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ABSTRACT: We reconsider recent methods by which direct dynamics calculations of electronically
nonadiabatic processes can be carried out while requiring only adiabatic potential energies and their
gradients. We show that these methods can be understood in terms of a new generalization of the well-
known semiclassical Ehrenfest method. This is convenient because it eliminates the need to evaluate
electronic wave functions and their matrix elements along the mixed quantum-classical trajectories. The
new approximations and procedures enabling this advance are the curvature-driven approximation to the
time-derivative coupling, the generalized semiclassical Ehrenfest method, and a new gradient correction
scheme called the time-derivative matrix (TDM) scheme. When spin—orbit coupling is present, one can
carry out dynamics calculations in the fully adiabatic basis using potential energies and gradients
calculated without spin—orbit coupling plus the spin—orbit coupling matrix elements. Even when spin—
orbit coupling is neglected, the method is useful because it allows calculations by electronic structure
methods for which nonadiabatic coupling vectors are unavailable. In order to place the new considerations
in context, the article starts out with a review of background material on trajectory surface hopping, the
semiclassical Ehrenfest scheme, and methods for incorporating decoherence. We consider both internal conversion and intersystem
crossing. We also review several examples from our group of successful applications of the curvature-driven approximation.
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1. INTRODUCTION

Born and Oppenheimer' showed that the eigenvalues of the
electronic Hamiltonian (defined as the total Hamiltonian
without the nuclear kinetic energy, i.e., the Hamiltonian for
stationary nuclei) play the role of potential energy functions
for nuclear motion. The associated eigenfunctions are now
usually called the Born—Oppenheimer states. In the present

one where the electronic state changes.) Mott simplified the
problem to nuclear motion along a single coordinate Z and
found (his eq (7)) that the coupling was caused by a term

.z Oy . . . .
—ilv=>, where v is velocity and y is the Born—Oppenheimer

electronic wave function. Generalizing this to multidimensional
nuclear motion gives —ifiv-Viy, where v is the velocity vector,

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

article, we use this term to denote fixed-nuclei electronic states
calculated without spin—orbit coupling (SOC). Born and
Oppenheimer’s treatment used an expansion in powers of the
small parameter (m/M)"* (where m is electronic mass and M
is an average nuclear mass) and the differences R — R, (where
R denote a set of nuclear coordinates, and R, is the center of
the expansion); they showed that the electronic states are not
coupled by low-order terms. In fact, in their notation, the
leading coupling between electronic states” is of order [(m/
M)'41%, Later work provided an improved treatment of the
expansion.”

The Born—Oppenheimer expansion is concerned with
molecular energies, not dynamics. A few years later, Mott"

and V is the gradient with respect to nuclear coordinates (i.e.,
V is 2, where R is a 3N,,,-dimensional vector of Cartesian
oR

nuclear coordinates for the N, atoms). The corresponding

atoms
matrix element coupling electronic states I and ] is —ifiv-dy,
where dy; is {(y5Vly;). In the current literature, dy; is called the
nonadiabatic coupling (NAC), and it plays the key role in
treatments®~ ' of electronically nonadiabatic processes in
terms of Born—Oppenheimer states.

An early example of the peak in the nonadiabatic coupling

between two electronically adiabatic surfaces potentials in

attempted to calculate the probability of collision-induced Received: March 30, 2024
electronic nonadiabaticity by what is now often called the Revised:  May 13, 2024
classical path method, but which may also be considered an Acce}’ted‘ May 16, 2024
early example of a mixed quantum-classical method. (A Published: May 31, 2024
nonadiabatic process is one where the quantum numbers are
not conserved, and an electronically nonadiabatic process is
© 2024 American Chemical Society https://doi.org/10.1021/acs jctc.4c00424
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terms of a derivative of basis functions with respect to a nuclear
coordinate is given in a 1932 paper of London.'”"”

In a paper presented at the 1937 Faraday Discussion on
Reaction Kinetics,'* Wigner discussed the criterion of
electronic adiabaticity as being a question of whether “the
electronic motion will be able to follow the motion of the
nuclei.” He said this would occur “if that latter motion is not
too rapid and if the electronic wave function does not change
too radically for a small change in the nuclear positions.” This
statement is a direct invocation of small v and small dy, as
introduced in the paragraph about Mott’s paper. However,
Wigner continued, “In all cases in which a nonadiabatic
reaction is assumed, the rapid change of the wave function in
the neighborhood of an approximate crossing of energy levels
is made responsible for it. I think that for an energy surface
which does not show singularities in abnormal curvatures, etc.,
the adiabatic condition cannot cause serious discrepancies.”
This reformulates the condition of small d;; as a condition of
smooth potential energy surfaces, and the quantification of this
connection is a main subject of the present perspective article.

Another notable aspect of Wigner’s reformulation is that he
said the rapid change of the wave function would occur in the
neighborhood of an approximate crossing of energy levels. Also
in 1937, Teller'® showed that in a system with F internal
coordinates (F is 3N,ms — 6 for a general molecule, where
Nyoms iS the number of atoms in the molecule), that
intersections generally occur along (F — 2)-dimensional
conical intersection seams. In a later paper'® he gave a clear
discussion of why electronically nonadiabatic transitions
usually occur near such conical intersection seams. More
recently, it has been shown that when gaps between potential
energy surfaces go through a local minimum along some path,
one is inevitably on the shoulder of a conical intersection.'”
That is, a local minimum of adiabatic potential energy gap
along a path (along a trajectory) is not an actually avoided
crossing but rather an indication of a real crossing of adiabatic
surfaces to the side of the path. Therefore, we label local
minima in the adiabatic energy gap along a path as locally
avoided crossings to avoid the implication that the potential
energy surfaces avoid crossing when viewed globally. Since a
trajectory of a multidimensional system is unlikely to go
precisely through a conical intersection, we conclude that a
semiclassical picture of electronically nonadiabatic processes
should be dominated by paths through locally avoided
crossings.

In 1951, Born'® pointed out that the expansion of Born and
Oppenheimer is only valid if R is near a structure Ry where the
gradient vanishes. In order to make a treatment valid at any R,
he made an expansion

¥(r, R) = ), ¢ (r; RIX"“(R)
J (1
elec

where r denotes the set of electronic coordinates, ¢7*° (r; R) is
a member of a complete set of Born—Oppenheimer electronic
states, and Xj*° (R) is a time-independent nuclear wave
function. (We changed the notation to be more consistent with
the present paper. Note that the derivation based on eq 1 was
recapitulated in a monograph, and this book section in English
is often cited'’ rather than the original report,'® which is in
German.) He then derived
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N,

% ) Mipﬁ +VR) - P + Y Gy (R, P = 0
a Va I#]

)
where M, and P, are the mass and momentum of nucleus a, V;
is the adiabatic potential energy surface of state J, E is the total
energy, and P denotes the collection of the P,. To keep the
presentation simple, we give Cj; only for the cases where all M,,

= M. Then'®

c, ="a.p hz( IV2ly )

e T 3)
where i = v/—1, # is Planck’s constant divided by 27, and we
corrected a missing factor of 1/2 in Born’s derivation. This is
the first paper where adiabatic electronic wave functions were
used to derive the coupled equations for nuclear motion in
electronically nonadiabatic processes, and eq 3 is the first
occurrence of the NAC in the time-independent Schrodinger
equation for coupled motion in multiple electronic states.
Equation 2 agrees with the modern time-independent quantum
mechanical equations for electronically nonadiabatic dynamics
in an electronically adiabatic basis (see, for example, eq (9) in
the review of Hirschfelder and Meath for a particularly clear
treatment or eq (5) in a later paper”'), and it can be used for
converged quantum mechanical calculations of electronically
nonadiabatic atom—diatom reactions,”> but it becomes too
expensive for practical use on larger systems. The present
article focuses instead on the time-dependent mixed quantum-
classical methods that are more practical.

The connection between the NAC and the character of the
potential energy surfaces near a conical intersection seam can
be made quantitative by a power series in terms of
displacements from the conical intersection seam.”"**~

Following a presentation of background theory in Section 2,
further work making useful approximations for the NAC
without using wave functions to calculate dj; is presented in
Sections 3 and 4, leading up to the curvature-driven
approximation that is the key feature of this article. Section
S then reviews the incorporation of the curvature-driven
approximation in practical mixed quantum-classical methods
for electronically nonadiabatic simulations, and Section 6
reviews successful applications, which are very encouraging.
Section 7 has concluding remarks.

The present article is a perspective article containing both
new work and selected background; the discussion of previous
work focuses on the background of the new work that attempts
to understand recent wave function-free dynamics methods in
the context of a new generalization of the well-known
semiclassical Ehrenfest method. Readers seeking a discussion
of other current work on electronically nonadiabatic dynamics
are referred to reviews.””*

For the convenience of the reader, Appendix A explains all
acronyms and abbreviations used in this article.

2. BACKGROUND: MIXED QUANTUM-CLASSICAL
NONADIABATIC DYNAMICS METHODS

We distinguish two categories of mixed quantum-classical
nonadiabatic dynamics methods, namely, trajectory surface
hopping (TSH), in which the trajectory is propagated on a
single potential energy surface for each segment of time, ™’
and self-consistent potential (SCP) methods, in which the
trajectory is propagated on a mean-field potential.”®~* The

https://doi.org/10.1021/acs.jctc.4c00424
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classic form of TSH methods is Tully’s fewest switches
trajectory-surface-hopping method (FS-TSH),”* and the
classic SCP method is the semiclassical Ehrenfest (SE)
method.***!

The nonadiabatic dynamics calculations—by either a TSH
method or an SCP method—can be performed in two ways: (i)
direct dynamics, in which all the required electronic structure
information is computed on-the-fly from electronic structure
software as needed during the propagation of trajectories; or
(ii) dynamics with analytic surfaces, in which all the required
electronic structure information is incorporated via prefitted
analytic potential energy surfaces and their couplings. Such a fit
is often caried out in a diabatic representation.”” A diabatic
basis is one where all electronic-state couplings arising from
the nuclear momentum operator are negligible, i.e. Cj; in eq 3
is negligible. (This is sometimes called quasidiabatic, but we
call it diabatic because strictly diabatic bases, where Cj; in eq 3
is identically zero, do not exist™ except for the trivial,
nonphysical basis where all basis functions are independent of
nuclear coordinates.) Most of the discussion presented in the
current perspective is applicable to both direct dynamics and
dynamics with analytic surfaces although we focus more on
direct dynamics because constructing global diabatic repre-
sentations can be arduous.*

Early developments of nonadiabatic dynamics methods were
primarily concerned with internal conversion processes
(processes in which the electronic spin state does not change),
without SOC. In recent years, practical methods™ ' have
been developed for performing nonadiabatic dynamics for
simulations including SOC, which allows intersystem crossing
(processes involving a change in electronic spin state) to be
treated. The reason that new methods are required for practical
calculations involving SOC is that analytic gradients for direct
dynamics calculations are usually available in the Born—
Oppenheimer basis (which diagonalizes the spin-free elec-
tronic Hamiltonian) but not in the fully adiabatic basis (which
diagonalizes the electronic Hamiltonian including SOC).

In Section 2.1, we review generalized SE (GSE). This was
first defined in ref 52 but has not previously been fully
discussed; here we show how we obtain the equations of
motion (EOMs) for GSE. As will be explained below, the GSE
differs from the conventional SE in that we use a more general
definition of the nonadiabatic force on the trajectory. As
should be clear from the names of the methods, SE can be
considered as a special case of GSE, and our treatment here is
in terms of the more comprehensive GSE. In Section 2.2, we
review FS-TSH.

Both Sections 2.1 and 2.2 will be presented in a general
electronic basis, which may be either adiabatic or diabatic, or
spin-adiabatic or spin-diabatic when SOC presents. In Section
2.3, we will discuss the popular choices of basis. Section 2.4
summarizes the EOMs for GSE, SE, and FS-TSH in specific
bases.

Section 2.5 provides a quick discussion of the inclusion of
decoherence* in mixed quantum-classical nonadiabatic
dynamics.

2.1. Generalized Semiclassical Ehrenfest Method. In
the mean-field approximation, the wave function of the system
is written as a product,

W(r, R, t) = O, )™ (R, t) (4)

where @ and »™ are the electronic wave function and
nuclear wave packet, r and R denote the electronic and nuclear
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coordinates respectively, and ¢ is time. This is often called
time-dependent self-consistent field approximation.’”>> The
wave function is propagated according to the time-dependent
Schrodinger equation,

. d _
1715‘1’(1', R, t) = H¥(r, R, t) )

where H is molecular Hamiltonian given by

(6)

where T™ is the nuclear kinetic energy operator, and H** is
the electronic Hamiltonian, which includes electronic kinetic
energy, all Coulomb interactions of electrons and nuclei, and
possibly SOCs. A time-dependent Hartree treatment of this
product wave function leads to an electronic mean-field
equation,

H = T + Helec

0 el !
ih_@ﬁ ec — nuClHl nuc (DE ec
() ¢ <)( w >R (7)
and a nuclear mean-field equation,
. 0 nuc elec elec nuc
ih— = (O“*|HID
Py ( X ()

Using a phase—amplitude representation of the nuclear wave
> 11,5662
function,

2™ = W(R, t) exp[iS(R, t)/A] 9)

where W and S are a real-valued amplitude and a real-valued
phase, respectively, and taking a classical limit (2 — 0), one
can obtain®

Nioms 2
d_s + Z lMa—l a_s + <(DeleclHelecchelec>r =0
dt 2 OR, (10)
2
aw e fow)es) N1 (oS
-t Myl — || —|+ —M'w|—| =0
dt Z A(anu][anu] Z 2 | oR,
(11)

where M, is the mass of nucleus a, R, is the position vector of
nucleus a, N, ., is the number of atoms in the molecule. The
first of the above two equations is the Hamilton-Jacobi
equation, which is equivalent to Newton’s equation,'"**~%

. d elec) relec pelec
P=——(O"IH™ D
2 X

(12)
where P is the total time-derivative of nuclear momentum. (In
general, we use an overdot to denote a time derivative.) See for
example, the footnote of ref 60. by Curchod et al. for a more
detailed derivation. In interpreting this result, note that the
classical limit of quantum mechanics is an ensemble of classical
trajectories—not a single trajectory.”’ The simplifications and
subtleties in the classical limit and the difficulty of using this
argument for a consistent trajectory-based classical limit are
discussed elsewhere.®"*>

Equaions 4—12 are presented here as a framework for mixed
quantum-classical trajectory approximations; other workers
have discussed the factorization of eq 4 and its consequences
and use more rigorously,55’63’64 but that is not needed for the
present work.

The electronic mean-field equation involves an electronic
wave function propagating on a potential determined by the
nuclear wave packet. We make the semiclassical approximation

https://doi.org/10.1021/acs.jctc.4c00424
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of replacing the wave packet by an ensemble of independent
trajectories, and then we make the independent-trajectory
approximation for the ensemble and denote a given trajectory
by R(t); this procedure yields

d

i ® (5 R()) = H*(; R(0) @ (55 R(1)

(13)
i.e, for each trajectory the instantaneous electronic Hamil-
tonian depends parametrically on a single nuclear config-
uration, the time-dependent nuclear configuration of the mixed
quantum-classical trajectory. The independent-trajectory ap-
proximation does not give a good approximation to an actual
quantal wave packet,’> but it is a commonly used
apprommatlon in mixed quantum-classical trajectory meth-
0ds.%

In either the original semiclassical Ehrenfest method or the
generalized semiclassical Ehrenfest method, the electronic
wave function can be expanded in a general basis (GB), and we
will use that expansion in the present Perspective:

I\rslales

(x5 R(1)) = D () (r; R(H))

J=1 (14)

where ¢ GB (1) is the time- dependent coeflicient of basis state J,
whose wave function is ¢7® (r; R (t)). For practical direct
dynamics calculations, the basis states are usually the Born—
Oppenheimer states, and when SOC is neglected, this is called
the adiabatic representation. When SOC is included, one needs
more nuanced notation. In the literature, the Born—
Oppenheimer states (defined above as being calculated
without SOC) are called the molecular-Coulomb-Hamiltonian
(MCH) representation, the spin—orbit-free basis, the spin-
diabatic basis, or the spin-free adiabatic basis; and the
electronic states obtained by a diagonalization of a spin—
orbit-inclusive Hamiltonian are called the diagonal basis, the
fully adiabatic basis, or the spin-adiabatic basis. When SOC is
neglected, the spin-free adiabatic basis and the fully adiabatic
basis are the same. The MCH and diagonal bases are not the
same when SOC is included in the electronic Hamiltonian, but
they are identical when there is no SOC, i.e., both diagonalize
the electronic Hamiltonian that does not have SOC. In Section
2.3, we use the language used in the SHARC program,***
namely MCH and diagonal. Notice that we have used
representation and basis as synonyms.

Substituting eq 14 into eq 13 and projecting with (¢{™| gives
the EOM for the time-dependent coeflicients

N,

states i
Z (_Hlejlec[GB] + TI(]}B)C]GB(t)
7 h

i GB( t)
where H}}lec[GB] is a matrix element of the electronic
Hamiltonian in the GB basis (notice that in the following
equations, the bra-ket integral involves integration over
electronic coordinate r, and the subscript r will be dropped

for simplicity),

Helec[GB] — <¢ GBlHelecl¢GB>

(16)
and T§" is called time derivative coupling (TDC) in the GB
basis,

d
TGB GB| @ ¢GB>
! < tolaeY (17)

4399

Eq 15 is called the GSE electronic EOM. By using the chain
rule, the TDC can be written as,

GB _ 15 1GB
Ty" = Redy (18)
where an overdot signifies a time derivative, and dSB is the
NAC in the general basis:
GB _ /,GB GB
a5 = (¢ VIgY) (19)

This is an Nges X Nygares X 3N roms tensor, but we treat it as an
Nyates X Nigres matrix in which each ] matrix element is a
(3N, oms)-dimensional vector. Because eq 18 shows that UB
can be obtained as a projection of d§j® on the nuclear velocity
direction, we sometimes call d the full NAC to clearly
distinguish it from T. Both TDCs and NACs are complex
when SOC is included, but they may be taken as real when it is

omitted. The TDCs and NACs are anti-Hermitian:

GB _ GByk
Ty = —(Ty (20)

GB GByk
dI] = _(d]I (21)
It is often convenient to write eq 15 in matrix form:
.GB i clec[GB GB) GB
¢leggg = —| —H + T |c

GSE ( 7 (22)

where the matrix elements of H*(%5) and T¢® are shown in
eqs 16 and 17 respectively, and lllgsg denotes that it is for
GSE. It also is useful to define the electronic density matrix,
whose matrix elements are

GB _ GB( GB
Py (} ) (23)
Eqgs 15 and 23 yield
deGB Nates .
Jj Z (( iHelec[GB] TGB) GB
= - IL -1 |
dt i h /
i, elec[ GBI\ GByk | GB
(e - @)
(fz b Tt (24)
When I = ], this simplifies to
dpGB Nygates
elec
=2 3 [m ) - Re(r)
L
(25)

Conservation of total energy requires that the time
derivative of the molecular Hamiltonian function shown in
eq 6 should be zero. (Notice that the Hamiltonian function in
this context should be distinguished from the Hamiltonian
operator in a quantum context.) Therefore,

. . . d
= PGB'R + Etr(pGBHeIec[GB]) =0

(26)

where tr(Jll) denotes the trace of a matrix. This requires that,

. . d
PGB'R — __tr(pGBHelec[GB]) —
slates eleC[GBJ slates
_ Z dH _ de HeIeC[GB]
a
J (27)
We dlstlngulshG4 7 the two terms on the right-hand side of eq

27 as adiabatic force FA8! and nonadiabatic force FNAIGE],

https://doi.org/10.1021/acs.jctc.4c00424
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Niates dHe]ec[GB]
AlGBl p — _ G )L
F=R = Z Py it
Jii (28)
Noes dpS®
NA[GB] y5 _ I lec[GB]
PR = - ) g
il (29)
Therefore
PCB — RAIGB] | pNAIGE] (30)

We first consider the nonadiabatic force because this
equation can be further simplified. Using eqs 24 and 29, we
obtain

FNA[GB]'R —
N

[Helec[GB] GB (Helec[GB])* GB H]ellec[GB]
IL

RN GB _GB GBy* GB lec[GB
+ 2 [TIL pL] + (T pIL ]H]ele‘:[ ]
i (31)

The first term on the right-hand side of eq 31 is zero because

I\IS(MES
[Helec[GB] GB (Helec[GB])* GB H]eIlec[GB] —
L
tr(Helec[GB]pGBHelec[GB]) _ tr(Helec[GB]pGBHelec[GB]) =0
(32)
Therefore, the nonadiabatic force is reduced to
ENAIGB] GB,GB GBy¥ lec[GB]
R = Z (Tipyy + (T oy H
L (33)
Eq 33 can be written in a more compact matrix form,
FNA[GB]'R — tr(TGB[ﬂGB, Helec[GB]]) (34)

where [X,Y] denotes a commutator of matrices X and Y,
[X, Y] = XY — YX (39)

Note that both sides of eqs 28, 29, and 33 are scalars; this
means that the scalar conservation-of-energy condition in eq
26 allows some ﬂex1b111ty in making physical choices of the
directions of FAGPl and FNAIGB] To take advantage of this, we
introduce Nstates X Nstates X 3N, force direction tensors A®®,
BS®, and C©® We treat these tensors as matrices Whose
elements A]I , BSE and C are (3N,;.ns)-dimensional vectors,
where I, ], L are indices of electronic states. Then the most
general expressions for FAGP] and FNALGP] that satisfy eqs 28
and 33 are

GB dHelec[(JB]

GB
pros _ ¥ Al
- AGB~R
y 1 (36)
and

ENAIGB] _

Niates GB _GB ; yelec[GB],GB GB GB lec[GB],~GB

& | Topyy Hy By, ~ Tyypg Hp o€

GB o
IL BIL R CL] ‘R

(37)

To prevent dividing by a zero in eqs 36 and 37, the A II ; BB
and C should not be normal to R. Because FA®®) and
FNAL [Ga should be real, it is convenient to take matrix A® to be
Hermitian and matrices BS® and C®® to anti-Hermitian; then
the diagonal elements of matrices B“® and C®® are zero. We
often require that force direction tensors to be real, although
there are exceptions for which the complex parts are exactly
canceled, which will be discussed below. Combining eqs 36
and 37, we see that the most general form of the GSE nuclear
EOM that conserves the total energy is

GB dH]eIlec GB]

GB
~GB _ e/, I dt An
P = ASB.R
T JI
Niates TﬁB D L(;B H}Iec[GB]BGB TEBPISB H]lec[GB] C
+ BSB.R CSB.R
L L Lj

(38)

Next, we discuss physical choices of A% BB and CCB

tensors. We set them such that the adiabatic force reduces to
that in the original SE method:

pAIGB] _ 2 pGBVHelec[GB]
1y
y (39)

This is accomplished by setting Aﬂ equal to VHelec (GBI, this is
convenient because VHelec[GBJ is readily avaﬂable from
electronic structure packages during the propagation of
trajectories. Therefore, eq 28 is written as

A[GB RS GB elec[GB] 13
FAPLR = — ZpU VHI9PLR
(40)

The choices of BGB and C®® are less straightforward. The
symmetry of the two terms in eq 37 suggests setting B? equal
to C%®, and we shall only consider that case.

As shown in ref 69, assigning the direction of the
nonadiabatic force tensors to the direction of a space-frame
d®® of the kind produced by most electronic structure
programs that can produce NACs fails to conserve angular
momentum and center of mass momentum. The Ehrenfest
method and surface hopping do conserve angular momentum
and center-of-mass momentum if the NAC is in internal
coordinates,®® but, as discussed later in this section, SE EOMs
with a space-frame d°® conserve total energy but fail to
conserve angular momentum and center of mass momentum in
direct dynamics. Hence, we want to choose a practical
nonadiabatic force tensor that not only conserves total energy
(as already accomplished in in eq 38) but also conserves the
total nuclear angular momentum and center of mass
momentum. This imposes additional constraints on the
choices of A%, B, and C®® tensors:*’

Z R X PGB Z R X (FA[GB] + FNA[GB])
a a

(41)

N
Z poE = Z (BAIGBI | pNAIGE]) _
a a (42)

where R, PS‘B, F?[GB], and FYA [GB] are 3-dimensional vectors
denoting R, PGB FA[GB], and FNA [GB] for nucleus a.

https://doi.org/10.1021/acs.jctc.4c00424
J. Chem. Theory Comput. 2024, 20, 43964426


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Our choice of the AS® tensor as VHelec (GB] readily conserves
total nuclear angular momentum and center of mass
momentum for the adiabatic force part,

Natoms l\lztnms Mta(e~
z Ru % F;\[GB] — Z Ra % Z pI?BV Helec[GB] =0
a a I
(43)
1toms l\lsmtcs
A[GB] GB elec[GB] | __

Z F, 2 |- 2 ey VH =0

a /) (44)

) . .
where V, = X The electronic structure of an isolated

molecule is translationally and rotationally invariant, and
therefore VHelec (GB] does not have nonzero components for
overall translatlon and rotation.

However, the conservation of the total nuclear angular
momentum and the center of mass momentum by the
nonadiabatic force does lead to an additional restriction on
the BS® tensor (and C®® because C®® = BP) that it should not
have nonzero overall translational and rotational components.
To achieve this, we use a projection operator to remove the
translational and rotational components of a preprojected B
tensor,(’9

BgB — (1 _ Q)BIG]B,preprojected (45)
where BgB’PrerieCted denotes a selected preprojected BSB
vector, and 1 and Q are the identity operator and the
projection operator, respectively. Because BIG]B is @ 3Nyoms
dimensional vector, both 1 and Q are 3N, ms X 3Noms
matrices. The projection operator is

1
o =—06,, +
et lvatoms 77
RX)Y)Z X,),Z X,),Z %,),Z

2 X AR Ty ARy
a g a B

Q

(46)

where a and 4’ are indicies of nuclei, which vary from 1 to
Nooms BBy, Py are 1nd1c1es of Cartesian directions, which
take values of x, y, or z; 17! is the inverse of matrix I matrix I is
the same size as the moment of inertia matrix with all masses
set to 1, and € is a third-order unit pseudotensor whose
elements are the Levi-Civita symbol. The first term of the
projection operator corresponds to overall translation, and the
second term corresponds to overall rotation. Therefore, eq 45
is our final suggested choice of a B®® tensor that conserves
total nuclear angular momentum and center of mass
momentum.

We make the above choice of A®%, B¢E, and C®® tensors,
and this gives the following nuclear EOM for GSE that we use:

I\rslates
PGB'(;SE - _ GBVHJIEC[GBJ +
7
1\% . TGB pGB H]leC[GBJB TGBpGB elec[GB]BL]
L BIL R BL] ‘R

(47)

We have arrived at eqs 22 and 47 as the final electronic and
nuclear EOM:s for GSE. By using eq 45, GSE EOMs conserves
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total energy, angular momentum, and center of mass
momentum.
In SE, the electronic EOM is identical to that of GSE,

i
éGB|SE — _(EHelec[GB] + TGB)CGB )

The nuclear EOM of SE can be considered as a special case of
GSE. In SE, the force direction tensors B®® and C®® are
chosen as

BGB|SE — CGB|SE — dGB (49)
where the elements of d°®

nuclear EOM of SE,

is defined in eq 19. This gives the

PGB'SE — _Nsmes GB VHelec[GB] +
J
Nitates
(p GBHe]ec[GB]d GBHelec[GB]d B
L (50)

Because d®® could be complex, this can provide an exception
already mentioned to the choice of the force direction tensors
being real. Using d°® as the nonadiabatic force direction is
physical choice because TDC T® can be written as product of
the NAC and the velocity vector, as shown in eq 18, and eq 34
can be written as

FNA[GB].R|SE _ tr(dGB.R[pGB’ Helec[GB]]) (s1)

A NAC computed from a prefitted analytic representation of
coupled diabatic surfaces does not suffer the angular-
momentum-nonconservation problem if it is calculated in
internal coordinates’’~"* or in transformed Cartesian coor-
dinates from which translation and rotation have been
removed.””™"*

An important positive aspect of the GSE method is that it is
directly derivable from the time-dependent Schrédinger
equation, and SE is a special case of GSE. An advantage of
GSE over SE is that one is not required to compute full NACs.
By knowing TDCs and an appropriate choice of force tensor
B, one can perform an SCP nonadiabatic dynamics
calculation without full NACs. One has many choices of the
force tensor B, for example in ref 52., we have used an
effective NAC, which is defined as a combination of the
difference gradient vector and the nuclear velocity vector:

GB,preprojected __ pGB,effNAC __
By~ =By~ =

VHelec[GB] VHeIec[GB] + a[] R

(52)

where agB is a parameter that is determined by requiring

GB,effNAC v __ -GB
BiPMNACR = T (53)
and this gives,
eIec[GB] elec[GB]\ 1
o _ T§" = (VH ") — VHOP). 0
U R-R (54)

Egs 52—54 are an example of how BEEPreProiected cap he chosen.

In summary, eqs 22, 45, and 47 with user-supplied
BIG]B'PrePr"jeded define the electronic and nuclear EOMs for
GSE, and eqs 48 and 50 define the special case of electronic
and nuclear EOMs of GSE, which is SE.

https://doi.org/10.1021/acs.jctc.4c00424
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2.2. Fewest-Switches Trajectory Surface Hopping. A
computational advantage of SE and GSE is that they are robust
on the choice of representation, i.e., the simulated results are
insensitive on the choice between adiabatic and diabatic
representations; one obtains similar results if one propagates
trajectories on MCH, diagonal, diabatic, or other representa-
tions. This is not true for TSH methods.””*" Because TSH
methods are often (not always) more accurate in fully adiabatic
basis, one usually prefers to use the diagonal representa-
tion."*»*'=*” This makes TSH methods more complicated
when SOC is included.

The original FS- TSH method was developed for internal
conversion processes.” Here, following the lead of Richter et
al,™ we adopt a formalism that can be generalized to treat
SOC in a practical way.

In FS-TSH and other TSH methods, the trajectories are
propagated on one potential energy surface at a time,
punctuated by surface hops to other surfaces. The active
surface at any given time is labeled K. Therefore, between
hops, the nuclear EOM for TSH is

- GB lec[GB
P lTSH=_VHIe<Ie<C[ ! (58)

The electronic EOM for TSH is identical to that of GSE or SE:

i
CGBITSH — _(%Helec[GB] + TGB)CGB (56)

In the fewest-switches method, the surface K is switched
stochastically according to the following hopping probability:

ber (t) At

PR A(t, t + At) = max| <——,
Prxc (F) (57)

where b is the rate of population change from state K to state
I in the GB basis during time interval t to t + At, where
population is defined by eq 23 as Ic“®I>. The FS hopping
probability minimizes the number of state switches required
and to maintain the correct statistical distribution of electronic
state populations in the case where the surfaces are degenerate;
then eq 25 gives bgr as

90 = o pmGa ) - Rt

The hop from one surface to another corresponds to a
discontinuity in the active potential energy surface. To
conserve energy, one adjusts the momentum discontinuously
when a hop occurs. This adjustment is not random; it is
adjusted along a certain direction called the momentum
adjustment vector or the hopping direction. The velocity R, of
atom a is adjusted after a K — I hop according to,

hKI,a

Ra(t)l ostK—1 — Ra(t)l reK— _f
postK—1 preK—1 KI Ma (59)

where hg;, is the momentum adjustment vector of atom 4, and
fxr is a factor determined by requiring energy conservation,
which requires

atoms

1 3 elec
z EMa(Ru(t)lpostK—»I)z + Hy 1o

N,

atoms

] elec
= Z _Mu(Ru(t)lpreI<—>I)2 + Hggl P!
. 2 (60)

Inserting eq 59 into 60 gives,

K0 £ JES@) + 4B (D AH(t)

“ 2E5 4 (1) (61)

where

AHZX(t) = Hgg'®

Ex(t) = z Ry (e hr o(1))

lec[GB]
- Hy™ (62)

(63)

2
K _ 1 Ty
kinh = 24 3

2 M, (64)

To have a real solution for f;, the following condition must be

fulfilled:

KI/ \2
i + AHG(t) > 0
kmh( ) (65)

When eq 65 is not fulfilled, the called-for a hop is called
frustrated, and no hop is made. Although there are arguments
that frustrated hops are necessary to achieve detailed
balance,**™"* frustrated hops are an intrinsic deficiency of
TSH methods; they cause errors such as population
leaking.”>**

Downward hops are never frustrated. An upward hop may
be frustrated because there is not enough energy to hop, but
sometimes hops are frustrated even when there is enough
energy to hop. The latter occurs if there is not enough
momentum in the direction of the momentum adjustment
vector. The literature has many choices of momentum
adjustment vector, for examples, the nuclear velocity vector,
the NAC, the difference gradient vector, or an effective NAC. 52
The most conv1nc1ng work shows that the NAC is probably the
best choice,”> ' although in practice, as discussed next, one
should use a projected NAC® if the NAC has been computed
in the space frame.

The choice of momentum adjustment vector affects not only
the possible success of a called-for hop but also the
conservatlon of angular momentum and center of mass
momentum.”” As shown in ref 69, using a space-frame NAC
(which is the kind of NAC produced by most electronic
structure programs that can produce NACs) fails to conserve
angular momentum and center of mass momentum. In that
spirit, just as eq 60 requires the hopping process to conserve
total energy, we require that the hopping process conserves
total nuclear angular momentum and center of mass
momentum:®’

AEM(t) =

Nitoms Nitoms

2 R (t) X M, a a(t)lpostK—ﬂ - z R (t) X “R“(t)lprEK_’I
(66)
Namms amm:
u(t)lpostK—ﬂ - z MR (t)lpreK—>l
a a (67)
Using eq 59 reduces eqs 66 and 67 to,

Nﬂtoms

D R(1) X (~f;hyg ) =0

a (68)
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N,

atoms

Z (_fKIhKI,u) =0

a (69)

Among popular choices of the momentum adjustment vector
(which include the nuclear velocity vector, the difference
gradient vector, and the space-frame NAC) only the difference
gradient vector satisfies eqs 68 and 69. We do not want to
restrict ourselves to this choice; therefore, for an arbitrary
choice, hPFPrect®d  of momentum adjustment vector (which
can be, for example, a NAC or nuclear velocity vector), we
project

hKl — (l _ Q)hlpgleprojected (70)

where 1 and Q are the identity operator and projection
operatoré9 respectively (these are 3N s X 3N,ioms matrices).
The projection operator is shown in eq 46. When hfiProected i
the nuclear velocity vector, hy; becomes a vibrational velocity
vector; when P js NAC, hy; corresponds to projected
NAC.

With a computed factor fy; from eq 61 and a choice of
momentum adjustment vector or hopping direction according
to eq 70, one obtains a hopping procedure that conserves total
energy, angular momentum, and center of mass momentum.

Our recommended choice of momentum adjustment vector
when using a space-frame NAC from an electronic structure
program is a projected NAC where the projection removes the
translational and rotational components of the NAC. If one is
using a transformed NAC computed from transformation of a
fitted diabatic representation, then (analogously to the
discussion in Section 2.1), there is no angular-momentum-
nonconservation or center-of-mass-motion nonconservation
problem because the transformed NAC is a functional of
internal coordinates only.

When a hop is frustrated, one can either ignore the
frustrated hop and continue forward, or one can ignore it and
reflect backward. The latter is motivated by thinking of the
increase in potential energy at a called-for upward hop as a
repulsive wall that bounces the trajectory backward. Reflecting
the velocity leads to

Ra(t)lpostreﬂect = Ru(t)lprereﬂect - gKLhKL,a (71)

where Hy; , is the velocity reflection vector of atom a, and gy,
is a factor determined by satisfying energy conservation, which
requires

N, N,

atoms 1 . 5 atoms 1 ) 5
Z EMa(Ra(t)lpostreﬂect) = Z EMa(Ra(t)lprereﬂect)
(72)
This gives
Ra(t) Iprereﬂect 'hKL,u
S0 = h
KL,a" TKL,a (73)

where K and L are respectively the active and frustrated states.
There are many possible choices for the velocity reflection
vector. For any of these choices, eq 73 conserves total energy
because the kinetic energy is not changed by the reflection.

Another Opossible action at a frustrated hop is a conditional
reflection.'”" The first conditional reflection method is called
the VV scheme,'" in which one reflects the velocity along the
direction by , if
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(_VHEILEC[MCH]'hKL)(P(t)'hKL) <0 (74)

where P (t) is the nuclear momentum at the time ¢ at which a
frustrated hop occurs. Otherwise, i.e., if eq 74 if not satisfied,
one ignores the frustrated hop. Later, an additional condition
was suggested,102’103

elec elec
(=VHgg [MCH]'hKL)(_VHLL [MCH]'hKL) <0 (75)

In this scheme, the trajectory is reflected only when both
conditions eqs 74 and (75) are satisfied.

The following conditions need to be satisfied to conserve
total nuclear angular momentum and center of mass motion
after a velocity reflection

NE\(OmS
Ra(t) X MaRa(t)lpostreﬂect
a
NE\(OmS
= Z Ru(t) X MuRa(t)lprereﬂect
a (76)
NA(OmS I\IAIOIHS
Z MuRa(t)lpostreﬂect = Z MaRa(t)lprereﬂect
a a (77)
These conditions lead to
N R (t) < M _ZRu(t)lprereﬂect'hKL,uh -0
a aj KL,a
4 Ir,o Pt a (78)
e Ra( t) lprereﬂect ’ hKL, a
> Mm|-2 — o] = 0
B KL, KL, a (79)

One can use the same remedy as we have used above, namely,
projecting out the translational and rotational components of a
preprojected velocity reflection vector,

hKL — (1 _ Q.)h%rlelprojected

Our recommended procedure is conditional reflection with
the VV scheme and the projected NAC as the velocity
reflection vector.

2.3. More Discussion of Conservation of Angular
Momentum and Center-of-Mass Momentum. From both
Sections 2.1 and 2.2, to conserve total nuclear angular
momentum and center-of-mass momentum, we have stressed
the importance of using a force direction (nonadiabatic force
direction in GSE, momentum adjustment vector or velocity
reflection vector in FS-TSH) that does not have nonzero
translational and rotational components. In contrast, the early
literature considered only conservation of total energy.
However, for a closed system, when electronic angular
momentum is neglected (as is the case in mixed quantum-
classical methods), the system’s total nuclear angular
momentum and center-of-mass linear momentum are required
to be conserved because of the isotropy and translational
symmetry of space.

Nuclear angular momentum nonconservation can be more
severe in SCP methods based on GSE than in TSH methods.
This is because one uses the nonadiabatic force direction at
every time step in GSE, and therefore, the nonconservation is
accumulated along a trajectory, while for TSH, nonconserva-
tion only happens at places where there is a hop. For example,
our previous studies of ethylene nonadiabatic dynamics in 200
fs simulations with unprojected space-frame nonadiabatic

(80)
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Table 1. Summary of Working Equations for GSE, SE, and TSH Methods in a General Basis, in the MCH Basis, and in the

Diagonal Basis

Method Basis Formula Equation
GB e (i lec[GB] GB) GB
Elec EOM CHOIREES) (;Hf]“ + Ty )c, (t)
J
states .
GB [PGB]GSE _ Z /GBVHeec[GB]+
Nuc EOM
N GB GB lec[GB] GB_GB yelec[GB];,GB
sates [ T/ Heec BIL TL] oo H]eled ]B
L BIL ) BL] '
d' el [d J di I\Istates di d
Elec EOM (650 lase = 5 HE8e™5(0) = 3 (T)e/5(0)
J
GSE dia,
¢ i Nstates g lecld Natates Tglﬂg/;[llagB?]lag et
Nuc EOM PS]ges = — Y pPSVHEE 12 ) Re L [ clcldiag
I I 1] ‘R
MCH e (i lec[MCH] MCH | MCH
Elec EOM [él (t)]GSE == Z _Hle]ec + TU cy (t)
7 n
~tate:
MCH [PMCH]GSE — Z /MCHVHelec[MCHJ +
Nuc EOM Nygates T}\L/ICH[)LI\I/ICH H]ellec[MCH]BMCH TMCH/ MCH HeleclMC]—[JBN;CH
MCH - MCH
L B; R B, ‘R
GB e (i lec[GB] GB)| GB
Elec EOM [ (O)]sg = — Z (;Hf]“ + Ty )c] (t)
J
GB
statea
Nuc EOM [I‘)GB]SE - Z /GBVHelec[GB] + Z (/}GB elec[GB]dGB /IL Helec[GB]dGB)
L
dv l . [d Jd I\Istatcs d d
Elec EOM [E4(0)le = — T8 (0) = 3 (Ti)ga(e)
J
diag
SE o :mteﬂ et.ne: .
Nuc EOM [Pdlag]GSE = Z Py dlagVHe}eC[dmg] +2 Z Re(p dlagdd’ag)Hf}ecmmg]
MCH e (i lec[MCH] MCH | MCH
Elec EOM A OINE Z (zHle}ec + Ty )C] (1)
]
MCH Nitates
[P MCH]SE — E /MCHVHelec[MCH] + E (/ MCH py ;Ilec[MCH] dMCH
Nuc EOM IJL
MCH ; yelec]MCH] yMCH
— Py Hp ;)
GB e (i lec[GB] GB)| GB
Elec EOM [¢ (t)]TSH =- 2 (nge]ec + TU )CI (t)
J
GB 1 .
ber baP(t) = Z(ZIm(H,Zec[GB]/JIiB) — Re(Tgip )
Nuc EOM [PP)pgy = —VHE®!
: stales
-’ . di L relec[diag] _di diagy _di
FS-TSH Elec EOM (678 (O) bpsn = _gHH cldingl g (1) — Z (Ty"®)e; (1)
dia, )
’ biye EFE(1) = ~2Re(TEEp)
Hdiag _ elec[diag]
Nuc EOM [P™] gy = —VHgg
MCH e (i lec[MCH] MCH | MCH
MCH Elec EOM (MM Ol = — D (ZHBEC + Ty )C] ®)
J
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Table 1. continued
Method Basis Formula Equation
1 -
b%CH bgCH(t) — 2(£Im(HIe£ec[MCH]ﬂLI\I/[(,H) _ Re(TllleH MCH )
Nuc EOM MM gy = —VHgE™M

coupling vectors showed that the SCP and TSH methods had
nuclear angular momentum nonconservation by more than
107 and 17 respectively. (In both cases, though, angular
momentum would be conserved if one used a NAC calculated
in internal coordinates or a projected NAC that eliminates the
overall translation and rotation.)

The original decay-of-mixing methods (decay-of-mixing
methods will be motivated in Section 2.6 and discussed in
detail in Section S5) did consider conservation of energy,
angular momentum, and center of mass motion in the nuclear
EOM.'%*'% However, those methods were only applied to
analytic coupled potential energy surfaces. Using a space-frame
NAC in direct dynamics destroys conservation of angular
momentum and center of mass momentum, as first discussed
in ref 69. in 2020. Recently, this problem has been further
discussed and elaborated.' %"

Our suggested remedy to angular momentum and center of
mass momentum nonconservation problems may be summar-
ized as follows: All terms in the nuclear EOM should have a
force direction for which the translational and rotational
components are zero.

2.4. Choice of Basis for the Electronic Wave Function.
When SOC is included, the electronic Hamiltonian is usually
split into two contributions,

(81)

where H%F is the spin—orbit-free Hamiltonian that includes
electronic kinetic energy and all Coulomb interactions between
electrons and nuclei, and H%°C is the SOC. As discussed in
Section 2.1, one may then distinguish the MCH and the
diagonal representations. To distinguish various matrix
representations of the various Hamiltonians, we use the
following notation,

(¢GB|HA|¢GB> (82)

where A can be “elec”, “SOF”, or “SOC” as defined in eq 81.
The MCH basis diagonalizes HSOF,

SOF[MCH MCHj 1 7SOF| s MCH SOF
HU IMCHT = <¢1 IH |¢’] )=V 51}

Helec — HSOF + HSOC

HA[GB]

(83)

where Vi is the spin-free potential energy surface of MCH
state I. And the diag basis diagonalizes H (the diag basis
functions are eigenvectors of HE):

He]lecldlag] <¢ dlangelecl¢ dlag>

Vi, (84)
where V¢ is the fully adiabatic potential energy surface of
diagonal state I.

When SOC is included, H*MCH] has nonzero off- diagonal
elements of the SOC operator in the MCH basis. However,
one should not confuse the MCH basis with a diabatic basis,
which also has a nondiagonal Hamiltonian. As mentioned
above, a diabatic representation is one for which the
nonadiabatic coupling vectors dU can be neglected anywhere
on the potential energy surface,*’ but d;; is not negligible in the
MCH basis when SOC is included. Obtaining a diabatic
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representation is useful when constructing analytic representa-
tions of potential energy surfaces because the diabatic potential
energies and couplings are smooth functions of nuclear
coordinates, but global diabatic representations are not useful
in direct dynamics, because they are not straightforwardly
available from electronic structure codes.

The difficulty of including SOC is that the trajectories may
require gradients of Vi, but electronic structure packages
only produce gradients of VSO . One can diagonalize the total
Hamiltonian in the MCH representation to obtain the
Hamiltonian in the diagonal representation:

Helec[dlag] UTHeIec[MCH]U (85)
And therefore, one can transform from the MCH basis to the
diagonal basis by

dlag UT MCH

(86)
When the electronic structure software only provides potential
energy surfaces and gradients in the MCH basis, all the
required terms in the diagonal basis can nevertheless be
obtained by the above transformations.””'*®

2.5. Summary of EOMs for GSE, SE, and FS-TSH in
Various Bases. The GSE (or its special case the SE) provides
the starting point for all SCP methods; in a later section we will
recommend coherent switching with decay-of-mixing method
(CSDM) and its extensions as the preferred SCP methods.
The FS-TSH method provides the starting point for all TSH
methods that are considered here; in a later section we will
recommend fewest switches time-uncertainty trajectory-sur-
face-hopping method (FSTU) and its extensions as the
preferred TSH methods.

The EOMs for the GSE, SE, and TSH methods in the GB,
diagonal, and MCH representations are summarized in Table
1. Notice that in Table 1, we do not summarize the BM“H force
tensor in GSE or the momentum adjustment and velocity
reflection vectors in FS-TSH because there is additional
flexibility in choosing these ingredients.

2.6. Addition of Decoherence to the Electronic
Density Matrix. A deficiency of the original FS-TSH method
and of the pure SE and GSE methods is that they do not
include decoherence. Decoherence is the tendency of the
density matrix of a subsystem to assume a diagonal form
corresponding to a classical mixture of populations, where the
populations are the diagonal elements of the subsystem density
matrix. The basis in which the density matrix becomes diagonal
is called the pointer basis; it is selected by the environment,
ie, by the “measurement” being made.'” In much of the
literature on decoherence, the subsystem is considered to be a
molecule in an environment such as a solvent or a solid surface.
However, we now realize that the decoherence of the
electronic subsystem of a molecule is often dominated by
interaction of the electronic subsystem with the nuclei of the
molecule rather than by interaction with an extramolecular
environment.'**

https://doi.org/10.1021/acs.jctc.4c00424
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The wave function for an entire system does not usually
factor into a product of wave functions of its subsystems. Then
a subsystem is not described by a wave function that evolves by
a time-dependent Schrodinger equation.''” The most com-
plete possible description of such a subsystem is by a reduced
density matrix that evolves by a generalized master equation.
The reduced density matrix of a subsystem does not usually
correspond to a pure state described by a Schrodinger
equation; rather it corresponds to a mixed state. A generalized
master equation may also be called a nonunitary Liouville-von
Neumann equation. The original Liouville-von Neumann
equation (sometimes called the quantum Liouville equation)
corresponds to unitary time evolution of a pure state and is
equivalent to the time-dependent Schrodinger equation.'' "'
To describe the time evolution of a mixed state, one must add
additional terms to the unitary Liouville-von Neumann
equation;' >~ this yields a generalized master equation for
the evolution of the mixed-state density matrix.

The electronic density matrix is a reduced density matrix of
the molecular density matrix, given by™*

pelec — Trnuc(meI )

elec

(87)

where p®*“ is defined in eq 23, and p™ is the molecular density
matrix. The reduced density matrix of the electronic
subsystem, starting in a pure state, evolves to a mixed-state
density matrix over time; this involves the off-diagonal
elements of p®* relaxing to zero. Since the off-diagonal
elements of a density matrix are called coherences, this process
is called decoherence. The reciprocal of the first-order decay
rate constant of the coherence is called the decoherence time.

We consider the reduced density matrix p* of an isolated
molecular system (either the temporary complex formed by a

bimolecular collision or the whole molecule involved in a
elec

mol

unimolecular process). The unitary propagation of p“ is given
by eq 24, which is equivalent to

. 0 elec elec elec nuc-elec elec

in—, =[(T""+ V™" +H ]

where T, VeI, H™<¢¢ gre respectively the electronic kinetic
energy, the electron—electron Coulomb interactions, and the
nuclear-electron interaction operators. The nonunitary prop-
agation is given by

. a elec elec elec elec nuc-elec
lha—tpl = [(T + V), p™] + Try([H™, p])

(89)

The direct solution of eq 89 is not easy, and many
approximations have been put forward.**"'*~'** Phenomeno-
logically, decoherence causes the off-diagonal matrix elements
of p®*° to decay to zero exponentially (or like a Gaussian) with
a time scale called the decoherence time. Therefore, one way
to approach the problem is to treat the decoherence
phenomenologically by replacing the physical decoherence
with al§orithmic decoherence, which we also call decay of
mixing,”* ¥ 109347138 Our preferred methods, called decay-
of-mixing methods, start with the decoherence-free SE or GSE
equations and add algorithmic decoherence by adding non-
Markovian decay of the electronic coefficients of nonpointer
states. The method can equivalently be recast as decay of the
off-diagonal elements of the electronic density matrix. *” This
decay is due to the nuclear wave packets associated with
different electronic states getting out of overlap.'*>'*
Therefore, between strong-interaction regions, the electronic
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density matrix tends to become diagonal (in a basis called the
pointer basis) on the decoherence time scale. Note that it is
called pointer basis because it denotes the pointer on a
measuring apparatus. On the same time scale, the decay of
mixing drives the population of one state, called the pointer
state K, to unity (and the others to zero). The identity of the
pointer state is switched stochastically so that the final
populations of an ensemble of trajectories provide a semi-
classical approximation to the quantum mechanical distribu-
tion of final states. More details of the decay of mixing are
given in the next paragraph.

In decay-of-mixing methods, one exponentially decays the
coherence to zero:

elec

PEE(t + dt) = piee(t) e/ RO

1K (90)

where I is a general state that is not the current pointer state K,
and 7y is the position-dependent decay-of-mixing time. This
means that coherence has a half-life of 7% In 2, and it is
equivalent to decaying the coeflicients of all states except the
pointer state to zero in eq 14. After the decay is complete, the
electronic density matrix of a given trajectory is again pure, but
only a single diagonal element survives and becomes unity; the
rest of the elements are all zero. Note though that another
strong interaction region may be encountered before the decay
is complete, or the pointer state may change before the decay
is complete. If one averages the final density matrices over an
ensemble of mixed quantum-classical trajectories (with differ-
ent initial conditions), the ensemble-averaged density matrix
represents a mixed-state density matrix, diagonal but with more
than one nonzero diagonal element. Only the ensemble-
averaged electronic density matrix is physically meaningful.

There are many agproaches to include decoher-
ence, ¥ 102106105134 135,138 [41-143 1 4 it 56 beyond the present
scope to provide a complete review; we refer interested readers
to a recent review.”*

3. INTRODUCTION TO NONADIABATIC DYNAMICS
WITHOUT WAVE FUNCTIONS

Section 3.1 summarizes the required electronic structure
information for GSE, SE, and FS-TSH and shows where one
requires electronic wave functions. Wave function-free mixed
quantum-classical nonadiabatic dynamics involves two levels,
namely, NAC-free mixed quantum-classical nonadiabatic
dynamics, and overlap-free (TDC-free) mixed quantum-
classical nonadiabatic dynamics. In the following text, we will
simply call the mixed quantum-classical nonadiabatic dynamics
as nonadiabatic dynamics for simplicity. Sections 3.2 and 3.3
consider the NAC-free level, which results in overlap-based
algorithms, and Section 3.4 motivates the overlap-free
approach, which results in curvature-driven algorithms. At
the NAC-free level, one still needs wave functions because one
needs the TDC; but the NAC-free level, in addition to its
interest for practical calculations, is also of interest in providing
a step-by-step route to the overlap-free level, which is wave
function-free.

The NAC-free nonadiabatic dynamics methods are also
called overlap-based nonadiabatic dynamics because one needs
overlaps to compute TDCs. And the wave function-free
nonadiabatic dynamics methods are also called overlap-free
nonadiabatic dynamics or TDC-free nonadiabatic dynamics.
We show below how we approximate TDCs with curvatures of
potential energies. Then the wave function-free nonadiabatic

https://doi.org/10.1021/acs.jctc.4c00424
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Table 2. Electronic Structure Information Required by Direct Dynamics Calculations for a Hamiltonian Without SOC*

Required Information in Dynamics Basis

Required Information in MCH Basis

Method Dynamics basis™” Energy Gradient
GSE diag/MCH" HelecIMCH] v HelecIMCH]
SE diag /MCH Helec[MCH] VHelecIMCH]
FS-TSH diag/MCH pelecMCH] VHggel4oe)

Coupling Energy Gradient Coupling
TMCH HelecMCH] v HelecIMCH] TMCH
JMeH HelecMCH] v HelecIMCH] JMcH
TMCH Helec[MCH] VHe](l]e(c[diag] TMCH

“When there is no spin—orbit coupling in the Hamiltonian, the diagonal and MCH representations are identical. “We denote the basis used to

propagate the dynamics as the dynamics basis.

Table 3. Electronic Structure Information Required by Direct Dynamics Calculations for a Hamiltonian that Includes SOC

Required Information in Dynamics B

asis

Required Information in MCH Basis

Method Dynamics basis Energy Gradient Coupling Energy Gradient Coupling
Use nuclear gradient tensor scheme (NGT) for transformation
GSE diag elecldiog] v elecldiag] Tdg — R.qdiee Helec[MCH] v eleclMCH] VHelecMCH] 4 gMCH
GSE MCH Felec[MCH] v eleclMCH] TMCH Helec[MCH] v elecIMCH] TMCH
SE diag elecldiog] v pelecldiag] ddis Helec[MCH] VeleclMCH] gMcH
SE MCH FreleclMCH] v HelecIMCH] gueH Helec[MCH] v pelec[MCH] gueH
ES-TSH diag elecldiog] VH?{I;{C[diag] Tdog — R.qdie Helec[MCH] VHeleclMCH] 4 gMCH VelecMCH] 4 gMCH
FS-TSH MCH Helec[MCH] VH?(Ii(c[MCH] TMCH Helec[MCl—[] VH?(I;(C[MCH] TMCH
Use time-derivative matrix (TDM) scheme for transformation
GSE diag Pelecldiag] v Helecldiag] diag HelecMCH] VHe<MCH] TMCH
GSE MCH FeleciMCH] v HeleclMCH] TMCH Helec[MCH] v eleclMCH] TMCH
SE dlag Helec[diag] VHeIec[diag] ddiag Helec[MCH] VHelec[MCH] dMCH
SE MCH HeleclMCH] Vel MCH] gMcH Helec[MCH] v eleclMCH] gMcH
FS-TSH dlag Helec[diag] VH?(I?(C[dlag] Tdiag Helec[MCH] \vi Helec[MCH] and TMCH TMCH
ES-TSH MCH FeleclMCH] VH%?[MCH] TMCH Helec[MCH] VHelec[MCH] TMCH
GSE diag/MCH FeleciMCH] v HeleclMCH] TMCH Helec[MCH] v eleclMCH] TMCH
SE dlag/MCH Helec[MCH] VHelec[MCH] dMCH Helec[MCH] VHelec[MCH] dMCH
ES-TSH diag/MCH HeleclMCH] VH%e(c[MCH] TMCH Helec[MCH] VH?é%c[MCH] TMCH

dynamics methods are ultimately called curvature-driven
nonadiabatic dynamics.

We sometimes use the prefix “t” to denote that a dynamics
method is an overlap-based algorithm; and the prefix “c” to
denote that such a method is a curvature-driven method. For
example, tGSE denotes an overlap-based algorithm that starts
from GSE, and kGSE denotes a curvature-driven algorithm
that starts from GSE. Similarly, one can have tFS-TSH and
KES-TSH.

3.1. Electronic Structure Information Needed for
GSE, SE, and FS-TSH. One can perform dynamics in any
electronic basis (any electronic representation), for example,
the diagonal basis or the MCH basis. However, calculations are
more convenient in some bases than in others. For exam})le, an
FS-TSH simulation in the diagonal basis requires H®® cldiag]
VHg ) and T%; but the required data is not dlrectly
available, with the most significant lack being that electronic
structure programs only provide analytic gradients in the MCH
representation. We will address this kind of issue below.

We distinguish three types of information that can be
obtained from electronic structure calculations, namely, ener
information (Hee<MCH)) gradient information (VHel<MCH]),
and coupling information (d™“H or TMCH).

TMCH is not directly available in any representation in most
electronic structure packages; however, it can either be
analytically computed from d““" by using eq 18, or it can
be approximated from overlap integrals of MCH electronic
wave functions at successive time steps,52 144140

S 4 A0 = @O 80)
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where At is the time step to propagate the nuclear EOM.
Employing overlap integrals to approximate TDCs is preferable
to using eq 18 because it alleviates the trivial crossing
problem."*”~"%° The simplest approximation to the TDC from
an overlap integral is the Hammes-Schiffer—Tully scheme:*”

Sy, t+ A — ST £+ A
2At

TMCH(t + lAt)
2
(92)

More accurate schemes are also available, for example, the
norm-preserving interpolation scheme of Meek and Levine."*°
We refer the interested reader to ref 151 for a summary of
available schemes.

Computing coupling information (d™“" or TM) requires
using the electronic wave functions. The curvature-driven
approximations discussed below are motivated by the goal of
approximating ™" or TM? from MCH energy and gradient
information without needing electronic wave functions.

Table 2 summarizes the information needed for GSE, SE,
and FS-TSH in the MCH basis for Hamiltonians without SOC.
Notice that when there is no SOC in the Hamiltonian, the
MCH and diagonal bases are identical. The case of
Hamiltonians without SOC is important because internal
conversion among singlet electronic states can often be treated
with useful accuracy without including SOC. We denote the
basis used to propagate the dynamics as the dynamics basis.
For Hamiltonians without SOC, the dynamics basis is MCH
basis. Because the MCH and diagonal bases are identical in
this case, the basis is often just called the adiabatic basis. When

https://doi.org/10.1021/acs.jctc.4c00424
J. Chem. Theory Comput. 2024, 20, 43964426


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

SOC is not included, the dynamics basis is the same as the
basis used in the electronic structure software; and dynamics
algorithms can directly use the energy, gradient, and coupling
information (if and when available) from electronic structure
software.

Table 3 summarizes the information needed for GSE, SE,
and FS-TSH in the diagonal or MCH basis for Hamiltonians
with SOC. When SOC is present, the diagonal basis and the
MCH basis differ from one another. Important considerations
in choosing between them for use as the dynamics basis are
that TSH methods are usually more accurate when dynamics is
carried out in a fully adiabatic basis (which is the diagonal basis
when SOC is present), but electronic structure software usually
provides information most conveniently in the MCH basis.
When the dynamics basis is different from the basis used in the
electronic structure software, one needs to perform a
transformation from the MCH basis to the basis used in the
dynamics calculation.

To achieve wave function-free nonadiabatic dynamic, we
first need to have a NAC-free nonadiabatic dynamics method
so that we can propagate nonadiabatic dynamics with only
potential energies, gradients, and TDCs. Second, we need to
have a way to approximate TDCs from potential energies and
gradients. In Sections 3.2 and 3.3 we will achieve NAC-free
nonadiabatic dynamics; and in Section 3.4 we will motivate our
ultimate goal, namely, wave function-free nonadiabatic
dynamics with only potential energies and gradients.

3.2. NAC-Free Mixed Quantum-Classical Nonadia-
batic Dynamics for Hamiltonians without SOC. For
Hamiltonian without SOC, as summarized in Table 2, one can
achieve NAC-free nonadiabatic dynamics by using either GSE
or FS-TSH; however, the original SE requires computation of
full NACs. For Hamiltonians without SOC, our starting point
for NAC-free nonadiabatic dynamics is GSE for SCP methods
and FS-TSH for TSH methods. When d™“ is not used in
computing TV in the EOMs and nonadiabatic force tensors
for GSE, the resulting algorithm is NAC-free, and is called
tGSE; When d™“" is not used in computing TM“ in the
EOMs and momentum adjustment vector and velocity
reflection vector for FS-TSH, the resulting algorithm is called
tFS-TSH. The same notation is adapted for Hamiltonians with
SOC, which will be discussed in next section.

3.3. NAC-Free Mixed Quantum-Classical Nonadia-
batic Dynamics for Hamiltonians with SOC. For
Hamiltonian with SOC, one may use either the diagonal
basis or the MCH basis as the dynamics basis.

When the dynamics basis is the MCH basis, the dynamics
algorithm can directly use the energy, gradient, and coupling
information from electronic structure software, and Table 3
shows that one can readily perform NAC-free nonadiabatic
dynamics with GSE and FS-TSH. However, the preferred
dynamics basis is the diagonal basis, especially for TSH
methods. In that situation, the dynamics basis is different from
the basis used by the electronic structure software, and one
needs to perform a transformation from the MCH basis to
diagonal basis for energy, gradient, and coupling information.
Energy information in the diagonal basis can be obtained from
information available in the MCH basis by the transformation
of eq 85, but gradient and coupling information is more
complicated as discussed below.

We distinguish two approaches to achieve a transformation
or approximation to compute gradient and coupling
information in the diagonal basis from information in the
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MCH basis, namely, the nuclear gradient tensor (NGT)
scheme developed by Mai, Marquetand, and Gonzalez,'”® and
the time-derivative matrix (TDM) scheme developed by us.®”
We will first discuss the NGT and TDM transformation
approaches, and then—to illustrate the advantage of the TDM
scheme—we will show how NAC-free nonadiabatic dynamics
can be achieved by the TDM scheme.

3.3.1. Nuclear Gradient Tensor (NGT) Scheme. The NGT

scheme works by defining a nuclear gradient tensor QGB,

gIG]B = <¢IGB|VHEIEC|¢]GB> — gll}/[CH + <¢IGB|VHSOC|¢]GB>
(93)

where

gIC;B = <¢IGB|VHSOF|¢]GB> (94)

Recall that H9F and H*°C are defined in eq 81. Notice that
both G and g% are Nyo X Nyges X 3N,
Similarly to the way we treat NACs, we treat QGB and gGB as

Nyates X Nyares matrices in which the matrix elggll%gts are

(3N, toms)-dimensional vectors. One can show that,

i
Gl =

toms LENSOIS.

VHIeIlec[diag](sU _ (HIeIIec[diagJ _ H]e]lec[diag])d}l]iag (95)

MCH __

SOF[MCH] SOF[MCH] SOF[MCH]\ {MCH
&y VH oy — (Hy - Hy )dI]

(96)
The key approximation of the NGT scheme is to assume that
SOC
< IGB oH ¢]GB> = 0, and therefore,

JR
gn,dlag ~ gn,dlag,NGT = UTgn,MCHU

(97)
where the superscript NGT denotes that this is an NGT
approximation, and where the transformation matrix U is
defined in eq 85, and Gy g aReNGT g MM are
Niates X Nyares Matrices with elements g?]’diag'NGT and gjMH

With this notation, the
are components of the

respectively, and n = 1, 2, .., 3N,

atoms*

matrix elements G 9*8NCT and gPMCH

vectors that are the matrix elements of G°® and g5 Therefore,

0 HIeIIec[diag]

~ gdiag,NGT
~ I
JR

(98)
d;l]iag ~ (H]ejlec[diag] _ H]e]lec[diag])—lg;l]iag,NGT (99)

In summary, the NGT scheme first forms a g"“" tensor by
using gradients and NACs in the MCH representation, and

then it forms to G according to eq 97. The gradients and
NAC: in the diagonal representations are obtained according
to eqs 98 and 99 respectively. That is why we show in Table 3
that one needs NACs in MCH basis to propagate the nuclear
EOM for FS-TSH calculations in the diagonal basis if one uses
the NGT scheme.

3.3.2. Time-Derivative Matrix (TDM) Scheme. The TDM

scheme starts by defining a time-derivative matrix KB,
GB
)

< IGB ¢]GB> — kIC];B+ < IGB
(100)

SOC

d

iHelec H
dt

dt

GB
Ky

where
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J. Chem. Theory Comput. 2024, 20, 43964426


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

dHSOF
dt

GB _ GB GB
kI] - < ! ] >

and where that H5°F and H%°C are defined in eq 81. Notice
that K® is an Ny X N,

states states

JH Ie]lec[diag]

(101)

matrix. One can show that®’

W?}ag 51] _ (HIeIlec[diag] _ H}e]lec[diag])TIc}iag

(102)

d H[S[OF [MCH]

MCH _ SOF[MCH] SOF[MCH]\ ;-MCH
kl] = 51] - (Hy - Hj; )TU

dt
(103)

The key approximation of the TDM scheme is to assume

< e dH®°C ¢]GB>

dt
J¢iag TDM (5t MCHyy

where the TDM superscript denotes that this is from the TDM
approximation. The “approximately equal” sign in eqs 97 and
104 comes from the observation that SOC is more system-
dependent than nuclear-geometry-dependent.">*">* Therefore,

d HIeIIec[diag]
dt

T[(}iag ~ (H}}lec[diag] _ H]e[lec[diag])—l(](?]iag,TDM

= 0; and this leads to

(104)

~ K diag, TDM
u (105)

(106)
Eq 105 is useful because one can use the chain rule to rewrite it
as

VHIeIIec[diag]‘R ~ «?}agTDM (107)

In a similar way to the derivation that we used above to derive
the GSE nuclear EOMs, one can obtain a general solution for
the gradient as

W?[iag,TDM

VHIeIIec[diag] — R -
o

Ji§

(108)
where we require that Fj; is real and not normal to R. One
physically motivated choice for Fy; is

SO. C C
F, = VHOFIMCH] - gMcH (109)

where the state L is the state in the MCH representation that
corresponds to state I in the diagonal representation (L and I
can be different because the state index in the MCH and
diagonal representations may be different). Combining eqs 108
and 109 yields

) Wdiag,TDM
VHIeIIec[dlag] =— I VHESF[MCH]
R-VH; FMeH (110)
In summary, the TDM scheme first forms a k™" matrix by

using time derivatives of potential energies (which can be
computed either by the chain rule or by finite differences®”)
and TDCs in the MCH representation, and then it transforms
to kM according to eq 104. The gradients and TDCs in the
diagonal representation are obtained according to eqs 110 and
106 respectively.

3.3.3. Further Discussion of the SOC-Inclusive Case. As
discussed above, when SOC is present in the Hamiltonian, the
dynamics basis can be different from MCH basis. We are
especially interested in the case where the dynamics basis is the
fully adiabatic basis, i.e., the diagonal basis. In that case, a
transformation from the MCH basis to the dynamics basis is
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required. The NGT scheme'”® needs NACs in MCH basis to
transform the gradient and NAC of the MCH basis to the
diagonal basis, whereas the TDM scheme®” achieves the
transformation without the NACs of the MCH basis.

When using the NGT scheme, one can see from Table 3 that
FS-TSH dynamics in the diagonal basis requires the NACs of
the MCH basis. They are needed both for computing a single-
state gradient VHkl el and for computing T2 In contrast,
using GSE dynamics in the diagonal basis requires NACs in
MCH basis only for computing T%*. This is because GSE uses
a mean-field potential (V5°") instead of a single-state potential
energy surface, and one can show that it is equivalent for MCH
and diagonal representations.

PdiaglGSE — —VVSCP — _Vtr(pdiagHelec[diag])

— _Vtr(pMCHHelec[MCH]) (111)

When SOC is not present, FS-TSH is more efficient than
GSE or SE because only a single state gradient VHgesMCH]
needs to be computed in FS-TSH, while GSE or SE requires
computing gradients of all states. However, when SOC is
included, to compute VHi 98! requires derivative of all states
ie., VHCMCH i one s using the NGT scheme. Therefore,
the computational advantage of FS-TSH over GSE (or SE) is
lost when SOC is present in the Hamiltonian and when one
uses the NGT scheme.

The TDM scheme gives a NAC-free nonadiabatic dynamics
method for both SCP and TSH methods, even when SOC is
present in the Hamiltonian. It enables tGSE and tFS-TSH
methods for Hamiltonians with SOC.

We have seen that development of GSE and the TDM
scheme provide a computational framework that can propagate
nonadiabatic trajectories without computing full NACs, not
only when SOC is not present in the Hamiltonian, but also
when it is. In general, one prefers algorithms based on overlap
integrals to algorithms based on full NACs because overlap
integrals are computationally more efficient. But an even
stronger reason to prefer overlap-based algorithms is that they
can be a starting point for the development of wave function-
free methods, and that is discussed next.

3.4. From Overlap-Free (TDC-Free) Methods to Wave-
Function-Free Methods. Our final goal in this work is to
achieve methods that do not use electronic wave functions at
all, in particular, methods that use only energies and gradients
in MCH basis. This requires eliminating the calculation not
only of full NACs but also of overlap integrals. Furthermore,
we want the method to be wave function-free not only when
SOC is neglected but also when it is included.

Computing overlap integrals not only involves computa-
tional cost, but also it prohibits the use of direct dynamics with
electronic structure methods for which the electronic wave
function is not available, or not defined, or defined but requires
extra computational cost. For examples, multistate pair density
functional theory'>*'*> has no definition of electronic wave
functions, perturbation theor?r re(}uires extra step to compute
electronic wave functions, >®~"*® and machine learning
potentials may even be devoid of electronic wave
functions.'*”'*” Another reason to avoid overlap integrals
(or NACs) is that the number of NACs or overlap integrals
scales quadratically with the number of electronic states
considered.

Our route to performing nonadiabatic dynamics with only
energies and gradients is to approximate TDCs by energies and

https://doi.org/10.1021/acs.jctc.4c00424
J. Chem. Theory Comput. 2024, 20, 43964426


pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation pubs.acs.org/JCTC
gradients. The physical picture was anticipated in Section 1, d
. . . Baeck—An _ MCH MCH
namely that the coupling of electronic states is strong only near dyy = (¢ o (]5]
locally avoided crossings, where the potential energy surfaces 1
evaluated along a path have second derivatives (curvatures) P ARCleeMCH] 1/2
with opposite signs. We illustrate this in Figure 1 for a _1 ) 1
- 2 elec[MCH]
2 dg AHy (112)
v, where g is the one-dimensional nuclear coordinate, and
Conical Intersection elec[MCH] __ yelecMCH] elec[MCH]
AHjy = Hy - Hy (113)

Passage on
. The shoulder

Potential energy

Vi

Path of trajectory

coordinate

Locally Avoided Crossing

N
™

Path of trajectory

Locally Avoided Crossing

Potential energy
Coupling Strength

Path of trajectory

Figure 1. Top panel: schematic of the potential energy surface near a
conical intersection and path of a trajectory passing near a conical
intersection. Bottom left panel: the potential energy surfaces of the
two electronic states showing a locally avoided crossing along the
path. Lower right panel: magnitude of the TDC or NAC along the
same path.

trajectory passing near to a conical intersection. Along the path
of the trajectory, one observes a locally avoided crossing. The
coupling strength (for example the magnitude of the NAC or
the TDC) should have a peak close to the location where the
difference in the signed curvatures of the two surfaces peaks.
And the coupling strength should increase if one passes closer
to the locally avoided crossing. (It eventually becomes infinite
on the conical intersection seam.”"**™>°) This motivates
evaluating the coupling strength in terms of the difference of
the two curvatures.

Early attempts to approximate couplings with energies were
based on model Hamiltonians. Our goal, however, is to
develop methods based on the actual potential surfaces
computed by direct dynamics. The first TSH paper by Tully
and Preston®® used the parametrized Landau—Zener (LZ)
formula'®"'®* for the hopping probability. In that work, they
first fit a LZ model Hamiltonian, and the parameters are used
in the LZ formula for the hopging probability. Similar
approaches are used in later work,'*~"*® including the more
sophisticated Zhu-Nakamura theory.'®” All these methods
require nonlocal knowledge of potential energy surfaces, and
therefore are not useful or practical in direct dynamics. In the
next section we present the curvature-driven methods that
require only local information.

4. THEORY: CURVATURE-DRIVEN METHODS

Baeck and An proposed a wave function-free approximation to
the NACs for 1-dimensional systems'®® by considering the
relationship between the Lorentzian dependence of NACs
along a diabatization coordinate and the linear vibronic
coupling scheme; they obtained
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where H5e“MCH] and H;}“[MCH] are MCH (spin-free adiabatic)
potential energies for states I and ] respectively. Notice that we
have adopted our notation in eq 112.

Later, two groups of researchers independently recognized
that the one-dimensional result may be applied to multidimen-

sional trajectories by replacing the one-dimensional coordinate
by time.'*”'”" This yields

Baeck—An __ MCH d MCH
TI] = T E ‘45]
1/2
1 dZAHIe]leC[MCH] 1
2 dtZ AHIeIlec[MCH] (114)

Therefore, one can approximate the TDC in terms of the
curvature of the spin-free adiabatic potential energy surfaces as
functions of propagation time. For this reason, we have called
this approximation the curvature-driven approximation. We
denote quantities obtained using this approximation by a
superscript k. The approximation yields

d
TMCHK MCH _‘ MCHx \ _
I I dt ¢]
1/2
1 dzAHIe]lec[MCH] 1 ; 4 4> I
2 dat* AHeNCH orradicand 2 0, 1>
_TJI}/[CH,K forradicand > 0, I < J
0 for radicand < 0

(115)

We label the TDC computed using the curvature-driven
approximation shown in eq 115 as kTDC, and in general we
will use a prefix k for methods that use xTDC.

The key quantity to be computed is dzAHf}eC[MCH]/ dt’, and
there are two approaches to compute it. The energy
formula'®”'”" computes the second derivative of energy with
respect to time using a backward finite-difference formula,
which can start at the third step of trajectory integration with

dZAHIellec[MCH]
dt?

~
~
e

1
A_tz[AI_IIe]Iec[MCH](t) _ ZAHIe]IeC[MCH](t _ At)

+ AHIEJIEC[MCH](t — ZAt)] (116)

where [lll. denotes that the quantity is computed using the
energy formula, and At is the step size used to integrate
nuclear EOM. Start from fourth step, one can use a higher-
order backward finite-difference formula,
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Table 4. Working Equations for kGSE and kFS-TSH for a General Basis

Method Basis Formula Equation Form
GB (0 e GBx| GB
Elec EOM L (O)lease = — Z (EHlejeC[ T+ Ty 'KJC] (®)
J
S(atEA
«GSE GB [PGB]KGSE - _ Z / GBVHelec[(xBJ +
Nuc EOM ! Bk, GB pyelecl GBIGGB x elec
Nim L K/L} Hj B} TBB /(xBHl [GBJBG}B
L B’ R B R
GB N (i dectcn GBx | GB
GB Elec EOM e (O)ersn = — Z (hH,e,“[ '+ Ty ‘) (1)
J
xFS-TSH
b3 (1) b (t) = 2( —Im(Hg )P — Re(T > p" )
Nuc EOM [P, oy = — VHEICE)
N HIeleC[MCH] MCH gradients, i.e., without quantities (full NACs or overlap
]72 & integrals) that require electronic wave functions. The use of
dt . curvature-driven methods not only improves the computa-
tional efficiency (recall that the number of NACs or overlap
[2AHIIeC[MCH](t) SAHIe]leC[MCH](t — At) integrals scales quadratically with the number of electronic
states considered), but also provides the possibility of using
+ 4AHIe]1e°[MCH](t - 2At) — AHIe;eC[MCH](t — 3At)] electronic structure theories for which the electronic wave
(117) functions are not made available to the user or are too

Alternatively, we prefer to use a formula based on analytic
gradients:

dZAHIe]lec[MCH] N AH[e]lec[MCH](t) _ AHE}EC[MCH](t _ At)
dt’ At
&
(118)
where [lll; denotes that the quantity is computed using the

gradient formula, and where (as introduced in section 2.1) an
overdot indicates a time derivative. The gradient formula uses
the information on gradients,

Helec[MCH](t) V(AHIe]IeC[MCH])(t)'R (119)
For small enough At, the energy formula and the gradient
formula should give identical results, but for practical finite At,
the gradient formula should be more numerically stable.

Although the SE method requires more than the TDC (it
requires the full NAC), Section 3 shows that when using the
TDM scheme, the tGSE and tFS-TSH are overlap-based
algorithms that can be propagated by computing only potential
energies, gradients, and TDCs in the MCH basis even when
the dynamics basis is the diagonal basis. Therefore, our starting
point for using KTDC in nonadiabatic dynamics is tGSE or
tFS-TSH. One can simply replace TM® by TMCHX in the
working equations of Table 1 (electronic and nuclear EOMs in
GSE and electronic and nuclear EOMs and hopping
probability in FS-TSH). Furthermore, TM®™* can be
computed using eqs 115—119. The resulting methods are
called kGSE and xFS-TSH.

In summary, the TDM scheme and curvature-driven
approximation provide a path to compute He'cldias]
VHelec[diag]’ and Tdiag,K from Helec[MCH]’ VHelec[MCH] and
TMCHX This satisfies our goal of performing direct non-
adiabatic dynamics with only MCH potential energies and
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expensive to compute.

Tables 2 and 3 show that if one does not use the GSE
method and TDM scheme, use of the curvature-approximated
TDC is possible only for TSH methods, and even for TSH
methods it is possible only when SOC is not present in the
Hamiltonian. The development the GSE method and the
TDM scheme has enabled broader use the curvature-driven
methods, in particular they can be used with both SCP and
TSH methods even when SOC is included. Table 4
summarizes the working equations for kGSE and «TSH in a
general basis. The next section gives more details of the specific
kKGSE and xTSH methods that we recommend.

5. THEORY: ACCURATE CURVATURE-DRIVEN MIXED
QUANTUM-CLASSICAL NONADIABATIC
DYNAMICS METHODS

In Section 2, we introduced the foundational mixed quantum-
classical nonadiabatic dynamics methods, namely, GSE, SE,
and FS-TSH; in Section 3, we moved a step forward to show
how to achieve NAC-free mixed quantum-classical non-
adiabatic dynamics methods, resulting in tGSE and tFS-TSH
methods; and in Section 4, we introduced the curvature-driven
approximation in the context of GSE and FS-TSH, resulting in
the kGSE and xFS-TSH methods. With the curvature-driven
approximation, one is able to perform mixed quantum-classical
nonadiabatic dynamics with only potential energies and
gradients.

Next we introduce practical mixed quantum-classical
nonadiabatic dynamics methods that build on the foundational
methods of the previous sections. Section 5.1 introduces
coherent switching with decay-of-mixing (CSDM)**** which
is an SCP method whose starting point is SE Section 5.2
introduces generalized coherent switching with decay-of-
mixing (GCSDM)*>** which is an SCP method whose starting
point is GSE. Section 5.3 introduces fewest-switches with time

https://doi.org/10.1021/acs.jctc.4c00424
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Figure 2. Relations between discussed mixed quantum-classical nonadiabatic dynamics methods.

uncertainty and energy-based decoherence time uncertainty
(FSTU-EDC),”*”* which adds energy-based decoherence'**
to FSTU,"”" which adds time uncertainty'’' to FS-TSH.
Section 5.4 shows how the curvature-driven scheme is added
to GCSDM, yielding k<GCSDM, and to FSTU-EDC, yielding
and kFSTU-EDC. The kGCSDM and kFSTU-EDC methods
are our recommended practical curvature-driven mixed
quantum-classical nonadiabatic dynamics methods.

We summarize the relations between foundational methods
and advanced methods in Figure 2.

5.1. Coherent Switching with Decay of Mixing
(CSDM). Complete details of the CSDM method are
presented elsewhere;'”” hence the present section is just a
brief summary.

The CSDM method adds non-Markovian decoherence to SE
by using the decay-of-mixing formalism.””'?® The electronic
and nuclear EOMs of CSDM involve adding decay-of-mixing
terms to the EOMs of SE:

éIGB(t)|CSDM = éIGB(t)|SE + éIGB(t)lD/CSDM (120)

GB - GB GB
P lespm = P0lgg + P01y cspm (121)
where Wlcspy denotes a CSDM variable, and Mlp,cspm

denotes a decay-of-mixing term added to the nuclear EOM
of CSDM.
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In a similar way to the above derivation of the GSE nuclear
EOM from conservation of total energy, one is able to derive
the CSDM decay-of-mixing force [PCP], scspm- The electronic
and nuclear decay-of-mixing terms in CSDM become

1

—— (), I#K
Tik
.GB
& ()lp/cspm = ) GB
J_ GB
2 S () =K
J#K “TK Pri (122)
GB ; elec[GB] lec[GB]
b o = 3 A )
D/CSDM — GB (sSE.R) SIK
£k UK SIx (123)

where K is the pointer state in the general basis, i is the
decay-of-mixing time between GB states I and K, and sfi¢ is the
3N,ioms-dimensional decay-of-mixing vector in the general
basis. The physical meaning of [¢f® (£)]p,cspm is that the
density of pointer state K is increased from contributions of all
the nonpointer states. Correspondingly, the density of
nonpointer state I is exponentially decreased to zero during
the decay-of-mixing time z{f. The decay-of-mixing vector in
the general basis is,

https://doi.org/10.1021/acs.jctc.4c00424
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GB _
S;xk = Re(

where a, = 1 bohr, df¥ is the NAC in the general basis, and
P, is the vibrational momentum, which is computed by
removing the translational and rotational components of the
nuclear momentum P,

Pvib = (l - Q)P

where 1 is the identity operator, and Q is a projection operator
that projects onto translational and rotational motions;*” both
1 and Q are 3N, X 3N oms matrices. The CSDM decay-of-
mixing time uses the following energy-based decoherence time:

+ P,

At

GB
agPy-dig Pl
| dGB| IK
IK

(124)

(125)

n
|HIeIIec[GB] _ H1e<11e<c[GB]|

2E,

(Pn'gfl?,n)z

2M,

GB _
Tk =

+
2,

where E; is a parameter set to 0.1 hartree, P, §1GK}’3,7, and M, are
the nuclear momentum, decay-of-mixing direction (a normal-
ized decay-of-mixing vector), and the atomic mass respectively
of the atom associated with coordinate #, and # = 1, 2, ..,
3N omsw The pointer state K is stochastically switched

according to the FS-TSH hopping probability, which we
label as the switching probability:

(126)

~GB
by (t)At

P () , (127)

where

~GB 1 lec| GB] ~GB GB ~GB

b (t) = 2| —Im(H — Re(T

KI() (fl ( KI pIK) ( KijK) (128)
and where §? is the coherent density matrix in the general
basis, which is computed from the coherent coefficient,

~GB

pU ~GB GB)*

=55 (129)

The coherent electronic EOM of CSDM is same as the
electronic EOM of SE,

~.GB(tNCSDM = EIGB(t)|SE

D
and the coherent coefficient 0 is reinitialized to the true
CSDM coefficient ¢©® at each local minimum of the NAC
strength,

D) = ) IdE)
I#K

(130)

(131)

Therefore, p°® does not maintain coherence completely along
the trajectory, it is “decay of mixed” at every local minimum of
DEB(t).

In summary, CSDM is an advanced SCP mixed quantum-
classical nonadiabatic dynamics method that is based on SE.
The CSDM method includes algorithmic decoherence by
decay of mixing and pointer-state switching by the fewest-
switches criterion using the coherent density. One propagates
two sets of coeflicients in the CSDM method, namely, the true
CSDM coefficients (which involve the decay-of-mixing term),
and the coherent CSDM coefficients (which do not). The true
CSDM coeflicients govern the propagation of the electronic
and nuclear EOMs of the system, whereas the coherent CSDM
coeflicients control the pointer-state switching. Probably most
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importantly, CSDM involves a self-consistent description of
electronic and nuclear EOM that results in a continuous
trajectory (as compared to FS-TSH, which is an ad hoc theory
that involves discontinuities when hops occur).

It is shown elsewhere that CSDM agrees well with accurate
quantum dynamics for realistic full-dimensional electronically
inelastic collisions when the CSDM and accurate dynamics
calculations are carried out with the same coupled potential
surfaces, S38384172-174

5.2. Generalized Coherent Switching with Decay of
Mixing (GCSDM). Just as CSDM EOMs are based on SE,
GCSDM EOMs are based on GSE:

.GB .GB .GB
& (Bleesom = & Blgsg + & (Dlpcespm (132)
- GB - GB - GB
P locspm = P lgse + P /gespm (133)
The decay-of-mixing terms are the same as for CSDM,
1 B
——5 (1), I#K
TIK
.GB
& (Dlpjesom = . B
JJ  GB _
Zzﬁfﬁm(ﬁl—K
JEk <YK Fki (134)
GB lec[GB lec[GB
PCE, _ Py (Hy Y — HgelP) GB
D/GCSDM — “GB GB = Sk
14K TIK (s R)
(135)

The GCSDM decay-of-mixing vector differs from that of
CSDV; instead of using d®B, it uses the force tensor B&5:

GB
GB _ aoPi, Bk B
S;x = Re| —————

+ P,
IK b
1B

Vi

(136)

The decay-of-mixing time and pointer-state switching proba-
bility are the same as for CSDM as shown in eqs 126 and 127.
The coherent electronic EOM of GCSDM is same as the
electronic EOM of GSE (which is the same as that of SE),

EIGB(t)lGCSDM = éIGB(t)lGSE (137)

The coherent coefficient Z75(t)lgcspy is reinitialized to the true
GCSDM coefficient &F3(t)lgcspy at each local minimum of the
TDC strength,

G G
D°(t) = Z T
I#K

Eq 138 has been called the CSDM-C criterion.*

In summary, the EOMs of CSDM start from those of SE,
and the EOMs of GCSDM start from those of GSE. Just as
GSE differs from SE in not using full NACs, GCSDM differs
from CSDM in not using full NACs.

One can develop overlap-based GCSDM algorithm by
computing TDCs with overlap integrals, and the resulting
algorithm is called tGCSDM. Furthermore, one can develop a
curvature-driven GCSDM algorithm that is based on
tGCSDM, and the resulting algorithm is called kGCSDM.
The two most widely studied versions of GCSDM are tCSDM
and kCSDM; tCSDM sets the force vector BE® to the effective
NAC defined in eqs 52—54, and kCSDM is explained in detail
below in Section 5.4.

5.3. Trajectory Surface Hopping by Fewest Switches
with Time Uncertainty with Energy-Based Decoherence

(138)
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(FSTU-EDC). The new ingredients in FSTU-EDC?® are the
addition to FS-TSH of energy-based decoherence®84138 by
means of the decay-of-mixing formalism and of time
uncertainty,'”" which reduces the number of frustrated hops.

The decay-of-mixing term added to the electronic EOM is in
principle the same as that of CSDM; and the nuclear EOM of
FSTU-EDC is identical to that of FS-TSH:

GB .GB .GB
& (Olgsrursienc = & (Olrsy + ¢ (Dl /epc (139)
- GB GB
lestu-tseEpc = P brs (140)
where in principle ¢f®(t)lpepc = ¢ ()lp/cspm- The
decoherence time is similar to that of CSDM"**" but slightly
different,'*®
TI(I;(B = h 1+ —EO
|HIeIIec[GB] _ H]e(l;c[GB]l Ekin (141)

where K is the FSTU active state in the general basis, E; is a
parameter set to 0.1 hartree, and E;, is the nuclear kinetic
energy.

The physical picture of the time-uncertainty formalism to
allow the possibility of nonlocal hops by using the energy-time
uncertainty relation,

KL _ h

2AAEM (1)1 (142)
where AE(t,) is defined in eq 65, and time t, is when a
frustrated hop from state K to state L happens. The trajectory
is searched backward and forward for a time of A" to check if
a K — L hop is possible (not frustrated). If it is possible, one
performs a K — L hop; otherwise, one treats the frustrated hop
at time f; in the same way that one treats a frustrated hop in
FS-TSH. The actual algorithm is described into detail in refs
93, 94. Therefore, the time-uncertainty formalism reduces the
number of frustrated hops.

5.4. Curvature-Driven SCP Method: xCSDM. The
kCSDM method is based on tCSDM. For simplicity and for
consistency with previous papers, we have used the
terminology of k<CSDM and tCSDM, but a more systematic
way of naming these two methods should be k<GCSDM and
tGCSDM. In the following discussion, we will use K<CSDM and
KGCSDM as synonyms, and tCSDM and tGCSDM as
synonyms. The difference between kCSDM and tCSDM is
similar as the difference between xGSE and tGSE:

GB .GB .GB
& (Bhgesom = & (Dhase + & (Db /xcespm (143)

- GB GB 2 GB

Pl gesom = P hgse + P I /cgespm (144)
The electronic decay-of- mlxmg term ¢ (H)p/cgespm and the
nuclear decay-of-mixing term P®® (£)lp,gcspy are similar to

those of CSDM,

GBK (f); I#K
. Tk
a (t)ID/KGCSDM = ) pGB
] GB
Z GBx _GBYI (t), I=K
J#K 2z 7K KK
(14s)
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lec[GB] lec[GB]
(He ec He ec ) B

GB K R) IK

p I
GB,«
I#K TIK

GB _
P™"lp/cgespm =

(146)

The curvature-driven decay-of-mixing vector is

ag
= Re(iB

where B is defined in eq 37. The curvature-driven decay-of-
mixing time is

GB,x
Sik’
(147)

h 2E
T = elec[GB] deny | 1 =
|Hj; — Hp ™ ¥ (®8e,)”
no2M, (148)
where ${P* is curvature-driven decay-of-mixing direction,

which is the normalized sj>™

switching probability is

vector. The pointer-state

GB,x
b t)At
POBS(t ¢ + At) = max %
x (£) (149)
where
GBK 2 I (Helec[GB] GB) R (TGBK ~GB
(t) - pIK — Re(lgr pIK
(150)

and where p is the coherent density matrix of KCSDM. The
coherent electronic EOM of kCSDM is same as the electronic
EOM of kGSE:

zGB
(Olgesom = & (Olease (151)

The coherent density reinitialized at local minima of the TDC
strength,

D) = D 1T

I#K (152)

In summary, k<CSDM is similar to GCSDM except that it is
based on kGSE; it uses the B®® tensor for the decay-of-mixing
vector, and it uses the TDC strength for reinitialization.

5.5. Curvature-Driven TSH Method: «FSTU-EDC. The
KESTU-EDC method adds electronic decoherence and time
uncertainty to kFS-TSH. The working equations are the same
as those of FSTU-EDC except that one is using KTDC instead
of an overlap integral and that the NAC or projected NAC is
not used as the momentum adjustment vector or velocity
reflection vector. Avoidance of using the NAC for these steps
raises the question of what the best choice is. A recent
investigation by Barbatti,'”’ studying ethylene, found that
among choices available when the NAC is not available, using
the direction of the momentum vector worked best, although it
was only slightly better than the difference gradient vector.
However, a later study on pyrene found poor results when the
momentum vector was used.'”> To resolve this, Toldo et al.'”®
made a detailed study of fulvene and a protonated Schiff base
and concluded that the difference gradient vector is a better
choice than the momentum vector when the NAC is not
available and that the effective NAC of eqs 52—54 should be as
good as using the difference gradient vector. We recommend
using the effective NAC when using the kFS-TSH method, and

https://doi.org/10.1021/acs.jctc.4c00424
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Table 5. Excited-State Lifetimes of Ethylene from Nonadiabatic Dynamics Simulations and Experiment

Dynamics Method Potential Energy Surface

Reference (s) Excited-State Lifetime (fs)

FS-TSH FOMO-AMI1-CASCI(2,2)" 178 105, 139"
AIMS® SA3-CASSCF(2,2)/6-31G* ¢ 180 110
AIMS® SA3-CASSCF(2,2)/MS-CASPT2/6-31G* ¢ 180 89
FS-TSH-EDC’ SA3-CASSCF(2,2)/6-31G** < 50 100
tFS-TSH-EDC? SA3-CASSCF(2,2)/6-31G** ¢ 170 50
kFS-TSH-EDC" SA3-CASSCF(2,2)/6-31G** 7 70 84
CSDM SA3-CASSCF(2,2)/6-31G** 4 50 57
tCSDM SA3-CASSCF(2,2)/6-31G** 7 170 48
kCSDM SA3-CASSCF(2,2)/6-31G** 9 170 78
Experiment 183—-186 S0

“Austin Model 1'*7 floating occupation semiempirical molecular orbital'®®

method followed by complete active space configuration interaction of 2

electrons in 2 orbitals; bdepending on initial conditions; “ab initio multiple spawning;'*’ dstate-averaged complete active state self-consistent field

189 e

theory;

multistate second order perturbation theory;'>® JES-TSH with energy-based decoherence;'** Soverlap-based FS-TSH algorithm with

energy-based decoherence, specifically, use local diabatization algorithm to propagate electronic coefficients; " curvature-driven FS-TSH-EDC.'”°

this is the choice that was made in the applications of kFS-TSH
discussed in Section 6.

6. EXAMPLES OF SUCCESSFUL APPLICATIONS

6.1. Ethylene. We start by considering ethylene isomer-
ization'””~"** Ethylene has two Sy/S; minimum-energy conical
intersections (MECIs), namely, a twisted-pyramidalized MECI
and an ethylidene-like MECIL The major feature of the
nonadiabatic dynamical behavior of ethylene is the twisting of
the C=C double bond followed by pyramidalizing a CH,
group or a 1,2 shift of H. Time-resolved measurements showed
th?ztﬂthlgéexcited-state lifetime of ethylene is approximately 50
fs. >

Several direct dynamics calculations of the excited-state
lifetimes have been performed, and they are summarized with
references'’°”"7*'** in Table 5. The kCSMD and xES-TSH-
EDC simulations involve ensembles of 300 and 200
trajectories, respectively, with initial conditions sampled by
vertical excited to the first electronically excited state from the
ground-vibrational-state Wigner distribution of the ground
electronic state. The CSDM, tCSDM, FS-TSH-ED, and tFS-
TSH-EDC simulations are for the same kind of initial
conditions, although with different sizes of the ensemble.
The table shows that the curvature-driven nonadiabatic
dynamics methods'” kCSMD and xFS-TSH-EDC predict
the excited-state lifetime of ethylene to be 78 and 84 fs
respectively, which are not very different from the respective
CSDM and FS-TSH-EDC predictions. This demonstrates the
accuracy of curvature-driven approximation.

It was demonstrated in ab initial multiple spawning
(AIMS)"*° simulations that the Rydberg states do not have a
big effect on the excited-state lifetime,"'®* and this validates the
simulations in Table 5 that did not consider Rydberg states.

The first excited state population of ethylene as a function of
time for CSDM, tCSDM, kCSDM, FS-TSH-EDC, tFS-TSH-
EDC, and xFS-TSH-EDC is shown Figure 3. This shows good
agreement of all the methods.

6.2. Ammonia. We next consider ammonia photo-
dissociation.'”' ~'?® Electronically excited ammonia dissociates
H atom(s) from NH; The S,/S; MECI is planar with
stretched NH bonds and distorted HNH angles.lgz’197 We
sampled trajectories starting with the ground-state Wigner
distribution and vertically excited them to S;. The resulting
photodissociation is ultrafast; about 60% of the excited-state
population decays within 30 fs.”* And the dissociation of the H
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Figure 3. First excited-state population as a function of time for
ethylene.

atom from NHj is almost finished for all trajectories within the
first 30 fs; the averaged N—H distance is about S A at 30 fs. If
one propagates the FS-TSH trajectories beyond 30 fs, the
ensuing dynamics is dominated by NH, vibration and relative
translation of the fragments. After 30 fs, there are two
contributions to population decay, namely, physical decay—
which exists in all dynamics methods; and population leaking—
which only exists in TSH methods. The physical decay is
caused by the trajectory passing through locally avoided
crossings, and the population leaking is caused by the
frustrated hops in TSH methods. Although there is a relatively
large energy gap between the states, the transition probability
of excited-state trajectories to the ground electronic state is not
zero. Therefore, if one carries out the FS-TSH simulation to
long enough times, there will be some hopping to the ground
state. The trajectories arriving in the ground state will undergo
intramolecular vibrational energy redistribution, and attempted
hops back to the excited state will be frustrated. This causes
unphysical excited-state population leaking in TSH calcula-
tions.” FSTU alleviates population leaking, although it does
not eliminate it, but CSDM and «CSDM do not suffer
population leaking. The first excited state population of
ammonia as a function of time for CSDM, tCSDM, «CSDM,
tFS-TSH-EDC, and tFSTU-EDC is shown in Figure 4 for the
same ensemble as discussed above. This figure also zooms in
on the range from 20 to 500 fs is shown to illustrate the
population leaking. The agreement between CSDM, tCSDM,
and kCSDM is very good over the whole time interval. The
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Figure 4. First excited state population as a function of time for
ammonia.

average number of frustrated hops per trajectory is 1.49 and
0.99 for tFS-TSH-EDC and tFSTU-EDC respectively. As can
be seen in Figure 4, the first excited state population of tFS-
TSH-EDC has almost decayed to zero in 500 fs, resulting a
close to 0 branching ratio between A state/X state. Table 6

Table 6. Branching Ratios” between A and X States of NH,

Branching ratio

Dynamics algorithm at 30 fs¥ at 500 fs
tFS-TSH-EDC* 0.41 0.08
tESTU-EDC* 0.54 0.15
CSDM 0.64 0.29
tCSDM 0.61 0.27
kCSDM 0.67 0.39
Quantum 0.35

“The branching ratio is the ratio of populatlon in the excited state (A)
to population in the ground state (X). “The results at 30 fs are not
final results but are shown to illustrate the time dependence of the
results at short times. “Electronic EOM is propagated with local
diabatization algorithm.

shows the A state/X state branching ratio for various methods.
Clearly, the kCSDM results are very close to those of CSDM,
which again demonstrates the accuracy of curvature-driven
approximation. In addition, the final branching ratios (0.30 and
0.39) from the CSDM and kCSDM methods are much closer
than the final FS-TSH-EDC and FSTU-EDC results (0.08 and
0.15) to the results (0.35)""’ from a quantum simulation.
6.3. 1,3-Cyclohexadiene. We have also demonstrated the
accuracy of curvature-driven nonadiabatic dynamics methods
for more complex photochemical reactions. For example, we
have used 42-dimensional, 3-state KCSDM dynamics interfaced
with extended multistate complete active space second-order
perturbation theory'>® (XMS-CASPT2) to study the r1n§
opening nonadiabatic dynamics of 1,3-cyclohexadiene.'”®
There are two products, namely hexatriene and 1,3-cyclo-
hexadiene. The predicted hexatriene quantum yield is 40%, and
the calculated lifetime of the excited state is 117 fs (including
the induction period). These are comparable to experimental
observations which gave quantum gﬂeld of 0.3—0.5 and an
excited-state lifetime 130—142 fs."””*%® Table 7 shows the
hexatriene quantum yield and excited-state lifetime from
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selected nonadiabatic dynamics simulations (this is not a
complete review of this classic problem).

Table 7. Hexatriene Product Ratios and Excited-State
Lifetimes

Dynamics Potential energy Hexatriene Excited state

algorithm surfaces quantum yield lifetime (fs)
ZN-TSH?*** MS-CASPT2 0.40 68
FS-TSH>" XMS-CASPT2 N/A 68
ZN-TSH?,>¢ SA-CASSCF 0.47 120
FS-TSH-EDC*”  XMS-CASPT2 0.47 89
EF-TSH¢,**® REKS? 0.36 277
FS-TSH>% XMS-CASPT2 <0.5 <125
FS-TSH*'? TDA-TDDFT* 0.65 81
AIMS™! a-SA-CASSCF*'? ~0.5 139
xkCSDM'%® XMS-CASPT2 0.40 117

vantum (2D)*" i 0.5 130
D)***  MRCY

Experiment 0.3—-0.5 130—142

The excited-state lifetime here includes the induction period.

bTrajectory surface hopping with the Zhu-Nakamura theory to
predict the hopping probability."®” °Tra]ectory surface hopping with
based on the exact factorization formalism.”'* “Restricted ensemble-
referenced Kohn—Sham theory.”"® °Tamm-Dancoff-approximation
time- dependent density functional theory with the PBEO density
functional.”'*"Multireference configuration interaction. The dynamics
simulation employs a reduced dimensional surface (2-dimensional).

6.4. Isomerizaion and Ring-Opening Reactions with
4—-24 Atoms. A recent survey of six photochemical reactions
compared results between xFS-TSH-EDC and FS-TSH-
EDC."*"?"7 (Notice that the apparently inaccurate curvature-
driven dynamics results in ref 217 were due to a programming
error—not to deficiencies in the method; this was corrected in
ref 151.) Table 8 summarizes the final ground-state and
excited-state populations at the end of the simulation for xFS-
TSH-EDC and FS-TSH-EDC. The mean unsigned deviation
(MUD) of xFS-TSH-EDC state populations as compared to
FS-TSH-EDC state populations—averaged over 6 molecules
and 18 states—is only 0.06.

The 0.06 mean unsigned deviation is almost within the
statistical error for different methods to propagate the
electronic EOM using NACs and overlap integrals. For
example, in ref 151, the MUD of state population between
tFS-TSH-EDC (specifically, uses the local diabatization
algorithm'* to propagate the electronic EOM) and FS-TSH-
EDC averaged over the 6 molecules and the 18 states—is 0.03.
The tFS-TSH-EDC final state population is included in Table
8 as well.

If we omit the only especially bad case, namely, trans-AZB,
the resulting MUDs over 14 states between xFS-TSH-EDC
and FS-TSH-EDC, and tFS-TSH-EDC and FS-TSH-EDC are
both 0.04, which is shown in the parathesis in the last row of
Table 8 — so that one cannot distinguish between the NAC-
based algorithm, the overlap-based algorithm, and the
curvature-driven algorithm. If one also omits from consid-
eration the small final-state populations of the S, and S; states
of cis-AZB, the resulting mean unsigned percentage deviation
between kFS-TSH-EDC and FS-TSH-EDC is 13%, and the
mean unsigned percentage deviation between tFS-TSH-EDC
and FS-TSH-EDC is 14%.

Figure 5 shows the population difference between kFS-TSH-
EDC and tFS-TSH-EDC for the first excited state as a function

https://doi.org/10.1021/acs.jctc.4c00424
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Table 8. Final Electronic Populations

FS-TSH-EDC tFS-TSH-EDC® KFS-TSH-EDC

System” AP (fs) So S, S, S, So S, S, S, So S, S, S,
cis-AZM 150 0.72 028 0.81 0.19 0.81 0.19
trans- AZM 350 095 0.05 095 0.0 0.94 0.06
cis-AZB 100 0.86 0.12 0.01 0.01 091 0.09 0.00 0.00 0.78 0.12 0.05 0.05
trans-AZB 100 0.02 0.96 0.02 0.00 0.02 0.97 0.00 0.01 0.19 0.73 0.07 0.01
butyrolactone 100 0.52 0.27 0.21 0.42 0.31 0.27 0.46 0.34 0.20
furanone 150 043 031 026 0.46 027 027 038 037 025
MUD 0.03 (0.04) 0.06 (0.04)

“AZM = azomethane; AZB = azobenzene. “Simulation time. “Electronic EOM is propagated with local diabatization algorithm.

m— Cjs-AZM mw= trans-AZB
w—trans-AZM butyrolactone
cis-AZB m=s furanone

0.2+

S, population difference between
kFS-TSH-EDC and tFS-TSH-EDC

-0.3 T
0 50

T 1
100 150

Time (fs)
Figure S. First excited state population difference between xFS-TSH-

EDC and tFS-TSH-EDC as a function of time for the six systems
considered.

of time. Except for trans-AZB, the excited-state populations by
the two methods are very close over the whole simulation time.

In practice, one sometimes approximates the overlap
integral. ReferencelS1 also provides a direct comparison
between KTDCs, analytic TDCs computed from eq 18, and
overlap-based TDCs computed in three different ways
approximated from eq 91. The comparison shows that
dynamics calculations based on the curvature-driven approx-
imation can actually agree better with dynamics calculations
based on the full NAC than do dynamics calculations based on
a TDC computed from an overlap integral.

6.5. O + O, Collisions. The curvature-driven methods
have also been applied to bimolecular collisions to calculate
cross sections for OCP) + 0,(°Z;) — O(’P) + 0,(*A,)
including six coupled *A’ adiabatic potential energy potential
energy surfaces obtained from diabatic fits to XMS-CASPT2
energies. We compared CSDM using a NAC in the electronic
EOM to kCSDM for 35 combinations of initial collision energy
and initial diatomic vibrational state. The results are shown in
Figure 6, which shows that the electronically nonadiabatic
collision cross sections are very close.”'® The mean unsigned
deviation of electronically nonadiabatic collision cross sections
over 35 initial conditions is 0.09 A% This is only 5% of the
average cross section of 1.89 A%

7. OUTLOOK

Simulations including electronic nonadiabaticity are important
in many areas of chemistry including photochemistry,
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Figure 6. Electronically nonadiabatic collision cross sections for 35
initial conditions.

photocatalysis, collisions of electronically excited species,
chemiluminescent reactions, and two-state reactivity. It is
particularly convenient if this kind of calculation is carried out
using methods where the nuclei follow mixed quantum-
classical trajectories and using direct dynamics where one
avoids prior fitting of potential energy surfaces and couplings
by carrying out electronic structure calculations along the
trajectory wherever the dynamics algorithm needs energies,
gradients, or couplings. With most electronic structure
packages, energies and gradients are more straightforward
than couplings (NACs or TDCs). In this perspective, we have
reviewed recent success in the development of wave function-
free electronically nonadiabatic dynamics methods. In the
process we also explained a generalized version of the
semiclassical Ehrenfest method and used it as a way to see
the relation between various approximations that have been
proposed.

There are two steps to achieve wave function-free methods,
namely, the NAC-free methods in which the trajectory needs
energies, gradients, and TDCs; and the wave function-free
methods in which the trajectory needs only energies and
gradients.

Achieving the NAC-free methods itself is already a useful
step forward. This is so for two reasons. First, the NACs are
computationally inconvenient. For example, one needs to
ensure NACs have consistent phases along a trajectory, the

https://doi.org/10.1021/acs.jctc.4c00424
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number of NACs scales quadratically with the number of
electronic states considered, and the NACs are singular at
conical intersections. Second, using NACs from electronic
structure software causes theoretical difficulties. For example,
these NACs depend on the origin of the coordinate system,
they do not account for the momentum of electrons moving
with nuclei, they often have spurious long-range coupling, and
they do not conserve total nuclear angular momentum and
center of mass momentum.

The first attempt remove NACs was to recognize that only
one component of the NAC appears in the TDC in the
electronic EOM, and this component (the scalar product of the
nuclear velocity vector and the NAC) can be computed as an
overlap integral of the electronic wave functions at successive
time steps. However, this only enables NAC-free trajectory
surface hopping methods for systems whose Hamiltonian does
not include SOC, and even in the absence of SOC, it does not
enable NAC-free computations employing SCP methods like
SE or CSDM.

Further work was required to achieve wider applicability of
NAC-free methods, and for this purpose we developed
generalized semiclassical Ehrenfest (GSE) dynamics method
and a new gradient correction scheme called the time-
derivative matrix (TDM) scheme. Although we have used
GSE in previous papers,”>”"'>V170198218 the full details are
presented here for the first time. These two developments
(GSE and TDM) have enabled a complete computational
framework for simulating nonadiabatic processes—both when
SOC is present and when it is not—without NACs by both
surface hopping methods and SCP methods.

We often label methods that are NAC-free as overlap-based
algorithms, with a prefix “t,” for example, tGSE and tFS-TSH.
The only information required from electronic structure
packages for propagating mixed quantum-classical nonadia-
batic trajectories using time-derivative methods consists of
energies, gradients, and TDCs (approximated, for example,
from overlap integrals of adiabatic electronic wave functions at
successive time steps).

The overlap-based algorithms are the starting point for our
ultimate goal, namely, wave function-free mixed quantum-
classical nonadiabatic dynamics. One key development in
achieving this is the curvature-driven approximation to the
TDC, in which we approximate the TDC by local information
about the curvatures of the potential energy surfaces along a
path; the curvature information can be obtained from energy
gradients without using electronic wave functions. The
curvature-driven approximation to the TDC is called xTDC.
Using the xkTDC in the equations of motion results in
dynamics algorithms, for example, KGSE and xFS-TSH, that
require energies and gradients only. Therefore, these
algorithms are not only NAC-free, but they are also wave
function-free.

Therefore, with the development of the GSE, the TDM
scheme, and the curvature-driven approximation to the TDC,
we have provided a complete computational framework for
simulations of nonadiabatic processes with only potential
energies and gradients.

The ¥GSE and kFS-TSH methods form the basic two classes
of curvature-driven mixed quantum-classical nonadiabatic
dynamics methods, and each class contains variations within
the general framework. In the SCP class (whose starting point
is kGSE), we especially recommend curvature-driven coherent
switching with decay of mixing (kCSDM), and in the TSH
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class (whose starting point is kFS-TSH), we especially
recommend curvature-driven fewest switches with time
uncertainty trajectory surface hopping with energy-based
decoherence (k<FSTU-EDC). The present article also reviews
both of these methods.

There have already been several successful applications to
realistic multidimensional nonadiabatic dynamics simulations
for both unimolecular processes and collision dynamics,
showing encouragingly high accuracy, and we review these in
the Section 6 of the paper. We expect that the new methods
are applicable to most or even all nonradiative transitions in
large organic molecules. The applicability may be even wider
though, for example the methods may be applicable to defect-
induced nonradiative recombination on semiconductor nano-
crystals.”"” Such broader applicability would be interesting for
further study.

The curvature-driven methods are available for both SCP
and TSH calculations in SHARC**® (since version 3.0) and
SHARC-MN”*' (since version 1.1) and for TSH calculations
in Newton-X"** (since version 2.4). In SHARC and SHARC-
MN, the curvature-driven methods are denoted by a prefix «,
for examples, kKCSDM, «TSH; in Newton-X, the curvature-
driven approximation is called Baeck-An coupling.

The methods discussed here, like all mixed-quantum
classical nonadiabatic dynamics algorithms that employ
classical trajectories, have the drawback that quantum effects
on nuclear motion are not included even when propagation
proceeds on a single surface. For example, nuclear-motion
tunneling is neglected in the standard versions of the method,
although some quantum mechanical tunneling effects can be
and have been added to CSDM calculations as an
extension.”**”*** Constructive and destructive nuclear-motion
interference effects are lost because of the independent
trajectory approximation and the neglect of WKB-like phases.
Maintenance of zero-point vibrational energy is not enforced.
Intramolecular vibrational relaxation is different in classical and
quantal systems. Nevertheless, tests of CSDM against accurate
quantum dynamics for realistic multisurface systems show
errors that are of the same order as the errors in single-surface
classical trajectories.’®*>**!7>~174

8. SUMMARY

This paper is a perspective on semiclassical methods for
nonadiabatic dynamics and how their requirement for
electronic-structure quantities can be altered to make them
‘wave function-free.” It contains a combination of selective
background review and new material, with the objective that it
provides an outlook on the encouraging future prospects for
wave function-free electronically nonadiabatic dynamics, i. e,
dynamics calculations that require only potential energy
surfaces and their gradients, not needing time derivatives of
wave functions or coupling matrix elements that need to be
computed from electronic wave functions.

We provide background on Ehrenfest and surface-hopping
dynamics, using a general notation for the electronic basis
(adiabatic/diabatic or spin-adiabatic/spin-diabatic). We also
treat decoherence. After introducing the required electronic-
structure quantities for nonadiabatic dynamics, we discuss
different strategies for wave function-free semiclassical
dynamics. We summarize the working equations for each
specific method in tables and provide a scheme (Figure 2)
organizing the connections between the different methods
presented.
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Table Al. Acronyms and Abbreviations
Abbreviataion Complete terminology Explanation
Dynamics

A adiabatic not involving a change in adiabatic electronic state

AIMS ab initio multiple spawning an approximate method based on Gaussian wave packets centered on classical trajectories

CSDM coherent switching with decay-of- an SCP method for molecular dynamics with electronic transitions and decoherence

mixing

diag diagonal the fully adiabatic electronic basis, i.e., the basis that diagonalizes the electronic Hamiltonian, including
(when present) SOC

EDC energy-based decoherence decoherence scheme based on potential and kinetic energies

elec electronic referring to the electronic degrees of freedom

EOM equation of motion The nuclear EOM governs time evolution of atomic coordinates; the electronic EOM governs time
evolution of the electronic state.

FS-TSH fewest switches trajectory-surface- the basic surface-hopping method for molecular dynamics with electronic transitions

hopping

ESTU fewest switches time-uncertainty an improvement of FS-TSH incorporating quantum uncertainty into the hopping times of classically
forbidden hops

GB general basis an electronic basis that may be adiabatic, diabatic, partially adiabatic, or any other

GCSDM generalized coherent switching with a variant of CSDM that is based on GSE

decay of mixing

GSE generalized semiclassical Ehrenfest a variant of SE that does not require electronic wave functions, TDCs, or NACs

K curvature-driven calculating electronic-state couplings from the curvatures of adiabatic potential energy surfaces without
requiring electronic wave functions, TDCs, or NACs

xkCSDM curvature-driven coherent switching curvature-driven CSDM

with decay of mixing

kFS-TSH curvature-driven fewest switches curvature-driven FS-TSH

trajectory-surface-hopping

kESTU curvature-driven fewest switches with curvature-driven FSTU

time uncertainty

kGSE curvature-driven generalized curvature-driven GSE

semiclassical Ehrenfest

KTDC curvature-driven time derivative an approximated TDC that is computed from potential energies and time derivatives of potential energies

coupling

KTSH curvature-driven trajectory surface curvature-driven TSH

hopping

MCH molecular-Coulomb-Hamiltonian an electronic basis that diagonalizes the SOC-free electronic Hamiltonian

NA nonadiabatic involving a transition among adiabatic electronic states

NAC nonadiabatic coupling vector electronic-state coupling matrix element in the electronically adiabatic basis

NGT nuclear gradient tensor a tensor used for a gradient correction scheme in the diagonal basis

nuc nuclear referring to the coordinates of the nuclei

SCpP self-consistent potential the mean-field potential energy (based on the expectation value of the electronic energy even when the
electronic state is a not a Born—Oppenheimer eigenstate) that governs nuclear motion in an Ehrenfest-
type algorithm for electronically nonadiabatic dynamics.

SE semiclassical Ehrenfest “Semiclassical” in this context denotes mixed quantum-classical where the electronic structure is treated
quantum mechanically and the nuclear motion is treated by trajectories. “Ehrenfest” denotes that the
potential energy governing nuclear motion is based on an SCP.

Nele} spin—orbit coupling a relativistic effect coupling electronic states with different spin multiplicities. We use the usual shorthand
by which SOC refers to the sum of all magnetic terms in the electronic Hamiltonian.

SOF spin—orbit-free neglecting SOC

tCSDM time derivative coherent switching with a variant of CSDM that is NAC-free but requires the TDC

decay of mixing

TDC time-derivative coupling scalar electronic-state coupling matrix element equal to the scalar product of the NAC and the nuclear
velocity

TDM time-derivative matrix matrix representation of the TDC

tFS-TSH time derivative fewest-switches a variant of FS-TSH that is NAC-free but requires the TDC

trajectory-surface-hopping

tGSE time-derivative generalized a variant of GSE that is NAC-free but requires the TDC

semiclassical Ehrenfest

TSH trajectory surface hopping any version of trajectory surface hopping

ZN-TSH Zhu—Nakamura trajectory surface trajectory surface hopping method based on the Zhu-Nakamura theory of a nonadiabatic transition

hopping

2D two-dimensional referring to a model with two nuclear degrees of freedom

Electronic Structure
a-SA-CASSCF a state-averaged complete active space  a semiempirical configuration interaction method

FOMO-AM1-CASSCI

SAn-CASSCF

self-consistent field

floating occupation molecular orbital
Austin model 1 complete active space
configuration interaction

state-averaged n-states complete active
space self-consistent field

a semiempirical configuration interaction method

a first-principles configuration interaction method
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Table Al. continued
Abbreviataion Complete terminology Explanation
Electronic Structure
MRCI multireference configuration interaction a first-principles configuration interaction method
MS-CASPT2 multistate complete-active-space a first-principles perturbation theory method
second-order perturbation theory
REKS spin-restricted ensemble-referenced a density functional method
Kohn—Sham
TDA-TDDFT Tamm-—Dancoff approximation time-  a density functional method
dependent density functional theory
XMS-CASPT2 extended multistate complete-active- a first-principles perturbation theory method
space second-order perturbation
theory
Molecules
AZB azobenzene (CgHs),N,
AZM azomethane (CH;),N,

At the end, we briefly review several successful applications
from our own work providing examples highlighting
comparisons between mixed quantum-—classical trajectory
methods for nonadiabatic dynamics when carried out with
and without wave function input. We present evidence that the
wave function-free methods produce results quite comparable
to methods based on calculated nonadiabatic couplings for
systems with conical intersections.

Bl APPENDIX A. EXPLANATION OF ACRONYMS AND
ABBREVIATIONS

Table Al explains acronyms and abbreviations used in this
Perspective.
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