.6
9/10 (%) e 787.3 + 11.6 19.5
11 i (*) af 859.4 + 28.7 36.5
12 ity ay 1047.7 + 14.7 204
13/14 e’ 1056.4 + 24.8 25.0
15 2 af 1117.3 + 174 26.2
16/17 & (*) e 1121.9 + 18.5 29.6
18/19 rith (%) e” 1168.8 + 5.9 53
20 £ (*) af 11762 + 13.6 25.0
21/22 a'e” 1176.3 + 10.3 182
23 taj 12714 + 6.7 5.7

25 40 60
S(E; — E,) S(E; — E,) S(E; — E,)

=25 : 2.8 1.7
18.3 : 13.1 16.6
3.5 : -1.6 —0.1
17.0 : 14.8 19.6
7.3 : 10.0 12.5
-0.3 : 3.3 16.9
172 : 28.7 40.0
23.9 17.1 25.0
29.2 22.7 27.8
20.7 19.3 254
30.1 289 34.9
13.5 3.5 9.8
19.9 20.2 272
16.3 12.9 20.5
8.3 -2.6 S.0

“Comparison of computed transition energies for "*NO; (in cm™") on the A state for different hidden-layer sizes. §(E; — E,) provides level shifts
compared to the reference network (30). All states are given labels in terms of excitations in the breathing mode (a) as well as radial and tangential
excitations in the degenerate stretch and bend modes (7, t,). Assignments marked with (*) display visible contamination of other r, excitation(s).
The dotted vertical line indicates the separation between increased and decreased hidden-layer sizes with respect to the reference.

H
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it reacts to varying the hidden-layer size and overfitting, while
being capable of reproducing ab initio reference data both more
accurately and with less than half as many parameters. The
primary difference to previous findings (in terms of behavior) is
that the model shows a more clear-cut change in behavior as
overfitting effects become dominant. However, it is important to
note that this does not relevantly affect the stability of the
method itself, as these effects occur only for more than twice the
number of parameters needed to accurately reproduce the given
data, and resides far beyond any suitable model choice. As a
consequence, the 30 neuron model remains the focal point of
this work, with the 40 neuron model yielding largely equivalent
data at the cost of needing significantly more parameters.

4.3. Invariant Input Coordinates and Numerical
Stability. So far, only the model’s behavior with respect to
the hidden-layer size of the neural network has been
investigated. However, this is of course not the only free
parameter related to the neural network that could be adapted.
Most of these parameters, such as the number of hidden layers or
particularities regarding the distribution of the data set into the
reference and validation set already have been discussed at
length in ref 90. What remains is to analyze the impact of the new
parameters introduced in Equation 16. In the present case, these
parameters were set in such a way that ¢, = ;' = 10. What this
means is that v,'(Q) approximates v,(Q) for all values of lvl less
than ¢, while approaching =+¢; as v, = *00. In other words, v’
serves as an asymptotically damped version of v;.

One of the great advantages of neural networks, as we have
stressed before, is the homogeneous, bounded nature of the
sigmoid functions they are ultimately composed of. This is in
stark contrast to the terms of a polynomial expansion, which
increase more rapidly in size for increasing polynomial orders,
which can cause artifacts caused by rapid oscillations in the
undersampled domains of a fit. However, some of this
disadvantage is reintroduced by the use of higher-order
invariants as input coordinates, which means that small changes
in the primitive coordinates translate into large changes in the
third-order coordinates. This appears to cause unnecessary
numerical noise to the neural network, thus hindering (or even
impeding) convergence. The above damping scheme was
introduced to remove this problem and make the resulting
ANN model more robust numerically. What remains is to
address the question of how to choose the resulting parameters
¢ Since the goal of the damping scheme is to avoid artifacts
caused by ill-behaved coordinates rapidly increasing in size, the
present scheme aims to minimize the risk of numerical issues by
keeping v’ as limited as possible. This means that the
dynamically relevant region of the surface must be represented
perfectly and that the damping does not interfere with that
region. ~

Table 3 provides a summary of how the computed A state
transitions change for the reference network size (30) for various
choices of ¢.. Again, labels and deviations wrt the reference
network are provided in the same format as that of Table 2,
including standard deviations o; as a measure for the expected
deviations from the reference for equivalent networks (see
Section 4.2). No significant impact on the X state could be
observed. For this reason the present study will focus solely on
the A state. Choosing a significantly smaller value of ¢, than 10
causes the resulting network to become incapable of
reproducing ab initio reference data, as small ¢, begin to
dampen v for smaller and smaller displacements from the
reference geometry. On the one hand, this loss of quality is so

Table 3. Comparison of Computed Transition Energies”

5(Ei - 5(Ei - 5(Ei - 5(E1 u
E - E; £ 0 Ep) E,) E,) E,)

state assignment ¢ =10 =15 =20 =30 ¢=40
2 0af 58.1+2.0 -09 -19 10 15
3/4 rle” 536.7 + 10.5 -07 8.1 7.6 16.2
5 tay 539.5 + 2.1 -14 45 2.8 4.6
6 reay 595.0 £9.9 2.3 12.5 104 17.6
7/8 tle” 614.3 £ 6.5 -30 6.1 6.9 13.6
9/10 (%) e 787.3 = 11.6 5.8 -60 -21 23
11 e (%) af 859.4 + 28.7 1.4 2.0 7.3 17.7
12 rith aj 10477 £ 147  —-35 139 113 23.4
13/14  rZe” 1056.4 +248 —0.8 228 151 295
15 *af 11173+ 174 1.9 19.2 142 256

16/17  #(¥)e”
18/19 ity (*) ¢’

1121.9 + 18.5 —0.6 26.3 15.8 35.7
1168.8 + 5.9 -18 7.6 2.3 8.8

20 £ (*) af 11762 + 13.6 2.4 14.5 1.0 215
21/22  a'e” 11763+ 103 =31 196 128 277
23 t!aj 12714 + 6.7 1.6 6.1 -2.0 —02

“Comparison of the computed transition energies for '*NO; (in
cm™") on the A state for different damping thresholds ¢, = dj* used in
Equation 16. Columns for ¢, values larger than 10 provide level shifts
compared to reference network (30 hidden-layer neurons, ¢, = 10).
Labels and standard deviations o; taken from Table 2.

significant that obtained dynamics results would fail to provide
relevant insight, as the resulting dynamics change too drastically
to allow a proper comparison. On the other hand, the behavior
of the network changes only marginally when increasing ¢, from
10 to 15. This suggests that ¢, = 10 is indeed large enough to
cover the dynamically relevant region, while minimizing the risk
of artifacts. Networks with thresholds of 50 or greater
(essentially meaning that v, — v;) have been found to cause
significant artifacts in the surface, rendering further comparisons
unfeasible. One way in which these artifacts become noticeable
is that dynamics results of formally degenerate level energies
begin to show deviations of ~1 cm™' due to numerical
instability. As the damping threshold ¢, becomes higher and
higher, the computed level energies change increasingly, with
deviations from the reference calculation values exceeding o,
until a “tipping point” (close to ¢, = 50) is reached, rendering the
obtained dynamics calculations unusable.

In summary, tuning the damping threshold ¢, one observes a
significant change in the dynamics results obtained, with one
limiting case on either side. Each limiting case is accompanied by
an abrupt change into pathological behavior. Our interpretation
of the data presented in Table 3 is that very large values of the v},
outside the dynamically relevant region cause the numerical
artifacts and thus need to be damped as quickly as possible. This
means that the proper values of ¢, can be estimated
approximately by the inspection of the reference data and
should be chosen reasonably small. For this reason, all further
results are obtained with a value of ¢, = 10 Vk.

4.4, Comparison with Experimental and Previous
Theoretical Data. Up to this point it was investigated primarily
how the ANN choices like hidden-layer size affects the fit
performance as well as quantum dynamics result in comparison
with a reference ANN model and how these observations fit into
the conclusions drawn from previous efforts. The comparisons
aim at estimating errors intrinsic to the model with respect to the
differences in excitation energies produced by the ANNS of (in
terms of fitting error) indistinguishable quality. These estimates

https://dx.doi.org/10.1021/acs.jpca.0c05991
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in return allow to judge different networks in terms of their
internal consistency among one another, without the need for an
external reference. In this section, the focus will be on the quality
of the surfaces based on external consistency with experimental
data, considering X and A state vibrational/vibronic transition
energies.

4.4.1. Vibrational Eigenstates in the X ?A,’ Electronic State.
The results of the vibrational eigenstates of the X state are given
in Table 4. The experimental frequencies are compared to the

Table 4. Summary of the Comparison”

assignment ES JFi el EANNnew EEQ{I;N”H 5E2$N
4l e 365.5 366.8 365.8 -13 -0.3
4%a) 752.4 756.3 754.6 -39 -22
4 e 771.8 774.6 772.5 -2.8 —0.7
1'a)’ 1051.2 1054.9 1055.6 -37 —44
3le 1055.3 1039.7 1035.5 15.6 19.8
4 e 1173.6 1179.3 1176.6 -5.7 -3
4a) 1214 1215.1 1212.3 -1.1 1.7
14! e’ 1413.6 1417.7 1417.6 —4.1 —4.
341 2y 1491 1344.9 1342.7 146.1 148.3
34t e 1492.4 1490.0 1488.1 24 4.3
3'4ta) 1499.8 1498.2 1489.8 1.6 10.

“Summary of the comparison between the experimental and
computed transition energies on the X 2A," state of “NO; (in
cm™"). The “assignment” column provides the corresponding Dy,
labels as well as state assignments including dominant state
contributions. EAnv provides excitation energies using the previous
(ANN-based) model,”””® and EANN"" relates to the ones obtained
for the present model. The remaining two columns provide respective
differences from the experimental data as listed under E.,,, reported
from ref 106.

computed transitions for both the novel and previous ANN
model. As becomes apparent quickly from the fifth and sixth
columns of Table 4, deviations from experiment remain largely
similar, with all but one change in deviation being most likely
just coincidental and due to the model-intrinsic fluctuations
discussed in Section 4.2. The only state to which a noteworthy
change can be attributed is the 3'4' a,” state. However, this
deviation by itself does not allow for any meaningful
interpretation and still resides well within the limits of what
can be expected of the model under present conditions. The new
model also reconfirms the long-debated 3' fundamental, which
can be assigned confidently to a state computed at 1036 cm™"
(previously 1040 cm™'), agreeing well with other theoretical
treatments'®>7'%%'1¢ and recent experimental assign-
ments.'°%"'7"'® Similarly, the new model also provides further
evidence that the measured energy level of 1492.4 cm™" does not
correspond to the 3! fundamental but to the combination band
3'4! ¢’. Finally, the large deviation found for the 3'4' a,’ state
can only be explained by a misassignment of the experiment as a
disagreement of almost 150 cm™, for a single state appears more
than unlikely, especially with excitations even higher in energy
not reaching one-tenth of that.

4.4.2. Vibronic Eigenstates in the A %E” Electronic State.
The available data for the electronically excited *E” state are
restricted to three experimentally measured transitions, as was
the case with the previous model. While a greater deal of
experimentally observed transitions is indeed available, they all
involve umbrella excitations, which cannot be reproduced with
the present model being restricted to planar geometries. A
comparison of how both old and new ANN models reproduce

available experimental data is provided in Table 5. The two
adiabatic PES sheets corresponding to the 2B state show a

Table S. Summary of the Comparison”

assignment . E{}Eﬁ’”l‘* Eﬁfjgl‘“ew EEQXI;IN"’M EE?XI;N‘“W
45 (1) 539.5 539.3 539.5 0.2 0.0
42 (rl) 1056.6 1024.8 1047.7 31.8 8.9
35 () 1270.5 1276.1 12714 —-5.6 -0.9

“Summary of the comparison between the experimental and
computed transition energies on the A 2B” state of NO; (in cm™).
Assignments in the first column correspond to those of Table VI of ref
107, with assignments from Table 2 given in parentheses. EfNnvold
provides excitation energies using the previous (ANN-based)
model,”*?® and EANN"" relates to the ones obtained for the present
ANN-based model. The remaining two columns provide the

respective differences from the experimental data.

particularly strong Jahn—Teller coupling resulting in a
pronounced triple-well structure on the lower adiabatic sheet.
As a result, the assignment of the Dy, labels based on normal
mode excitations are not straightforward. The intricacies of how
tunneling and the geometric phase effect affect the resulting
spectra as well as the structure of the vibronic eigenstates have
been analyzed in detail in refs 10S and 110.

Of the three experimentally known excitations, two have
already been reproduced within the intrinsic limitations of the
previous model. This continues to be the case for the present
method, excellently reproducing experimental data for the 4
() and the 3} (#!) level. In addition, the previously far less well
reproduced rlt; state now is computed with unprecedented
agreement with experimental data by the new CNPI-ANN
model. While it is impossible to extrapolate too far from such a
small data set, it may be concluded that it is a fair assumption
that this improvement is indicative of the overall improved
quality of the new model, in particular, with respect to the A
state.

5. CONCLUSIONS AND OUTLOOK

The recently developed diabatization method based on a
combination of a simple vibronic coupling model and an ANN
that tunes the coupling parameters has been improved and
thoroughly tested in the present study. The use of symmetry
transformation invariants as input coordinates for the ANN
intrinsically removes symmetry contaminations. Apparently, the
proper symmetry handling by the invariants reduces the stress
on the ANN and leads to reduced RMS errors of the represented
ab initio data. Furthermore, these improved results are obtained
with significantly smaller ANNs. While with the original method
an optimal ANN with 75 hidden-layer neurons was determined,
the present CNPI-ANN method needs only 30 neurons to yield
a PES model with noticeably improved RMSE. Thus, the new
method not only is capable of reaching better accuracy but also is
considerably more efficient. This can reduce the numerical effort
in demanding quantum dynamics calculations considerably and
thus can be of tremendous advantage.

The performance of the diabatic PES model obtained with the
CNPI-ANN method has been tested by representing an
extensive set of ab initio data for the few lowest electronic
states *A,’, ’E”, and *E’ of planar NO;. The same data set has
been used as in our previous studies, and thus the results can be
compared directly. In addition to the residual errors in the
representation of the ab initio data, vibrational- and vibronic-
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level energies have been computed. This allows to assess the
sensitivity of the nuclear dynamics results on the various
parametrizations of the CNPI-ANN PES model. It turns out that
the new CNPI-ANN model behaves very similarly to the
previous plain ANN model. In particular, the onset of overfitting
can be assessed from the development of the validation error
compared to the reference error when increasing the hidden-
layer size. For each ANN, many different parametrizations are
obtained, which are very similar in terms of RMSE. The
corresponding quantum dynamics calculations yield a certain
scattering of values for each vibrational/vibronic level that is
indicative of the sensitivity of the results on the minute details of
the PES model. The observed standard deviations are only on
the order of a couple of inverse centimeters for the A, ground-
state vibrational levels. The standard deviations computed for
the vibronic levels of the excited 2E” state, having a much more
complicated PES topography, are approximately an order of
magnitude larger. Comparison of these dynamics results with
the available experimental values shows overall excellent
agreement, and most level energies are reproduced more or
less within the computed standard deviations. The agreement
with experiment is slightly improved over the plain ANN model,
which already yielded excellent results. The most noticeable
improvements are observed for the *E” state both in fitting
RMSE and quantum dynamics results.

The present model limited to SD planar NO; will be extended
to full 6D in the near future to be able to investigate the nuclear
quantum dynamics and spectroscopy of this intriguing radical in
full detail. Of course, the CNPI-ANN diabatization model can
be applied also to other vibronic coupling problems. The present
results seem quite encouraging that accurate and reliable
diabatic PES models can be obtained by the present method
in an efficient way.
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The photodetachment spectrum of the nitrate anion (NOj3) is simulated from first principles using wave
packet quantum dynamics propagation and a newly developed accurate full-dimensional fully coupled five
state diabatic potential model. This model utilizes the recently proposed complete nuclear permutation
inversion invariant artificial neural network (CNPI-ANN) diabatization technique [J. Phys. Chem. A, 2020,
124, 7608]. The quantum dynamics simulations are designed such that temperature effects and the impact of
near threshold detachment are taken into account. Thus, the two available experiments at high temperature
and at cryogenic temperature using the slow electron velocity-map imaging technique (cryo-SEVI) can be
reproduced in very good agreement. These results clearly show the relevance of hot bands as well as vibronic
coupling between the X 2A} ground state and the B ?E’ excited state of the neutral radical. This together
with the recent experiment at low temperature gives further support for the proper assignment of the vg
fundamental, which has been debated for many years. An assignment of a not yet discussed hot band line is

also proposed.

I. INTRODUCTION

One central goal of chemical physics is the detailed
and fundamental understanding of the nuclear dynam-
ics of molecular systems. Impressive progress has been
achieved in this quest by the combined efforts of ex-
periment and theory over the past decades. Yet, there
are still enigmatic systems which, despite being studied
intensively, are not understood very well. The nitrate
radical (NOgs) is one such case which on the one hand
is of high significance due to its importance in atmo-
spheric chemistry! and on the other hand shows com-
plicated nuclear dynamics and correspondingly complex
spectra. This sparked the interest of many research
groups over the years both experimental?>*? as well as
theoretical .41~

One of the reasons for the complicated behaviour of
NOg seems to be the presence of strong nonadiabatic cou-
pling effects. The two first electronically excited states
are of 2E” and 2E’ symmetry, respectively, and thus are
both subject to an E®e Jahn-Teller (JT) effect. Further-
more, the conical intersection at Ds; symmetric nuclear
configurations induces a geometric phase due to the sin-
gularity of the nonadiabatic coupling. Both cause very
complicated spectra corresponding to the excited state
manifolds. But even the non-degenerate ground state of
2 A}, symmetry shows spectroscopic features which have
been debated for decades. This may be attributed at
least in part to significant vibronic couplings to the ex-
cited state manifolds. A further complication is that NOg

a)Electronic mail: alexandra.viel@univ-rennesl.fr
b)Electronic mail: d.williams@uni-bielefeld.de
©) Electronic mail: wolfgang.eisfeld@uni-bielefeld.de

is difficult to study both experimentally and theoretically.
The bottleneck for detailed theoretical studies of the nu-
clear dynamics and spectroscopy is the need of a very
accurate potential energy surface (PES) model based on
advanced electronic structure calculations. Various mod-
els have been developed in the past0:64-68,70-75 hyt it has
been a stony track to achieve the required quality to reach
decisive interpretations in comparison with experimen-
tal observations. Our recent developments for producing
highly accurate diabatic PES models using artificial neu-
ral networks (ANNs) should be a significant step forward
to reach that goal.”0 78

One experimental breakthrough has been the first pho-
todetachment spectrum of the nitrate anion (NO3 ) pub-
lished by the Neumark group in 1991.34 This has been
the first direct experimental proof of the existence of the
A 2E" state of the radical, which previously only had
been predicted by theogy.79 This experiment also pro-
vided new data for the X 2A) state of the radical. How-
ever, both partial spectra showed idiosyncrasies which
sparked the discussion of their interpretation. A very re-
cent experiment from the same group tried to resolve at
least some questions regarding the X state.®® By cryo-
genic cooling some hot bands of the original spectrum
could be removed which allows to focus on the remain-
ing unexpected features more clearly. Unfortunately, a
corresponding experiment for the A state is not available
yet. Thus, one aim of the present study is to simulate
the temperature effects on the spectra theoretically and
to compare the results with the new experimental data
available.

Several attempts to simulate this experiment have been
published over the years.6%71-7380 While the X state
could be simulated reasonably well even in the first
attempt,* the A state took a lot more effort and required



a lot of development to obtain a sufficiently accurate PES
model. 738184 Further development enables us now to use
a PES model of unprecedented accuracy to simulate the
corresponding spectra,”6-78,85,86

Il.  FULLY COUPLED DIABATIC 6D POTENTIAL
ENERGY MODEL

The basic idea behind the model potential used in the
present work was detailed in Ref. 78. Its main features
and the extension of our approach to the full-dimensional
(6D) diabatic PES model for NO3 are presented here.
The underlying ansatz for the diabatic matrix is ex-
pressed as a sum of diagonal and coupling matrices”6:82:87
reading

A 0T o7
WHQ) =W (Q)+ | 0 A1 0 (1)
0 0 Ml
0 of oT
+ 6-10 0 Al()].
0 Aol O
0 o7 Asp L+ dop,T
0 AEs + A5€p 0
AspPs + Aopy 0 A6Es + A7ep
0 )\MpsT + )\12pr OT
/\11/)3 + /\12pb 0 A13€s + A14Ep
0 A13€s + A14€p 0

The 2 x 2 matrices &, in Eq. (1) are the first-order Jahn-
Teller coupling blocks and the vectors p, ;, are the pseudo-
Jahn-Teller coupling blocks given by

ep=| " P and Pspy = Ysb ) (2)
ys,b _xs,b xs,b

ZTsby Ys,p and O are symmetry-adapted coordinates cor-
responding to the degenerate asymmetric stretching and
bending modes (s, ys,») and the umbrella motion (6).
These coordinates together with the symmetric stretch
coordinate a are gathered in the 6D vector of nuclear co-
ordinates Q. They are defined identically to those used
in previous studies”®3 and provided in the appendix for
the sake of convenience. In Eq. (1), ngag(Q) is a diago-
nal matrix which contains first and second order terms as
detailed in previous work”®7%76:83 and reproduced in the
appendix. ngag<Q) is comprised of purely polynomial
terms. The remaining four 5 x 5 matrices of Eq. (1) cor-
respond to the parametrized constant, linear Jahn-Teller
and linear pseudo-Jahn-Teller coupling matrices. Due
to symmetry, all inter-state couplings between states of
(A’,E’) and E” symmetry, respectively, are proportional
to the umbrella coordinate 6 and hence vanish for planar
geometries.

The key for the accuracy of the present model is that
the vibronic coupling coefficients, A;(Q) [j = 1,...14],
are not constants like in standard vibronic coupling mod-
els. Instead, they depend on all six nuclear coordinates
Q through the use of an ANN with the coordinates as
input layer. More specifically, the modified A; depend
on invariant functions, Q, constructed from Q. Apart
from the inclusion of 6 to account for the additional de-
gree of freedom, the invariants (Q) are identical to those
used for the 5D ANN-based model described in Ref. 78.
These invariants are provided in the Appendix for the
convenience of the reader.

The new 6D model is constructed such that for 6 = 0
the 5D ANN model from Ref. 78 is reproduced exactly.
To this end, the vibronic coupling constants of a reference
model )\? are tuned by the scaled output neurons n?D(Q).
In addition, since the umbrella coordinate is now present,
a second ANN, yielding the output neurons 77?]3(())7 is
introduced to provide the necessary 6-dependence to the
\; parameters. More specifically, the coefficients \J_,
which correspond to the adiabatic energies at the refer-
ence point, are made coordinate-dependent by

(@) =X (1+107- 17 (Q) 3)
+ 671073 . P (Q)) Vj <3,

and the coefficients A4_g, also present in the 5D model,
are constructed similarly:

3(@Q) = A+ (14 7°(Q) (4)
()

where the nJG-D are the outputs of the additional neural

4<j<9

network depending on Q and which account for the ef-
fects of non-planar geometries. The additional scaling
factors c¢; are introduced to allow for further flexibility
if particular reference model terms reside in a different
order of magnitude than other terms and hence require
a different treatment. The additional parameters Ajg_14
are defined in analogy to the previously utilized mod-
els and correct the new inter-state coupling terms, which
vanish for planar geometries and thus were not included
in the previous 5D models. These read

2(Q) =\ (1 +o -n;?D(Q)) vj>10.  (5)

The constants A are obtained from non-linear least
squares fits with respect to accurate ab initio reference
data and yield a qualitatively correct reference model.
In a second step, the two ANNs are trained with respect
to the same reference data and provide the Q-dependent
corrections. A global view of the above equations is that
the A; coefficients are actually modified not by a single
but by two ANNs, the original #-independent 5D model
from Ref. 78 (U?D(Q)) and the neurons U?D from the
ANN used in Eq. (5).



The advantage of this approach is that the previously
derived 5D ANN model.”®, which is of excellent quality, is
available already and accounts for a large part of the full
6D model. Egs. 3, 4, and 5 ensure that the coefficients A;
are constructed in such a way that the model smoothly
falls back to the original 5D model for planar geometries.
This way, the present, full-dimensional model naturally
extends the previous planar model by including out-of-
plane motions, while simultaneously correcting the addi-
tional contributions of the new vibronic coupling terms.
This further serves as a proof of concept that the pre-
viously established scheme can be extended without the
need of changing the general structure of the ansatz.

All neural networks involved in the construction of
the model belong to the broad category of feed-forward
neutral networks. They are functions taking a vector
CNQ = 1nM as input and processing it via intermediate
results (%) the so-called hidden layers, to a final (Lth)
output vector n©) = 1P called output layer. The vector
elements of each layer are called neurons. Each interme-
diate 7*) depends solely on the previous layer n(*=1)
by

R A5 L) T
l

f®)is a nonlinear function of one variable called activa-
tion function. In the present case, f(*)is chosen to be
tanh for the single unique hidden layer k£ = 2 and as the

identity Id for the output (k = 3), respectively. w](.f) and

ﬁj(-k) are called weights and biases, respectively. They are
the fitting parameters of the neural network.

The additional neural network accounting for the 6-
dependence of the 6D model contains a single hidden
layer with 10 hidden layer neurons, corresponding to a
function of approximately 250 formal parameters. While
significantly larger (and smaller) networks have been
tested, this network size is considered the most suitable.
As in our previous work,”® this ANN was trained for a
set of 100 random initial guesses using a specialized ANN
Marquardt-Levenberg method developed in-house. The
data set is composed of over 2400 (non-planar) geome-
tries, with a validation data set of about 400 additional
geometries. This is a significantly smaller data set than
what was used for planar geometries (18,000 geometries),
as accurate ab initio data for fully asymmetrical (C7) ge-
ometries is significantly more expensive and problematic
to attain.

The reference model (including the previous 5D ANN
and fitted )\go)) yields a root mean square (rms) error
of 835cm ™! which is significantly higher than the final
error after the ANN training of 58.1cm™!. This fitting
error only includes non-planar geometries, as the model
is identical to the previous 5D model for planar geome-
tries. The corresponding validation set error is expect-
edly higher, 70.0cm~!. While larger networks slightly
decrease the resulting rms error by a few inverse cen-

timeters, the validation set error increases significantly,
suggesting over fitting. This further motivates our selec-
tion of this 10 neuron network as the optimal choice for
the present case. The rms error obtained is noticeably
higher than what was achieved for the 5D neural net-
work (which had a fitting rms of about 20cm~1). Most
likely, this increase in the rms error is due to the less re-
liable ab initio reference data. Numerous problems with
convergence of the electronic structure calculations were
observed during the very demanding data acquisition.

A discussion of more technical matters such as poten-
tial benefits of using “deeper” neural networks with more
hidden layers or the size of the reference data set have
been discussed at great length in previous studies” 78,
and hence will not be repeated here.

I1l. COMPUTATIONAL DETAILS

The aim of the present study is to unravel the effects of
temperature (hot bands) and vibronic coupling in the low
energy regime of the photodetachment spectrum by accu-
rate quantum dynamics simulations. To this end, a time-
dependent approach is used for the determination of the
detachment spectrum. More specifically, the propagation
of a 6-dimensional wavepacket evolving on the 5 coupled
PESs of the radical is performed starting from the eigen-
function of each of the lowest vibrational states of NO; .
The spectra obtained by the Fourier transform of the re-
sulting autocorrelation functions are subsequently added
with the proper Boltzmann weights to simulate the NO3
photodetachment spectrum at a given temperature. The
MCTDH approach,®89 suitable for the representation
of wave functions with large dimensionality is employed
for the time propagation of the wave packets. The state
average and block diagonalization schemes® are used for
the determination of the vibrational eigenfunctions of the
anion.

The six internal curvilinear coordinates
p(cu)7 19(011)’ (P(cu)7 9((:14)7 ¢(Cu)’ X(Cu)7 as proposed in
ref. 91, are used in the dynamics calculations. The asso-
ciated quasi-exact kinetic operator is approximated by
the fourth order Taylor expansion as detailed in ref. 91.
Both our previous studies™7® on the first excited state
of NO3 and on the computation of the vibronic levels
of the ground state of NOj3 have demonstrated that
this choice of coordinates and approximation is efficient
and suitable for the study of the NOj3 radical. In the
MCTDH approach used, the evaluation of the potential
term is carried out using the CDVR scheme®? for the
anion and using the generalized version as detailed in
the appendix of ref. 83 for the evaluation of the diabatic
five by five potential matrix of the radical.

The dominant low energy part of the photodetachment
experiments348Y is simulated by assuming a vertical tran-
sition of one of the NO3 vibrational eigenfunctions onto
the lowest component corresponding to the 2A) state of
diabatic potential matrix of the neutral system. An ad-



ditional signal is obtained in the low energy domain from
the vertical transition to the two E’ components of the
diabatic model. This second contribution is clearly due
to vibronic coupling between the 24} ground and 2E’
excited electronic state of the radical. No significant sig-
nal is found in the same energy range when the verti-
cal transition to the two 2E" components is treated. A
propagation time of 250 fs is found to be sufficient for
the comparison of the computed spectrum with the ex-
perimental data.

Table I provides the numerical details of the basis set
used for the representation of the wave-packets. Careful

TABLE I. Wave function representations given by the number
of single particle functions (n), the number of Fourier points
(N) and the range of the underlying box [in a.u.] for the
six curvilinear coordinates of hyperspherical type constructed
using mass weighted Cartesian coordinates

coord. n N range
plew) 8 64 [635 : 840]
Pew 9 96 [0.785 : 1.055]
lew 9 64 [0.615 : 0.955]
flew 6 32 [1.431 : 1.711]
plew 10 96 [0.820 : 1.295]
X 10 64 [2.809 : 3.474]
electronic 5 5

attention was paid to the definition of the underlying
box as well as to the number of single particle functions
n and and the number of Fourier grid points N to ensure
a converged autocorrelation function up to the relevant
propagation time. The basis definition is adapted to the
excitation to the E’ components. A smaller basis would
be sufficient for the case of a vertical transition to the
lowest diabatic PES only.

The lowest vibrational energy levels of the anion™ as
well as their contribution to the final spectrum by means
of Boltzmann weights for a 435 Kelvin as in the experi-
mental work®® are presented in Table II. At 10 Kelvin,
the only relevant initial vibrational state is the ground
state.

When comparing with the experimental data, one must
keep in mind the current limits of the theoretical ap-
proach. First no overall rotation is explicitly taken into
account. The width of the peaks are introduced by an ad
hoc damping of the autocorrelation function to be Fourier
transformed. Second, no ab initio information about the
photo-detachment cross-section are used. As a substi-
tute, an arbitrary relative weight of the two different
electronic state manifolds is used to match the measured
spectra of the two experimental setups. And finally, the
presented, CPU and memory demanding, computations
correspond for the E’ manifold to a low intensity part of
the full spectrum and are thus more sensitive to round

TABLE II. Ground state energy with respect to the bottom
of the potential energy surface and excitation energies for the
first six vibrational states of NO3 in cm ~'. The Boltzmann
weights, B; = exp(—FE/kpT), at 435 Kelvin are also given in
unit of Bj.

level description E; [Cm_l] B;/B1

1 ground state 0 (3038)® 1

2 antisym bending 703 0.10
3 antisym bending 703 0.10
4 umbrella 845 0.06
5 sym stretching 1040 0.03
6 antisym stretching 1353 0.01
7 antisym stretching 1353 0.01

a) Zero-point energy in parentheses

off errors. Extensive convergence tests were performed to
ensure that the presented data discussed in the following
are not artificial.

IV. RESULTS AND DISCUSSION

The present quantum dynamics simulations of the pho-
todetachment spectrum of NOj3 are designed in order to
disentangle unequivocally the effects of temperature and
vibronic coupling in the observed spectra. The assign-
ment and interpretation of the spectroscopy of the NOg
anion as well as the radical gave rise to several contro-
versies over the past decades. The first photodetachment
spectrum published in 1991 was a breakthrough in the
understanding of NO3 and sparked significant interest.?*
The latest slow electron velocity-map imaging (SEVI)
experiment®® carried out at cryogenic temperature and
with various photon energies provides a wealth of new in-
formation. The present first principles simulations based
on the new and highly accurate diabatic PES model are
capable to substantiate the interpretations of those ex-
periments and hopefully end at least some of the debate.
An overview of the present simulation results in compar-
ison with these two experiments is given in Fig. 1.

The first issue to be addressed for a complete under-
standing of the photodetachment spectroscopy of NO3 is
the influence of temperature and the contribution of hot
bands to the spectrum. The absence of one prominent
feature (m) in the new cryogenically cooled spectrum
clearly identifies that peak as hot band. The simulation
of the spectrum at a temperature of 435 K, the value
estimated from the first photodetachment experiment,3*
reproduces this hot band, labeled m, and confirms the
original assignment as 4] transition. From Fig. 1 and
Fig. 2, the excellent agreement between theory and ex-
periment becomes obvious.

The full photodetachment spectrum is simulated by
two partial spectra corresponding to the contributions of
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FIG. 1. Comparison of experimental photodetachment spec-
tra with the final quantum dynamics simulation results. Panel
a) presents the theoretical and experimental®® spectra at an
estimated temperature of 435 K. Panel b) shows results at
10 K in comparison with the new cryo-SEVI results.®® A
damping time of 200 fs (resp. 100 fs) is used for the 10K
(resp. 435K) theoretical spectra. A ratio of 1/150 (resp.
1/30) is used for the X ?A% and the B ?E’ partial spectra at
10K (resp. 435K)

the X 2A} and the B 2E’ state, respectively. These two
partial spectra are also given in Fig. 2 in order to make
their contributions to the experimentally observed spec-
trum more clear. The reason for this approach is that
the detachment cross-sections corresponding to the two
different electronic state manifolds are very different and
need to be taken into account. The scaling factors due
to these different cross-sections and the energy shift due
to the lack of size extensivity of the underlying ab ini-
tio calculations are the only empirical factors used in the
present study. Each of these partial spectra can be de-
composed further into the contributions originating from
different thermally populated initial states in the NOg
anion.

The detailed and decomposed partial spectrum corre-
sponding to the X state manifold is presented in panel
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FIG. 2. The theoretically simulated spectrum at T=435 K
(black) is compared to the experimental hot spectrum from
ref. 34 (dotted red). The partial contributions from the X 2A%
and the B 2E’ states are also shown in blue dashed and violet
dotted-dashed curves, respectively. The B 2E’ contribution is
scaled by 30 with respect to the X 2A} one.

a) of Figure 3. The photodetachment spectrum obtained
when using the vibrational ground state of the anion after
a vertical excitation onto the lowest diabatic component
is presented in red. The blue spectra are obtained when
the initial wavepacket bears one quantum of energy in
the anti-symmetric bending of NOj5 , and the violet trace
is obtained when the initial wavepacket is excited in the
umbrella mode. The black curve is the resulting spec-
trum considering a temperature of 435 K thus taking
into account the Boltzmann factors of the initial states
(see Table IT). Because of the lack of size extensivity of
the underlying ab initio method, the computed absolute
energies of the radical and of the anion cannot be com-
pared. For this reason, we present theoretical spectra
shifted in energy so that the most intense peak (A) ob-
tained matches the experimental data. Only the energy
range of the relevant experimental data is shown.

The partial spectra from the wave packet propagations
provide information about the entire progression of the
corresponding hot band contributions to the total spec-
trum at 435 K. Some of these peaks superimpose fea-
tures of the cold spectrum and may lead to a broadening
because of slightly shifted transition energies. This is
entirely the case for all contributions when a single v,
(umbrella) excitation in the anion is considered. Ounly
excitation of v4 (asymmetric bend) gives rise to addi-
tional features clearly distinguishable from peaks in the



Y
A

Intensity (arb. unit)

T=435 K
a) level 1
level 2
level 3
level 4

Jm
A

31000 32000 33000
E [em]

Intensity (arb. unit)

34000

FIG. 3. Partial spectra at 435 K (black) corresponding to
excitation to X 2A} (a) and to B ?E’ (b). The contributions
from the different vibrational states of the anion are also dis-
played: vibrational ground state in red, anti-symmetric bend-
ing in blue and umbrella in violet.

cold spectrum. Probably the most interesting of these
additional contributions is found at the position of the
disputed first peak above the origin 0) transition labeled
B in Fig. 1. This feature was attributed to the Franck-
Condon (FC) forbidden 4} transition by Weaver et al.3*
but assigned to the FC allowed 47 hot band transition
by Yamada and Ross.?® The present results clearly show
that there is a corresponding hot band transition at this
energy but its intensity is way too small to explain the
experimentally observed spectrum. This is also in agree-
ment with the fact that this peak is very prominent in
the cryogenically cooled spectrum where hot bands are
absent.

Excitations of the same initial NO3 vibrational eigen-
functions to the two 2E’ components of NOg result in
spectra provided in panel b) of Figure 3. The vertical
axis are not scaled to the same arbitrary unit for the
two panels, however. The ground state as well as the 1o
(umbrella) excitation produce partial spectra with two

main peaks. The first of them is superposed to the 43
hot band at position B (see blue curve in panel a) and
by this explaining the higher intensity of this peak in the
final spectrum as seen in Fig. 3.

The second prominent feature of this partial spectrum
is found at a position roughly 1040 cm~! above the 09
peak and was assigned originally to the FC allowed 1}
transition by Weaver et al.3* (labeled D in Fig. 1). How-
ever a 1} transition should not show up in the partial
spectrum corresponding to the B state manifold. In
fact, we do observe a weak feature slightly to the blue
of this peak in the X state partial spectrum but its in-
tensity would be too low to explain the experimentally
observed spectrum. When we compare the peak posi-
tions of the partial photodetachment spectra with our
earlier studies providing accurate vibrational eigenstate
energies for the X manifold, we find that FC allowed 1}
transition should correspond to about 1056 cm ™! above
09 while the FC forbidden 3} transition would correspond
to about 1036 cm~! above origin. The latter assignment
is in agreement with the interpretation of the new cryo-
SEVI spectrum.®? Thus, the main intensity of the ob-
served peak D apparently originates from the B state
manifold and indicates significant vibronic coupling be-
tween the two involved electronic states. The present
results show that both assignments are correct because
the experimentally observed feature is a superposition of
both detachment channels.

Some weaker additional features due to the B state
manifold are found at higher energies but they are fairly
weak compared to the two very prominent peaks dis-
cussed above. The temperature effects can be included
in the same way as for the X state manifold and a simi-
lar behaviour is found. Hot band contributions due to a
single quantum in 5 (umbrella) in the initial state yields
a spectrum very similar to the one obtained for the sole
ground state, the only partial spectrum relevant at cryo-
genic temperature (10 K). By contrast, a single quantum
in vy (asymmetric bend) in the initial state results in
a very different spectrum. The first prominent peak is
slightly shifted to the blue compared to the origin peak
in the X state manifold. Next there is a fairly broad
feature in the region around 32300 Crp’1 where there
is little intensity originating from the X state manifold.
Two similarly broad features are observed above around
32880 and 33330 cm 1.

At lower energy, one very interesting observation is
some intensity around 31,000 cm~! and thus about
700 cm™! below the 09 origin peak of the experimen-
tal spectrum. Apparently, this is a hot band due to a 49
transition, which would be FC forbidden in the X state
manifold but becomes FC allowed in the B state mani-
fold just like the 4} transition. It appears that this peak
labeled k in Fig. 1 was not assigned before because the
combination of hot band and vibronic coupling is nec-
essary to explain this transition. The hot band charac-
ter is evident now from the cryo-SEVI experiment while
its vibronic coupling origin only becomes clear from the



quantum dynamics simulations.

The various contributions from the B state manifold
also show intensity above 33,500~cm*1 where there is
very little intensity seen from the X state manifold. This
results in two visible peaks at positions I and J which
will not disappear at cryogenic temperatures. This is in
agreement with experiment as well.

The new cryo-SEVI experiment also offers further data
to disentangle the contributions from vibronic coupling
between the X and B state by varying the laser frequency
near threshold. Thus, Wigner’s threshold law can be in-
voked together with the symmetry rules for allowed de-
tachment channels. It turns out that all FC allowed tran-
sitions should result in p-wave electrons having an angu-
lar momentum of [ = 1 while all FC forbidden transitions,
which only gain intensity through vibronic coupling to
the B state, should produce s-wave electrons with an an-
gular momentum [ = 0 as was also discussed in Ref. 80.
Thus, the energy dependent intensity behavior will scale
with AE3/2 for X contributions but with AE/2 for B
contributions near threshold. Here AF is the electron ki-
netic energy depending on the photon energy used. This
effect can be taken into account in the present quantum
dynamics simulations and the resulting spectra are pre-
sented together with the experimental ones in Fig. 4. In
the theoretical simulation, a unique fixed ratio for the
contributions of the partial X and B states is used. The
variation of the relative peak intensities is only due to
the Wigner energy dependence introduced by the AE3/2
and AE'/? additional multiplicative factors.

The first observation seen at first glance is that the
intensity pattern is grossly different from the high tem-
perature spectrum. The second very important point is
that the theoretical simulation taking the near thresh-
old effects into account are in very good agreement with
experiment. To show the agreement more clearly, a di-
rect comparison between experimental spectra and the
corresponding simulation is presented for each of the six
different photon energies used in the experiment in Fig. 5.

This level of agreement is only possible if the assump-
tions made for the simulation are reasonable of course,
giving evidence for both the assumption of the electron
wave character as well as the vibronic coupling between
the X and B state. Surely, this agreement is not and
cannot be perfect. One important effect that is not ac-
counted for is the narrowing of the experimental lines
when the photon energy is lowered. In the theoretical
simulations, the lines widths are induced by the damp-
ing of the autocorrelation functions before Fourier trans-
formation, while in the experiment, overall rotation as
well as experimental resolution determine the line widths.
Only peak intensities are compared in the present context
though the Wigner threshold law affects the detachment
cross-section rather than the intensity. So, in the fol-
lowing discussion it should be kept in mind that a peak
with a smaller half-width will be more intense for the
same cross-section. The simulation shows the same half-
widths regardless of the photon energy contrary to the
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FIG. 4. Experimental (top) and theoretical (bottom) spectra
at three photon energies: 35137 cm™!' (black), 33899 cm™*
(red) and 33003 cm™" (blue). The photon energies are mate-
rialized by the vertical red and blue lines. The 35137 cm™*
(black) is outside the plotted energy range. The experimental
spectra are reproduced from Fig. 3a of ref. 80 with permis-
sion from the authors. Both the experimental spectra and the
theoretical simulations are scaled such as the maxima of peak
B are identical for the three photon energies.

experimental features.

In the following, the effect of the near threshold detach-
ment is discussed in detail. The most surprising point is
that the origin 03 peak (A) by far is not the most in-
tense feature anymore (see Fig. 4). For all but the two
lowest photon energies, peak D shows the highest inten-
sity. Peak B becomes the dominant feature for the two
lowest photon energies, followed by D. On the contrary,
according to a simple standard FC picture the 03 tran-
sition would be expected as the dominating line of the
spectrum because the equilibrium structures of the anion
and the radical are very similar. One also would expect
this to become even more pronounced when detaching
at near threshold but the contrary is the case. Further-
more, both the A/B as well as the A/D intensity ratio
are decreasing significantly rather than increasing when
the photon energy is reduced. Note that the intensity of
all spectra was normalized with respect to peak B. The
reason for the above observation clearly is the different
electron wave character because B and D are mainly due
to the B state and resulting in s-wave electrons while A
is entirely due to the X state corresponding to p-wave
electrons. The present detailed quantum dynamics simu-
lations show unequivocally that this effect cannot be re-
produced without the vibronic coupling effects between
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FIG. 5. Experimental (red) and theoretical (black) spectra at
various photon energies as given in cm™' along the vertical
axis. Experimental®® and theoretical spectra are scaled such
as the maximum of peak B are identical. The fixed contribu-
tion of the partial X and B state in the theoretical simulation
is identical for all six plots. The variation of the relative peak
intensities is only due to the Wigner energy dependence.

these two electronic states. There would be no contribu-
tion from the B state manifold in the energy region of
the present study without significant vibronic coupling.
This conclusion is the same as in previous theoretical
studies®®° and is strengthened immensely by the excel-
lent agreement between our detailed simulations of the
near threshold effects and the cryo-SEVI experiments.

This agreement is found not only for the A/B and
A /D but also for the B/D intensity ratio. In this case,
a slight increase is observed when the photon energy is
lowered showing that these two peaks belong to the same
electronic state manifold and thus [ quantum number of
the outgoing electrons. It is also clear from the simula-
tions that the corresponding case is [ = 0 and the inten-
sity of B originates dominantly from the B state man-
ifold. This is of particular interest because the assign-
ment of B as the FC forbidden 4} detachment34:8° has
been disputed by Hirota®® based on the interpretation of
Yamada and Ross.?® However, the present detailed simu-
lation results clearly support the assignment of feature B
as 4} detachment. The near threshold results also clearly
support another debated assignment namely that of peak
D. It is unequivocal that the main contribution to that
feature originates from the B state and corresponds to a
FC forbidden 3} detachment. This was already discussed
above when analysing the partial spectra from the sim-

ulations. The FC allowed 1} detachment predicted close
by in energy is suppressed in these near threshold spec-
tra and contribute even less to peak D than in the hot
spectrum. And even in the 435 K spectrum 1§ detach-
ment has only a minor effect compared to FC forbidden
34 detachment, contrary to the initial assignment.

Finally, there is also an interesting observation for peak
C in both experiment and simulation. The ratio of A/C
decreases strongly when the photon energy is lowered.
This indicates that A and C correspond to different [
quantum numbers for the outgoing electron wave. In
fact, the assignment of peak C to 42 detachment turns
out to be correct but the double excitation of a degen-
erate ¢/ mode leads to a more complex picture for C
when compared to A. The temptation to assume a FC
allowed transition corresponding to the X state manifold
just like peak A does not account for this complexity.
Indeed, the present case leads to two different sub levels
of a} and €’ symmetry. These two sub levels are found
to be only 20 cm~! apart in energy and the 42 (¢’) sub
level corresponds to a FC forbidden transition becoming
allowed by coupling to the B state. This latter sub level
is less affected by the near threshold effect than the FC
allowed af sub level because the corresponding electron
wave belongs to [ = 0 rather than to [ = 1. It appears
that in the 435 K spectrum this peak is dominated by
the 42 (a}) sub level and thus having a higher intensity,
while in the cryo-SEVI spectrum this feature is mainly
due to the 43 (¢’) sub level resulting in a lower but less
photon energy dependent intensity.

V. CONCLUSIONS AND OUTLOOK

A new and highly accurate full-dimensional and fully
coupled diabatic potential energy (PES) model is pre-
sented for the lowest electronic states of NO3, namely
X 2A4, A2E”, and B 2E’. This model is based on high
quality ab initio reference data that was diabatized by the
recently developed method of complete nuclear permuta-
tion inversion invariant artificial neural network (CNPI-
ANN) diabatization.”™ A reduced-dimensional model for
planar NO3 was extended by adding a second ANN to
account for the out-of-plane motion. This model is ex-
tremely efficient and reproduces the ab initio reference
data very accurately. Quantum wave packet dynam-
ics simulations using this model are performed to study
the photodetachment spectroscopy of the NO; anion de-
taching from the energetic region of the X state of the
radical. These calculations are designed such that the
two available experiments, an older recording at elevated
temperature®® and a very recent SEVI spectrum at cryo-
genic temperature®? are reproduced. To this end, the
effect of temperature as well as near threshold effects
(Wigner’s threshold law) are accounted for. Further-
more, the strong pseudo-Jahn-Teller coupling between
the X and B state leads to additional contributions in
the energetic region of the X state manifold, which con-



tribute considerably to the experimentally observed spec-
tra and are modeled properly in the present simulations.
Very good agreement is achieved giving strong evidence
to the interpretation of the detailed theoretical data.

Temperature effects are taken into account in a
straightforward way to simulate the contribution of hot
bands. To this end, partial spectra are computed for sev-
eral initial vibrational states of the anion and the total
spectrum is obtained as a weighted superposition using
the Boltzmann factors for a temperature of 435 K. This
does not yield a satisfactory spectrum if only the X state
manifold is considered. Therefore, a second set of partial
spectra is computed accounting for the B state manifold
and yielding Franck-Condon (FC) forbidden transitions
which become allowed through the strong pseudo-Jahn-
Teller coupling. Only the weighted superposition of all
partial spectra from X state and B state manifold yield
a simulated spectrum that agrees with experiment. In
fact, the obtained agreement is excellent, giving strong
support for the assumptions made in the simulation. The
simulations allow to identify the 0) transition in agree-
ment with experiment and two hot bands to the red of it,
namely 4} and 49. The latter transition is FC forbidden
and borrows its intensity from the B state apparently.
The first prominent peak to the blue is a superposition of
the weak FC allowed 43 hot band and the much stronger
FC forbidden 4} detachment. The present result hope-
fully will settle the debate about the corresponding as-
signments. A further strong experimental feature a bit
more than 1000 cm~! above the 03 line also turns out
to be a superposition and a weak FC allowed 1} detach-
ment and a much stronger FC forbidden 3} transition
that borrows intensity from the B state through vibronic
coupling. This yields further support from both exper-
iment and theory that the disputed r3 fundamental of
neutral NOj3 is found around 1040 cm~! rather than at
1492 cm 1.

The evidence for the above assignments is strength-
ened by the simulation of the new cryo-SEVI spectra in
which the near threshold effects (Wigner’s threshold law)
are taken into account. The two partial spectra for the
X and B state correspond to different angular momen-
tum for the detached electrons, [ = 1 for X and [ = 0
for B. The different threshold behaviour allows to dis-
entangle which peaks are dominated by which electronic
state manifold. The cryogenic temperature of 10 K re-
moves all contributions from hot bands. The experimen-
tal cryo-SEVI spectra taken at six different photon ener-
gies show very different intensity patterns from the 435 K
spectrum, yet they are simulated in very good agreement
using the present model. The detailed analysis confirms
the above assignments and furthermore identifies another
peak as a superposition of weak FC allowed 42 (a}) and
strong FC forbidden 42 (¢’) detachment. All these re-
sults clearly show the importance of the vibronic cou-
pling between the X and B state without which it would
be impossible to simulate the experimental results that
well.

Finally, the very good agreement with experiment ob-
tained for all the spectra indicates the accuracy of the
underlying diabatic PES model. The model also in-
cludes the A state for which at least a photodetachment
spectrum at elevated temperature was recorded and pub-
lished. It can be expected that the present PES model
also will yield detailed simulation results for that spec-
trum and this shall be studied in the near future. Fur-
thermore, the model allows to investigate the nonadia-
batic dynamics after exciting the wave packet to one of
the excited states. This may allow to disentangle some
further experimental observations, like the B state life-
time, which are not well-understood, yet. We hope that
the continued work will lift some more secrets of the enig-
matic NOg radical in the future.

VI. APPENDIX
A. Coordinates Q

The symmetry-adapted coordinates are constructed
from a set of primitive valence coordinates as already de-
scribed in previous works”®®3 and account for the basic
asymptotic behavior in the underlying low-order model.
The primitive coordinates comprising the three N—O dis-
tances r; and a set of O—N—-O angles «; are first trans-
formed non-linearly as

m; =1 —exp(—y(r; — o)) (7a)
(=BT sk (7b)

o = ———,
T’j?”k

where r¢g and «g are the respective distances and an-
gles at the reference point and 7 is a chosen Morse-
parameter. These primitive coordinates then are lin-
early transformed to yield the symmetry-adapted coordi-
nates a (breathing mode) and the degenerate asymmetric
modes z,ys (stretching) and xy, yp (bending).

a= \/g(ml + mgo + ms3) (8a)

Ty = % (2my — mg — mg3) (8b)
yo =15 (m2 — m3) (50)

vy = /L 204 0} - o) (54)
= b o o). )

The symmetry-adapted out-of-plane umbrella coordinate
6 is constructed from the trisector angle ¢ as follows:

2 9)



B. Invariants Q

For the sake of simplicity, let ’I“ib be given as

Ty =T, T YL, (10)

Furthermore, let the third order invariant terms 7, with
j, k € {s,b} be defined as

Tjk = x?xk - xky?- — 22 YRy, (11)

C) is then composed of the following invariants:

Qi=a (12a)
Qa2 = Tf (12b)
Qs=r} (12¢)
Qs=0° (12d)
Qs = Ty + Yso (12¢)
Qs = 10 - tanh(0.1 - 7,) (12f)
Q7 = 10 - tanh(0.1 - 7) (12g)
Qs = 10 - tanh(0.1 - 73) (12h)
Qo = 10 - tanh(0.1 - 1) (12i)

C. Diagonal model terms

The totally symmetric diagonal contributions of the
reference model are expressed here in terms of three in-
dependent scalar functions V;(Q).

1(Q) oT 0T
Wi Q= 0 WwQ1 o (13)
0 0 Q)1

Apart from the constant terms, referring to the vertical
excitation energies at the reference point, an expansion
of each V;(Q),i = 1,2,3 up to second order yields four
(constant) coefficients pj, and corresponding polynomial
terms.

Vi(Q) =y -a+ ph - a® + ph -+ gy vy (14)

where r? are defined in Eq. (10).

ACKNOWLEDGMENTS

The authors are grateful for financial support via the
PHC/DAAD grant PROCOPE 40442PD. Part of this
work was also generously supported by the Deutsche
Forschungsgemeinschaft (DFG). The authors are in-
debted to Mark C. Babin and Prof. Daniel Neumark
for sharing the experimental data as well as for valuable
discussions.

10

IR. P. Wayne, Chemistry of Atmospheres (Oxford University
Press, Oxford, 2000), 3rd ed.

2P. Hautefeuille and J. Chappuis, C. R. Acad. Sci. Paris 92, 80
(1881).

3G. Sprenger, Z. Elektrochem. 37, 674 (1931).

4E. J. Jones and O. R. Wulf, J. Chem. Phys. 5, 873 (1937).

5G. Schott and N. Davidson, J. Am. Chem. Soc. 80, 1841 (1958).

6H. S. Johnston and R. A. Graham, Can. J. Chem. 52, 1415
(1974).

"R. A. Graham and H. S. Johnston, J. Phys. Chem. 82, 254
(1978).

8D. N. Mitchell, R. P. Wayne, J. P. Allen, R. P. Harrison, and
R. J. Twin, J. Chem. Soc. Faraday Trans. 2 76, 785 (1980).

9D. A. Ramsay, Proc. Colloq. Spectrosc. Int. 10, 583 (1962).

10W. J. Marinelli, D. M. Swanson, and H. S. Johnston, J. Chem.
Phys. 76, 2864 (1982).

1H. H. Nelson, L. Pasternack, and J. R. McDonald, J. Phys. Chem.
87, 1286 (1983).

12H. H. Nelson, L. Pasternack, and J. R. McDonald, J. Chem.
Phys. 79, 4279 (1983).

13T, Ishiwata, I. Fujiwara, Y. Naruge, K. Obi, and 1. Tanaka, J.
Phys. Chem. 87, 1349 (1983).

147, Ishiwata, I. Tanaka, K. Kawaguchi, and E. Hirota, J. Chem.
Phys. 82, 2196 (1985).

15K. Kawaguchi, E. Hirota, T. Ishiwata, and I. Tanaka, J. Chem.
Phys. 93, 951 (1990).

16K. Kawaguchi, T. Ishiwata, I. Tanaka, and E. Hirota, Chem.
Phys. Lett. 180, 436 (1991).

17T, Ishiwata, I. Tanaka, K. Kawaguchi, and E. Hirota, J. Mol.
Spectrosc. 153, 167 (1992).

18E. Hirota, T. Ishiwata, K. Kawaguchi, M. Fujitake, N. Ohashi,
and I. Tanaka, J. Chem. Phys. 107, 2829 (1997).

9K. Kawaguchi, T. Ishiwata, E. Hirota, and I. Tanaka, Chem.
Phys. 231, 193 (1998).

20T, Ishiwata, Y. Nakano, K. Kawaguchi, E. Hirota, and I. Tanaka,
J. Phys. Chem. A 114, 980 (2010).

21K. Kawaguchi, N. Shimizu, R. Fujimori, J. Tang, T. Ishiwata,
and I. Tanaka, J. Mol. Spectrosc. 268, 85 (2011).

22R. Fujimori, N. Shimizu, J. Tang, T. Ishiwata, and
K. Kawaguchi, J. Mol. Spectrosc. 283, 10 (2013).

23K. Kawaguchi, R. Fujimori, J. Tang, and T. Ishiwata, J. Phys.
Chem. A 117, 13732 (2013).

24K. Tada, W. Kashihara, M. Baba, T. Ishiwata, E. Hirota, and
S. Kasahara, J. Chem. Phys. 141, 184307 (2014).

25K. Tada, K. Teramoto, T. Ishiwata, E. Hirota, and S. Kasahara,
J. Chem. Phys. 142, 114302 (2015).

26F. Hirota, J. Mol. Spectrosc. 310, 99 (2015).

27K. Kawaguchi, R. Fujimori, J. Tang, and T. Ishiwata, J. Mol.
Spectrosc. 314, 73 (2015).

28K. Tada, T. Ishiwata, E. Hirota, and S. Kasahara, J. Mol. Spec-
trosc. 321, 23 (2016).

29K. Kawaguchi, T. Narahara, R. Fujimori, J. Tang, and T. Ishi-
wata, J. Mol. Spectrosc. 334, 10 (2017).

30M. E. Jacox and W. E. Thompson, J. Chem. Phys. 129, 204306
(2008).

31H. Beckers, H. Willner, and M. E. Jacox, Chem. Phys. Chem.
10, 706 (2009).

32M. E. Jacox and W. E. Thompson, J. Phys. Chem. A 114, 4712
(2010).

33R. R. Friedl and S. P. Sander, J. Phys. Chem. 91, 2721 (1987).

34 A Weaver, D. W. Arnold, S. E. Bradforth, and D. M. Neumark,
J. Chem. Phys. 94, 1740 (1991).

35B. Kim, P. L. Hunter, and H. S. Johnston, J. Chem. Phys. 96,
4057 (1992).

36R. T. Carter, K. F. Schmidt, H. Bitto, and J. R. Huber, Chem.
Phys. Lett. 257, 297 (1996).

37J. Orphal, C. E. Fellows, and P. M. Flaud, J. Geophys. Res. -
Atmosph. 108, 4077 (2003).

38A. Deev, J. Sommar, and M. Okumura, J. Chem. Phys. 122,
224305 (2005).



39K. Takematsu, N. C. Eddingsaas, D. J. Robichaud, and M. Oku-
mura, Chem. Phys. Lett. 555, 57 (2013).

40T, Codd, M.-W. Chen, M. Roudjane, J. F. Stanton, and T. A.
Miller, J. Chem. Phys. 142, 184305 (2015).

41T, E. H. Walker and J. A. Horsley, Mol. Phys. 21, 939 (1971).

42A. Lund and K. Thuomas, Chem. Phys. Lett. 44, 569 (1976).

43]. F. Olsen and L. Burnelle, J. Am. Chem. Soc. 92, 3659 (1970).

44N. C. Baird and K. F. Taylor, Chem. Phys. Lett. 80, 83 (1981).

45p, E. M. Siegbahn, J. Comput. Chem. 6, 182 (1985).

46B. Kim, H. S. Johnston, D. A. Clabo Jr., and H. F. Schaefer III,
J. Chem. Phys. 88, 3204 (1988).

47R. C. Boehm and L. L. Lohr, J. Phys. Chem. 93, 3430 (1989).

48R. C. Boehm and L. L. Lohr, J. Comput. Chem. 112, 119 (1991).

49R. D. Davy and H. F. Schaefer III, J. Chem. Phys. 91, 4410
(1989).

50B. Kim, B. L. Hammond, W. A. Lester Jr., and H. S. Johnston,
Chem. Phys. Lett. 168, 131 (1990).

51y, R. Morris, S. C. Bhatia, and J. H. Hall Jr., J. Phys. Chem.
94, 7414 (1990).

52V. R. Morris, S. C. Bhatia, and J. H. Hall, Jr., J. Phys. Chem.
95, 9203 (1991).

53J. F. Stanton, J. Gauss, and R. J. Bartlett, J. Chem. Phys. 94,
4084 (1991).

54J. F. Stanton, J. Gauss, and R. J. Bartlett, J. Chem. Phys. 97,
5554 (1992).

557. Kaldor, Chem. Phys. Lett. 166, 599 (1990).

567. Kaldor, Chem. Phys. Lett. 185, 131 (1991).

57A. Stirling, I. Papai, J. Mink, and D. R. Salahub, J. Chem. Phys.
100, 2910 (1994).

581,. A. Eriksson, J. Wang, R. J. Boyd, and S. Lunell, J. Phys.
Chem. 98, 792 (1994).

597, D. Crawford, T. J. Lee, N. C. Handy, and H. F. Schaefer III,
J. Chem. Phys. 107, 9980 (1997).

60C. D. Sherrill, M. S. Lee, and M. Head-Gordon, Chem. Phys.
Lett. 302, 425 (1999).

61W. Eisfeld and K. Morokuma, J. Chem. Phys. 113, 5587 (2000).

62W. Eisfeld and K. Morokuma, J. Chem. Phys. 114, 9430 (2001).

63W. Eisfeld and K. Morokuma, J. Chem. Phys. 117, 4361 (2002).

64M. Mayer, L. S. Cederbaum, and H. Képpel, J. Chem. Phys.
100, 899 (1994).

65J. F. Stanton, J. Chem. Phys. 126, 134309 (2007).

66M. Okumura, J. Stanton, A. Deev, and J. Sommar, Phys. Scripta
73, C64 (2006).

67]. F. Stanton, Mol. Phys. 107, 1059 (2009).

11

68]. F. Stanton and M. Okumura, Phys. Chem. Chem. Phys. 11,
4742 (2009).

69C. S. Simmons, T. Ichino, and J. F. Stanton, J. Phys. Chem.
Lett. 3, 1946 (2012).

707. Homayoon and J. M. Bowman, J. Chem. Phys. 141, 161104
(2014).

71S. Mahapatra, W. Eisfeld, and H. Koppel, Chem. Phys. Lett.
441, 7 (2007).

728, Faraji, H. Képpel, W. Eisfeld, and S. Mahapatra, Chem. Phys.
347, 110 (2008).

73W. Eisfeld, O. Vieuxmaire, and A. Viel, J. Chem. Phys. 140,
224109 (2014).

74W. Eisfeld and A. Viel, J. Chem. Phys. 146, 034303 (2017).

75 A. Viel and W. Eisfeld, Chem. Phys. 509, 81 (2018).

76D. M. G. Williams and W. Eisfeld, J. Chem. Phys. 149, 204106
(2018).

“TD. M. G. Williams, A. Viel, and W. Eisfeld, J. Chem. Phys. 151,
164118 (2019).

78D. M. G. Williams and W. Eisfeld, J. Phys. Chem. A 124, 7608
(2020).

"A. D. Walsh, J. Chem. Soc. pp. 2301-2306 (1953).

80M. C. Babin, J. A. DeVine, M. DeWitt, J. F. Stanton, and D. M.
Neumark, J. Phys. Chem. Lett. 11, 395 (2020).

81A. Viel and W. Eisfeld, J. Chem. Phys. 120, 4603 (2004).

82W. Eisfeld and A. Viel, J. Chem. Phys. 122, 204317 (2005).

83A. Viel, W. Eisfeld, S. Neumann, W. Domcke, and U. Manthe,
J. Chem. Phys. 124, 214306 (2006).

84, Eisfeld, J. Chem. Phys. 134, 054303 (2011).

85F. Venghaus and W. Eisfeld, J. Chem. Phys. 144, 114110 (2016).

86N. Wittenbrink, F. Venghaus, D. Williams, and W. Eisfeld, J.
Chem. Phys. 145, 184108 (2016).

8TW. Domcke, D. R. Yarkony, and H. Koppel, eds., Conical In-
tersections: FElectronic Structure, Dynamics and Spectroscopy
(World Scientific, Singapore, 2004).

88H. D. Meyer, U. Manthe, and L. S. Cederbaum, Chem. Phys.
Lett. 165, 73 (1990).

897. Manthe, H. D. Meyer, and L. S. Cederbaum, J. Chem. Phys.
97, 3199 (1992).

907U, Manthe, J. Chem. Phys. 128, 064108 (2008).

91C. Evenhuis, G. Nyman, and U. Manthe, J. Chem. Phys. 127,
144302 (2007).

92U. Manthe, J. Chem. Phys. 105, 6989 (1996).

93K. Yamada and S. Ross, S.96th Ann. Meeting Chem. Soc. Jpn.,
Kyotanabe, Kyoto, Japan pp. Paper 2E6-28 (2016).

94E. Hirota, J. Mol. Spectrosc. 343, 81 (2018).



Hiermit versichere ich, die vorgelegte Dissertation selbststéindig
und ohne unzulidssige Hilfe angefertigt zu haben. Die verwende-
ten Quellen und Hilfstexte sind vollstédndig angegeben und die
Stellen der Arbeit, einschliefllich Tabellen und Abbildungen, die
anderen Werken im Sinn und Wortlaut entnommen wurden, als
Entlehnung kenntlich gemacht. Diese Arbeit wurde nicht bereits
zuvor als Priifungsarbeit fiir eine staatliche oder andere wissen- -
schaftliche Priifung eingereicht.

Mir ist die geltende Promotionsordnung der Fakultét fiir Chemie
bekannt. Ich versichere weiterhin, weder dhnliche noch andere
Abhandlungen als Dissertation an anderen Hochschulen einge-
reicht zu haben.

Bielefeld, den 17. Dezember 2020.

(David Williams)



