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1.1
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LIST OF FIGURES

The grey shaded region spans the region of strong adiabatic coupling. The
inset image shows an enlarged image of the grey shaded region. The dotted,
dashed, and dashdotted lines in the inset images correspond to the diabatic
coupling constants of C' = 0.0005, C' = 0.001, and C' = 0.002, respectively.
(a) Adiabatic potential energy surfaces (PESs) for the modified Tully’s simple
avoided crossing model. The upper surface is labeled V. (¢) and the lower
surface is labeled V_(q). The parameter hw(qq,., ) shows the size of the
energy gap where the adiabatic coupling is strongest. The inset shows the
the energy gap increases with the strength of the diabatic coupling. (b)
Non-adiabatic coupling d(q) for the modified Tully’s simple avoided crossing
model. The parameter d . indicates the maximum strength of the adiabatic
coupling, and wq 5 peax indicates the width of the adiabatic coupling at half
MAXIMUIN. . . . o v e e e e e e e e e e e e
The grey shaded region spans the two regions of strong adiabatic coupling.
The inset image shows an enlarged image of the grey shaded region. The
dotted, dashed, and dashdotted lines in the inset images correspond to the
diabatic coupling constants of C' = 0.0015, C' = 0.003, and C' = 0.006, re-
spectively. (a) Adiabatic potential energy surfaces (PESs) for the modified
Tully’s dual avoided crossing model. The upper surface is labeled V, (q) and
the lower surface is labeled V_(q). The parameters hw(qaq,.,,,) and w(qq,...,)
show the size of the energy gap where the adiabatic couplings are strongest.
The inset shows that the energy gaps increase with increasing diabatic cou-
pling strength. (b) Non-adiabatic coupling d(q) for the modified Tully’s dual
avoided crossing model. The parameters dpeax1 and dpeaxo indicate the max-
imum strengths of the non-adiabatic coupling, and wg s peax1 and wp 5 peak2
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indicate the width of each region of strong adiabatic coupling at half maximum. 30
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Schematic depiction of the potential energy curves as a function of a one-
dimensional reactive coordinate for the (a) Tully simple avoided crossing
model, and the (b) Tully dual avoided crossing model, and the time traces of
the potential energies for trajectory surface hopping for Ibele-Curchod molec-
ular models for (c¢) ethene that corresponds to the simple avoided crossing
model, and (d) 4-N,N-Dimethylaminobenzonitrile (DMABN). The path de-
scribed by the one-dimensional particle (circle and arrow) exemplifies a pos-
sible outcome of the dynamics probed by each model. Lower panel: Time
traces of the potential energies along a trajectory surface hopping trajectory
for ethylene (d), DMABN (e), and fulvene (f). The excited-state dynamics for
each molecular Tully model mimics the particle dynamics of the correspond-
ing one-dimensional Tully models depicted in the upper panel. Reproduced
from L. M. Ibele and B. F. E. Curchod, Phys. Chem. Chem. Phys., 2020, 22,
15183 DOI: 10.1039/D0CP01353F (Ref [2]), with permission from the PCCP
Owner Societies. . . . . . . . . .

Self-consistency between the classical nuclear and quantum electronic subsys-
tems as a result of the quantum backreaction that occurs following an elec-
tronic transition. Reprinted from John C. Tully; Perspective: non-adiabatic
dynamics theory. J. Chem. Phys. 14 December 2012; 137 (22): 22A301. (Ref
[3]), with the permission of AIP Publishing. . . . .. ... ... ... ....
Schematic representation of a localized quantum state/trajectory undergoing
a non-adiabatic transition from the upper to the lower adiabatic state at the
avoided crossing. Diabatic potentials for the simple avoided crossing system
are given in Eqns 1.83-1.84. . . . . . . ... Lo
Schematic representation of a localized quantum state/trajectory traveling
along the diabatic potential Vj(q), corresponding to the process in Fig 2.2.
Diabatic potentials for the simple avoided crossing system are given in Eqns
1.83-1.84. . . . .
Schematic representation of a localized quantum state/trajectory undergoing
a non-adiabatic transition from the lower to the upper adiabatic state at the
avoided crossing. Diabatic potentials for the simple avoided crossing system
are given in Eqns 1.83-1.84. . . . . . . .. ..o
Schematic representation of a localized quantum state/trajectory traveling
along the diabatic potential V5(q), corresponding to the process in Fig 2.4.
Diabatic potentials for the simple avoided crossing system are given in Eqns
1.83-1.84. . . . .
(a) The non-adiabatic mixing angle ¢(q), (b) the non-adiabatic coupling vec-
tor d(q), (c) the real part of the coherence a(q), and (d) the quantum force
Fiuant(q) for the process shown in Fig 2.2, as described in text. The dot-
ted, dashed, and dashdotted lines represent the models where C' = 0.0005,
C =0.001, and C' = 0.002, respectively. . . . . . . . ... ...
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(a) The real part of the coherence (q), and (b) the quantum force Fyant(q)
for the process shown in Fig 2.4, as described in text. The dotted, dashed,
and dashdotted lines represent the models where C' = 0.0005, C' = 0.001, and
C =0.002, respectively. . . . . . . ..
Schematic representation of a localized quantum state/trajectory undergoing
a non-adiabatic transition from the lower to the upper adiabatic state at the
avoided crossing, traveling on the upper adiabatic surface, and finally under-
going another non-adiabatic transition from the upper to the lower adiabatic
state. Diabatic potentials for the dual avoided crossing system are given in
Eqns 1.86-1.87. . . . . . . . e
Schematic representation of a localized quantum state/trajectory traveling
along the diabatic potential V5(q), corresponding to the process in Fig 2.8.
Diabatic potentials for the dual avoided crossing system are given in Eqns
1.86-1.87. . . . . e e
Comparison of the phase space averaged populations on the upper adiabatic
PES (p;+(t)) and the lower adiabatic PES (p__(t)), and the real and imag-
inary parts of the coherence, (a(t)) and (5(t)), respectively, obtained from
QTSH with exact quantum results for the modified Tully’s simple avoided
crossing system with a starting population on the upper adiabatic state at an
initial average momentum hky = 15 a.u., and C' = 0.0005,0.001 and 0.002.
Comparison of the phase space averaged populations on the upper adiabatic
PES (p;+(t)) and the lower adiabatic PES (p__(t)), and the real and imag-
inary parts of the coherence, (a(t)) and (5(t)), respectively, obtained from
QTSH with exact quantum results for the modified Tully’s simple avoided
crossing system with a starting population on the lower adiabatic state at an
initial average momentum hky = 15 a.u., and C' = 0.0005,0.001 and 0.002.
Comparison of the phase space averaged populations on the upper adiabatic
PES (p;4(t)) and the lower adiabatic PES (p__(t)), and the real and imag-
inary parts of the coherence, («(t)) and (3(t)), respectively, obtained from
QTSH with exact quantum results for the modified Tully’s dual avoided cross-
ing system with a starting population on the lower adiabatic state at an initial
average momentum hky = 40.3 a.u., and C' = 0.0015,0.003 and 0.006.

QTSH results for the phase space averaged work done by the electronic degrees
of freedom on the nuclear degrees of freedom (W,_,,(¢)) and the work done by
the nuclear degrees of freedom on the electronic degrees of freedom calculated
with a4 (t), (Wo,.(t)), and its sum (We_n(t)) + (W7, (1)) for the modified
Tully’s simple avoided crossing system at an initial average momentum hky =
15, with the initial population on the upper surface. . . . . . . . . .. .. ..
QTSH results for the phase space averaged work done by the electronic degrees
of freedom on the nuclear degrees of freedom (W,_,,(¢)) and the work done by
the nuclear degrees of freedom on the electronic degrees of freedom calculated
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ABSTRACT OF THE DISSERTATION

Quantum Trajectory Surface Hopping: Theory and its Inner Workings
By
Miaoyu Dorothy Huang
Doctor of Philosophy in Chemistry
University of California, Irvine, 2024

Professor Craig C. Martens, Chair

Quantum trajectory surface hopping (QTSH) is a trajectory surface hopping method that
is rigorously derived from the quantum-classical Liouville equation, developed to study non-
adiabatic molecular dynamics of multistate systems. This work explores the unique features
of QTSH - energy conservation on the ensemble level without the imposition of ad hoc
momentum rescaling, and its rigorous derivation in both the diabatic and adiabatic rep-
resentations - that distinguish it from the widely used fewest switches trajectory surface
hopping method (FSSH). We show that in the limit of complete and localized population
transfer in the adiabatic representation, the work done by the quantum force that charac-
terizes QTSH is akin to the strict classical energy conserving momentum ‘jumps’ of FSSH.
Our numerical results show that the feedback between nuclear and electronic degrees of free-
dom, mediated by the quantum forces that work to conserve the quantum-classical energy
on average, is well-incorporated in QTSH. By transforming the QTSH results for the ele-
ments of the Wigner distribution and forces from one representation to another, we conclude
that QTSH is representation invariant. By analyzing the classical and quantum forces for
non-adiabatic processes in both the diabatic and adiabatic representations, we found that
highly non-classical processes in the adiabatic representation are, conversely, highly classi-
cal in the diabatic representation. Since errors due to inconsistencies in surface hopping are

larger when significant population transfers occur, it allows us to conclude that QTSH results

XX



for the highly non-classical processes in the adiabatic representation are less accurate than
for the corresponding more classical processes in the diabatic representation. We exploit
the representation invariance of QTSH to obtain more accurate results for the population

dynamics in the adiabatic representation.
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Chapter 1

Introduction to the Dissertation

A complete quantum mechanical description of molecular dynamics can only be obtained
by solving the time-dependent Schrodinger equation with all nuclear and electronic degrees
of freedom. Solving the problem exactly has, however, proven to be an intractable problem

due to its high computational cost [4].

A fundamental approximation that has greatly reduced the complexity of the problem is
the Born-Oppenheimer approximation [5, 6] - also known as the adiabatic approximation.
Within the framework of the adiabatic approximation, the fast electronic degrees of freedom
are assumed to depend only parametrically on the slow nuclear degrees of freedom [7], and
the electronic and nuclear states are not coupled. However, in regions where the energy gap
between many-body electronic potential energy surfaces (PESs) approaches the scale of the
inverse of the time scale of nuclear motion [8, 9], non-adiabatic processes that involve the
coupling of the nuclear and electronic degrees of freedom occur [9], resulting in the breakdown

of the adiabatic approximation.

Many chemical applications involve chemical processes that require electronic transitions

between electronic states. Some of these processes include light emission [10-14], charge



separation [15-18], non-radiative relaxation [19-21], intersystem crossing [22-24], and pho-
toisomerization [25-28]. Non-adiabatic molecular dynamics (NAMD) is involved in the study

of these processes.

Modeling NAMD involves two important aspects. The first, an electronic structure method
that allows for the calculation of the ground state and excited state electronic potential
energy surfaces (PESs) to reasonable chemical accuracy. The second, a molecular dynamics

algorithm that accounts for non-adiabatic occurrences while propagating trajectories.

As quantum trajectory surface hopping (QTSH) - the focus of this dissertation - is a molec-
ular dynamics algorithm used in modeling NAMD, we will now provide a brief account of
the molecular dynamics algorithms used to model NAMD. In particular, those that utilize

classical trajectories for computational tractability.

1.1 Modeling Non-Adiabatic Molecular Dynamics

The development of NAMD algorithms that utilize classical trajectories fall under two broad
categories - semiclassical, and mixed quantum-classical methods. Some approaches are tra-
jectory surface hopping [1, 29, 30], mapping Hamiltonians [31-34], ring polymer methods [35],
symmetrical windowing of quasiclassical trajectories [36, 37|, and quantum-classical Wigner
function-based approaches [38-47]. These computationally feasible methods reproduce the

key quantum features of complex systems within the framework of classical mechanics.

1.1.1 Trajectory Surface Hopping

Owing to its simple implementation and fast convergence [8], the most popular mixed

quantum-classical NAMD algorithm, where the nuclear degrees of freedom are treated clas-



sically, and the electronic degrees of freedom are treated quantum mechanically [4, 48], is a
trajectory surface hopping method [1, 49] called the fewest switches surface hopping (FSSH)
method [1].

In trajectory surface hopping, the nuclear wavepacket is represented by swarms of inde-
pendent classical trajectories that evolve on single electronic PESs, where non-adiabatic
transitions are represented by hops between electronic PESs. Although each trajectory in
phase space is analogous to a localized wavepacket, the actual non-locality of nuclear dy-

namics in electronic and phase space is accounted for by running an ensemble of trajectories

1, 8].

In FSSH, the trajectories evolve in nuclear phase space according to Newton’s classical
equations of motion [50], with each trajectory experiencing the force of the single PES that

it is evolving on, interrupted only by instantaneous hops from one PES to another [1].

An approximate time-dependent Schrodinger equation is also solved for each trajectory, with
each trajectory possessing a ‘proxy’ density matrix and finite hopping probabilities from one

PES to another.

The FSSH [1] probability of each trajectory hopping from PES L to K utilizes the populations
and coherences obtained from the ‘proxy’ density matrix of each trajectory. The hopping
probability for each trajectory calculated using the fewest switches algorithm [1] is given by
the ratio of the population increment on PES K due to the flux from PES L during the

timestep to the population on PES L [50].

A stochastic algorithm that utilizes the hopping probability of each trajectory is then used
to determine whether, and to which state a trajectory hops. When a hop occurs, motivated
by the Pechukas force [51], the momentum is rescaled in the direction of the non-adiabatic
coupling vector d(q) [50, 51] to allow for strict conservation of energy on the trajectory level,

with the sign of the momentum ‘jumps’ assigned by physical arguments [29, 30]. These



momentum ‘jumps’ are ad hoc in nature and reflect strict classical energy conservation that

fail to account for the non-locality of electronic transitions in phase space.

When a trajectory ‘hop’ dictated by the stochastic algorithm does not occur due to the tra-
jectory possessing insufficient kinetic energy, the ‘hop’ is aborted and considered frustrated.
These frustrated hops contribute to the breakdown of surface hopping consistency in FSSH
that is defined as the agreement between the state occupancy statistics of the converged

trajectory ensemble and the average populations of the proxy density matrix [50].

As important quantum effects that arise from the interdependence of members of the tra-
jectory ensemble [39-41, 52-58|, the treatment of trajectories as independent from other
members of the trajectory ensemble gives rise to the well-documented lack of decoherence in

FSSH that contributes to the lack of internal consistency in FSSH [59].

The question of whether FSSH in the adiabatic representation, in which FSSH was derived
[1] can be transformed to the diabatic representation [60, 61], has been a longstanding one,
with no straightforward answers. A rigorous trajectory surface hopping method should be

representation invariant.

In quantum trajectory surface hopping (QTSH) [62, 63], the quantum-classical description
of systems are derived rigorously from quantum-classical limit of the multistate Liouville
equation [38-40, 64], in the context of the independent trajectory approximation, QT'SH can

be derived rigorously, and performed in both the diabatic and adiabatic representations.

Before introducing the quantum-classical Liouville equation (QCLE) [38-40] that underpins
the QTSH method, and the QTSH formalism [62, 63], we introduce the local diabatic [65]
and adiabatic representations and the unitary transformation between them. For berevity,
we will refer to the local diabatic representation [65] as the diabatic representation for the

rest of this dissertation.



1.2 Diabatic and Adiabatic Representations

Systems in the diabatic and adiabatic representation are related by a unitary transformation.

The unitary transformation of an n x n unitary matrix of operators of an n-state system in
the diabatic representation AP gives the corresponding operator of an n-state system in the

adiabatic representation A given by the expression
A* = U'(g)APU(g), (1.1)

and the inverse unitary transformation of A gives AP given by the expression

~

AP =U(q)A*U'(qg), (1.2)

where U(q) represents the n X n unitary matrix, of an n-state system.

We now present the unitary transformation of the 2 x 2 Hamiltonian of a two-state system

from the diabatic representation to the adiabatic representation.

The Hamiltonian of the a multielectronic state system H is given by the sum of the nuclear

kinetic energy T, and the electronic potential \7,

H=T+V. (1.3)

In the diabatic representation, the Hamiltonian of a two-state system HP is given by a 2 x 2

matrix that consists of a kinetic energy operator TP and electronic potential energy operator

A

VP,



The kinetic energy operator is given by

~n2

. E 0
™=|" (1.4)
0 2,
where p = —ihV,. The kinetic energy operator is diagonal since any nuclear momentum
coupling terms vanishes in the diabatic representation [66, 67].
The potential energy operator is given by
. Vi Vi
b= (1.5)
Va1 Vo,

where V;; = Vi(q), Vo = Va(q), and Vip = Vg, = Vi2(q). Note that Via(q) € R.

In the diabatic representation, the off-diagonal terms in the Hamiltonian are present in the
potential energy operator VP in the form of the coupling potential Vi5(q) that couples the

electronic states in the diabatic representation, |1) and |2).

Applying the unitary transformation given by Eqn 1.1 to the the Hamiltonian of the two-
state system in the diabatic representation HP gives the corresponding Hamiltonian in the

adiabatic representation HA.

The 2 x 2 unitary matrix that relates the diabatic representation of a two-state system to

its corresponding system in the adiabatic representation is given by

U( ) cos@ —sin%q) (1 6)
q)= ) .
sin@ COS@

where ¢(q) is the transformation angle between the diabatic and adiabatic representation.



The transformation angle ¢(q) in terms of the diagonal diabatic potentials V;(q) and V5(q),

and the off-diagonal diabatic potential Vi5(q), is given by the following relations

2V12(q)

tan ¢(q) = Vilg) = Valq)’ (1.7)
where
sin 6(q) — 2Viala) , (18)
V (Vilg) — Va(q))® + 4Via(q)?
and
cos p(q) = Vilg) — Va(9) (1.9)

Vi(@) —1Va(@)* + 4Via(@)?

Applying the unitary transformation given in Eqn 1.1 on TP (Eqn 1.4) and VP (Eqn 1.5),
separately, we obtain the kinetic energy and potential energy operators in the adiabatic

representation.

The kinetic energy operator in the adiabatic representation is given by

p> | h?d(g)? h (5

5 >y —i(p-d(q) +d

A _ Sm T o Qm(pq <qh>2d 2<q> AN 1.10)
iz (p-d(q) +d(q) ) £+ e

where d(q) represents the non-adiabatic coupling vector.

The off-diagonal terms in the Hamiltonian in the adiabatic representation are present in the
kinetic energy operator TA (Eqn 1.10). These terms arise because the nuclear momentum
operator p = —ihV, acts on the electronic states that parametrically depend on the nuclear

coordinate q in the adiabatic representation, |+) and |—).



This couples the nuclear and electronic degrees of freedom in the form of the non-adiabatic

coupling vector d(q) = (+| V4 |—). In terms of the ¢(q), d(q) = ——V"g(q).

The potential energy operator in the adiabatic representation is given by

. \% 0
vA= | T , (1.11)

0 V__
where the V,, = V,(g) and V__ = V_(q).

The adiabatic potentials for a two-state system Vi(q) can be expressed in terms of the

diabatic diagonal potentials V;,5(q), and the diabatic off-diagonal potential Vi5(q) as

Vi(g) + Val) \/(Vl(q) ~Va(q))" + 4V12(q)2'

5 : (1.12)

Vi(q) =

In the diabatic representation, the density matrix of a two-state system pP is given by a
2 x 2 matrix that is given by

D _ P11 pr2 7 (1.13)

P21 P22
where the diagonal p;; and pss operators represent the electronic populations, and the off-

diagonal p;2 and pio operators represent the coherences.

In the adiabatic representation, the corresponding density matrix of a two-state system p*

is given by a 2 x 2 matrix that is given by

= : (1.14)



where the diagonal p,, and p__ operators represent the electronic populations, and the

off-diagonal p, _ and p_, operators represent the coherences.

The coherence is a quantum feature that arises due to the correlation of electronic states as

a result of quantum superposition [68].

As QTSH [62, 63], was derived from the quantum-classical Liouville equation (QCLE) [38],
the quantum-classical limit of the Liouville-Von Neumann equation [69, 70], we will now

introduce the quantum-classical limit of quantum mechanics.

1.3 Quantum-Classical Limit of Quantum Mechanics

In the quantum-classical limit, a quantum mechanical operator A can be expressed as the

Weyl function [71, 72]

A(q,p)=/<q+g A

q- E>e—z‘%dy, (1.15)

The QTSH method was derived in the quantum-classical limit, where the quantum operators

are represented by Weyl functions given by Eqn 1.15.

The product of quantum mechanical operators AB in the quantum-classical limit can be

expressed as the Moyal/star product [73] that is represented by the x symbol

Y
ih
oA

A(q,p) x B(q,p) = A(q,p)e? " B(q,p), (1.16)

where x = ¢% X and A’ = $q€p - %p?q.



The Taylor expansion of ez * can be expressed as

e ihe\" ih\" <=,
e _Z<2A> _23(2) A (1.17)

n

The time-dependent density operator p(t) that represents the state of the system is expressed
as the Wigner distribution p(q, p,t) [73, 74] - a quasiprobability distribution in phase space
- in the quantum-classical limit, obtained by performing a partial Wigner transformation

[74, 75] only on the nuclear degrees of freedom, given by Eqn 1.18.

The Wigner distribution [74] that represents an n-dimensional system that is described by

the density matrix p is given by

p(t) ‘q— y>e_i%dy. (1.18)

p(q7p,t)=ﬁ/<q+% 5

For a two-state system, the Wigner distribution in the diabatic representation is given by

D D
p11a,p,t) pra(q,p,t
pD(q,p, t) = i ) piol ) 7 (1.19)

PR (a,p,t) ph(g,p.t)

where Re (p13(q, p, ) = Re (01 (g, p,t)) = a”(g,p, 1), and
Im (py(q,p,t)) = —Im (p5 (g, p.t)) = B°(g.p. t), and the Wigner distribution in the adia-

batic representation is given by

A A
q,p,t _(q,p,t
Mg,p.t) = Pl ) Pl ) , (1.20)

,Oé+<q7p7 t) Pé_ (qa D, t)

P

where Re (p?_(q,p,t)) = Re (p*,(q,p,t)) = a’*(q,p,t), and

Im (p}_(g,p,1)) = —Im (p2, (q,p,1)) = *(q,p,1).

10



The relationship between the Wigner distribution in the diabatic and adiabatic representa-

tion is non-trivial and is reported in Ref [76].

A more exact relationship can be obtained by applying the Moyal/star product as given in

Eqn 1.16 in place of a matrix product. This will be presented in Chapter 3 of this dissertation.

The elements of the Wigner distribution [74] in the adiabatic representation in terms of that

in the diabatic representation, for the two-state system as reported in Ref [76] are

P2 (a,p.t) + ph(a.p,t) | pPi(q,p.t) — pD(q,p,t)

p$+(q’p7t) = 9 + 9 COs ¢(q)
+aP (g, p.t)sin ¢(q), (1.21)
D D D D
A (apt) = p11(q,p;t) —;p22(qap7 t) pll(qvp)t);pQQ(qapﬂ‘:) cos ¢(q)
—aP(q,p,t)sin¢(q), (1.22)
D D
oMapt) = HEPDZPERD G 4 0) 4 aP(g, p.1) cosdla). (1.23)
s, p.t) = B°(q.p.1), (1.24)

equivalent to dropping any O(h) or higher terms in the Moyal/star product that will be

presented in Chapter 3.

We will now introduce the time evolution of the state of the system represented by the

density matrix p(t) in the Schrédinger picture, and the quantum-classical Liouville equation

(QCLE) [38].

11



1.4 Electronic Nuclear Dynamics

The time evolution of the density matrix that describes the coupled electronic-nuclear dy-
namics of a multi-electronic state system is described by the Liouville-von Neumann equation

(69, 70] given by

m%t(t) - [ﬂD, [)D(t)] (1.25)

in the diabatic representation, and given by
ih = [ﬂA, ﬁA} , (1.26)

in the adiabatic representation.

1.4.1 Quantum-Classical Liouville Equation

Expressing the nuclear degrees of freedom in the Wigner-Moyal representation [74, 75, 77]
and taking the semi-classical limit, where the approximation involves neglecting the O(h?)
or higher terms in the Taylor expansion of Moyal product (x) [73] as given in Eqn 1.17,
the quantum-classical Liouville equation (QCLE) [38] - the quantum-classical analog to the
Liouville-von Neumann equation (Eqns 1.25-1.26) - for the two-state system can be expressed

as follows.
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In the diabatic representation, the QCLE [38] for the two-state system is

aplljl (qa b, t)

o = {Hn(a,p). (@, p. )} + {Via(a), 0" (a,p, 1) }

_2%;(q) 8°(q.p. 1), (1.27)
—8p12)2(g£p’t) = {H(a,p). Pn(a.p. 1)} + {Via(@). " (a, p. 1)}

+2VLh(q)ﬁD(q,p,t), (1.28)
aaD(gt,p,t) _ {Hﬁ((bp);’H2D2(Q7p)7aD(q7p’t)}_{_wD(q)ﬁD(q’p’t)

by {Vial@). pR(@.p1) + Ba.pi 1)} (1.29)
aﬁD(gép,t) _ {Hﬁ(q,p);H?é(q,p)ﬁn(q,p’t)}_wn(q)an(q’nw

+VlQT(q) (p1(a,p.t) — Pr(a. P, 1)) . (1.30)

where wD(q> = W7 Re{p12}(q>p7 t) = Re{p21}<q7p7 t) = aD<q7p7 t)v and
Im{pi2}(q,p,t) = —Im{ps1}(q,p,t) = B°(q,p,t). Since the higher order terms in A have
been dropped, only the most essential non-classical corrections [78] are captured in the above

equations.
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In the adiabatic representation, the QCLE [38] for the two-state system is

0P @P D) s (q.p), b (g pi)} — b {d(a) - v, 0% (a.p. 1)}

ot
—2d(q) - va®(q,p,1), (1.31)
W = {H*_(q.p),p2_(q.p. 1)} —h{d(q)-v,8(g,p.1)}
+2d(q) - va’(q,p, 1), (1.32)
CYA A A
dola.p.t) (gt’p’ ) {HH(q’p);H(q’p),aA(q,p, t)} +w*(q)8%(q.p, 1)
+d(q) - v (p} (g, p,t) — p2_(g,p1)), (1.33)
A A A
PRl IR D) g0} - @)t (@m0
—g {d(a) -v.pii(a.p.t) + 02 (a,p.1)}, (1.34)

where w?(g) = =W Refp, }(g,p,t) = Re{p_.}(q,p,t) = a*(g,p,t), and

Im{p,_}(q,p,t) = —Im{p_, }(q,p,t) = f*(q,p, ).

The nuclear velocity is represented by v = q. It is important to note that in the adiabatic
representation, the kinematic momentum py;, = mq, not the canonical momentum p. While
the canonical momentum appears in the diagonal kinetic energy, the velocity appears in the
non-adiabatic coupling terms, which differs from the equations present in the previously

published papers that first introduced quantum trajectory surface hopping (QTSH) [62, 63].

Note that the QCLE in the adiabatic representation that is presented here was derived by
performing the Wigner transformation as given in Eqn 1.18 after the unitary transformation
of the Hamiltonian and density operators in the diabatic representation to the adiabatic
representation [38]. Another approach that involves performing the Wigner transformation
on the diabatic density operator before the unitary transformation to the adiabatic repre-

sentation has also been reported [64].
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Having provided the requisite background, we now provide a brief overview of the quantum
trajectory surface hopping (QTSH) [62, 63] method - the focus of this dissertation - and
provide insight on the unique and distinguishing features that set it apart from the FSSH

method [1] that was discussed in Section 1.1.1.

1.5 Quantum Trajectory Surface Hopping (QTSH)

Here we give a brief overview of the quantum trajectory surface hopping (QTSH) [62, 63],
the method that is the focus of this dissertation. The full formalism of QTSH can be found

in Ref [62].

In QTSH [62, 63], the quantum-classical description of multistate systems are derived rigor-
ously from the QCLE [38-40], in the context of the independent trajectory approximation.
As such, QTSH can be derived rigorously, and performed in both the diabatic and adiabatic
representations. This is in contrast to FSSH [1] that was derived by solving the approximate

time-dependent Schrodinger equation in the adiabatic representation.

We now introduce the framework of independent trajectories that the QTSH method utilizes
to make the method computationally tractable [62, 63, 76]. A trajectory j represents a
localized wavepacket in phase space, represented by the delta function (5(q — g, (t))d(p -
pj(t)). Just as in FSSH, the non-locality of nuclear dynamics in electronic and phase space

is accounted for in QTSH by running an ensemble of trajectories [1, 8].

1.5.1 Time Evolution of Electronic State

The propagation of the elements of the Wigner distributions of a two-state system in both the

diabatic and adiabatic representations in the QTSH [62, 63] involves solving the QCLE [38§]
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given by Eqns 1.27-1.30 in the diabatic representation, and Eqns 1.31-1.34 in the adiabatic

representation using an ensemble of independent trajectories.

Similar to FSSH [1], a ‘proxy’ density matrix a,,, ; that represents the approximate electronic
state of the system [62, 63] is computed for each trajectory j. The fewest switches algorithm
[1] was also used to compute the hopping probabilities and to decide whether, and to which

state the trajectory j hops.

Under the framework of independent trajectories, the elements of the Wigner distributions

[74] for each trajectory j in the diabatic representation are

Prilapt) = o7 (t)(a—q;(t)d(p — ps(t)) (1.35)
oj(g,p.t) = o (t)d(q—q;(t))o(p—p;(t)) (1.36)
BP(a,p.t) = B7(1)d(a—q;(t)d(p —p;(t)) (1.37)

Paila.pt) = (1-07(t)d(q—q;(t)d(p —p;(1)), (1.38)

and the elements in the adiabatic representation are

piiilapt) = o} (1)5(q—a;(1)(p - pi(1)) (1.39)
aMg,p.t) = o (t)5(q—q;(t)é(p—pi(t)) (1.40)
Bia.p.t) = B} (1(a—q1))d(p—p;(t) (1.41)

ptoilapt) = (1-07()d(a—a;i(1)d(p - pi(t)), (1.42)

where the binary integer parameters o7 (t) = {0, 1}, and o2 (¢) = {0, 1}.
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In the diabatic representation, O';-)(t) = 1 indicates that the trajectory j is on the diabatic

surface V1(q), and 07 (t) = 0 indicates that the trajectory j is on the diabatic surface V3(q).

. . . A _ . . . ..
In the adiabatic representation, ¢3'(f) = 1 indicates that the trajectory j is on the upper

adiabatic surface V,(q), and 0}'(t) = 0 indicates that the trajectory j is on the lower

adiabatic surface V_(q).

The elements of the Wigner distribution for the two-state represented by the ensemble of

independent trajectories are then represented as

(g, p.t) = % Z a7 (t)8(q — q;(1))d(p — p;(1)), (1.43)
a’(g,p,t) = % >_ a7 (Md(a = a;(1)d(p — pi(1)). (1.44)
Plapt) = 5P 0(a -4 0)5(p - py). (1.45)
p(q.p,t) = % (1=0aP(t)é(a—q;(t)s(p—p;i(t), (1.46)

in the diabatic representation, and

Piilap.t) = % >0 d(a—g;0)d(p—ps(0)), (1.47)
a*(g.p,t) = % _a; (05(a—a;(1))d(p = p; (1)) (1.48)
Papt) = 438 0(a - 4 0)5(p b)), (149)

Pt (g, pt) = % (1—0}(1)6(q—q;(t))5(p — p;i(1)). (1.50)

in the adiabatic representation.
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The time evolution of the elements of the ‘proxy’ density matrix a;(t) for the two-state

system that represent the quantum electronic state of each trajectory j, are given by [62, 63]

iy, (t) = —QVLh(qj)ﬁ?(t), (1.51)
Byt = ) oy (152)
&) = wl(g;)B (1), (1.53)
() = —wPlgal(t) + 229 (@D 1) — by (1), (1.54)

h

in the diabatic representation, where o (t) = Re(ap,;(t)) = Re(apy (1)),

and B?(t) = Im(a%,j(t)) = — Im(aQDLj (t)), and

ay, () = —2d(q)) - v(t)eg (1), (1.55)
at_(t) = 2d(q;) - v;(t)al(t), (1.56)
A (t) = wg)B7(t) +d(g;) - v(t) (ary;(8) — an(t)) (1.57)
BrE) = —whg)al (1) (1.58)

in the adiabatic representation, where o (t) = Re(af_ ;(t)) = Re(a?, ;(t)),

and B (t) = Im(a?_ ;(t)) = —Im(a®, ;(1)).

We note that equations representing the elements of the ‘proxy’ density matrix for the two-

state system in QTSH [62, 63] in the adiabatic representation are identical to that of FSSH

1].
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The continuous populations represented by af, ;(t) in the diabatic representation, and a4, ;(t)
in the adiabatic representation are related to the average of the stochastic occupation inte-
gers (0P (t)) in the diabatic representation and (o7*(t)) in the adiabatic representation at
the point (g;, p;) in phase space when trajectories in the ensemble interact with each other

as in the consensus surface hopping reported in Ref [79].

The relations that describe the consistency of surface hopping are given by

alljl,j(t) = <‘7}3(t)>= (1.59)
and
aﬁ+7j(t) = <0JA(75)> : (1.60)

in consensus surface hopping [79].

In the limit of independent trajectories where the trajectories do not interact the surface

hopping consistency condition can be rewritten as the ensemble averages [50]

(b () = (1) (1.61)

and

(al, (1)) = (c*(1)). (1.62)

While the electronic state of the system in QTSH [62, 63] is propagated similarly to FSSH

[1], the classical motion of the nuclei in QTSH [62, 63] varies greatly from FSSH [1].
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1.5.2 Time Evolution of Nuclear Motion

Each trajectory j that can be mathematically described by the delta function ¢ (q—qj (t)) ) (p—
p;(t)) that represents a localized nuclear wavepacket in phase space (g;(t), p;(t)). The mo-
tion of the ensemble of independent trajectories in phase space describes the nuclear dy-
namics of the system. The QTSH trajectory phase space equations of motion were obtained
by ensuring that the phase space partial differential equations evolve in accordance to the

QCLE [38] for the total nuclear density pP(q,p,t) in the diabatic representation,

opP(q,p,t)  Opri(a,p.t) +0p2Dz(q,p,t)
ot ot ot

classical evolution
N

+2{Via2(q),0”(q,p, 1)} (1.63)

-
quantum evolution

and the QCLE [38] for the total nuclear density pP(q, p,t) in the adiabatic representation

op*(q,p,t) (9pﬁ+(q,p7t)+30‘i(q,p,t)
ot ot ot

classical evolution

-~

= {H} (q,p).p},(q.p.1)} ; {H” (q.p), " _(a,p.1)}

—2h{d(q) -v,5"(q,p.1)} . (1.64)

J/

Vv
quantum evolution

With reference Eqns 1.63 and 1.64, we find terms that resemble the classical Liouville equa-
tion [80] for the ensembles on each state and an additional quantum component in the

diabatic and adiabatic representations.
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By solving Eqns 1.63 and 1.64 within the framework of independent trajectories, we obtain
the QTSH equations of motion for the phase space variables for each trajectory j in the

diabatic and adiabatic representations.

In the diabatic representation, the equations of motions [62] are

a0 = T (1.65)

quantum force

pi(t) = =07 (t)Vq,Vi(gy) — (1= 07'(1)) Vg, Va(a)) —2Vg;Via(g))e7 (1), (1.66)

classical force

and in the adiabatic representation, the equations of motions [62, 81] are

kinematic momentum pyiy, ;

pj — 203} (t)d(q;)

g;(t) = - , (1.67)

Pit) = —oNOVVilas) — (1 o20) Vo, V(@) + 2 5A 1) (- Vo) dlay). (169)
quantum force

Puinj(t) = =07 (Vg Vis(gy) — (1= 07 (1)) Vg, Vo—(gy) + 200 (t)d(qy) - (1.69)

classical force

On closer examination of the equations of motion for the generalized position g;(t) in the
diabatic (Eqn 1.66) and the adiabatic representation (Eqn 1.68), we find that while the
canonical momentum p; is equal to the kinematic momentum pyi, ;(t) = mq;(t) [37] in the

diabatic representation, the kinematic momentum

Prinj (1) = m@;(t) = p; — 21537 (1)d(g;), (1.70)
in the adiabatic representation differs from the canonical momentum p;.
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We have reported the equation of motion of the kinematic momentum pyi, ;(¢t) in Eqn 1.69

without derivation. The derivation can be found in Ref [81].

The QTSH momentum equations of motion with which independent trajectories are propa-
gated in the diabatic representation and in the adiabatic representation are, Eqn 1.66 and
Eqn 1.69, respectively. In contrast to FSSH where only the classical force component is
present, we find that a quantum force component that depends on the off-diagonal terms of
the Hamiltonian is also present in the QTSH momentum equations of motion [62, 63] for

both the diabatic and adiabatic representations.

In the diabatic representation, the quantum force acting on the trajectory j was

Fpan(@)) = =2V, Vi2(g;)e5 (1), (1.71)

making contributions when the off-diagonal diabatic potential Vi2(g;) and the real part of

D

the coherence o (t) are present. The off-diagonal coupling and coherence are manifestly

non-classical in nature.

In the adiabatic representation, the quantum force acting on the trajectory j was

Fpane(@5) = 200 (q5)0 (1) d(g;), (1.72)

making contributions when the non-adiabatic coupling vector d(g;), which couples the elec-

tronic and nuclear motion, and the real part of the coherence ozf (t) are present. The quan-
tum force in the adiabatic representation resembles the off-diagonal Hellman-Feynman force

82, 83).
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While strict energy conservation is imposed on each trajectory in FSSH [1], by means of
ad hoc momentum ‘jumps’ that take place when the trajectory hops, these strict classical
energy conservation rules are relaxed in QTSH [62, 63]. In QTSH, the quantum-classical
energy is conserved on the independent trajectory ensemble average level [62, 63], reflecting

a more probabilistic ‘quantum’ picture of reality.

The system phase space average total energy is given by the trace of the product of the Weyl
function [71] of the Hamiltonian and the Wigner distribution [74, 75] that in terms of the

ensemble of independent trajectories is given by

(Buolt) = 3 3 Frons (1.73)

In the diabatic representation, the total energy of a trajectory j, EZ. . computed in QTSH

tot,j
is

classical energy
7\

EBy(t) = 22 +0P(Via) + (1 - oP@)Vala) +  Malg)alt) . (174)

non-classical/quantum energy

In the adiabatic representation, the total energy of a trajectory j, EZ. . computed in QTSH,

tot,j
neglecting the diagonal Born-Oppenheimer term % is
classical energy
2
pj Dxin,j
() = 224 o2 0)Vilgy) + (1 - o))V (q) ~208)d(g)) - P25 (1.75)

[\

~~
non-classical/quantum energy

The non-classical /quantum energy present in QTSH is not present in FSSH, and arises from

the off-diagonal terms in the Hamiltonian and the coherence of the Wigner distribution.
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Since the off-diagonal terms of the Hamiltonian are potential energy terms in the diabatic
representation, we combine the non-classical/quantum energy component with the classical

potential energy to give the phase space averaged potential energy
|
(VP®) =+ Y oPOValgy) + (1= 07 (1) Valgy) + 2Via(gy)af (1), (1.76)
J

The phase space averaged kinetic energy <TD(t)> in the diabatic representation is simply the

classical kinetic energy given by

(T°0) = 5 > % (1.77)

ZIH

The phase space averaged potential energy <VA(t)> in the adiabatic representation is simply

the classical potential energy given by

(VA1) Za (OVi(gy) + (1 — o) Vo(q;). (1.78)

In contrast, to the diabatic representation, the off-diagonal terms of the Hamiltonian in the
adiabatic representation are kinetic energy terms. As such, we combine the non-classical /quantum
energy component with the classical kinetic energy to give the phase space averaged kinetic

energy

1« P Ping _ Pling
(TA(t)) = N >, ﬁ —2h3d(q;) - % o (1.79)

2
where the approximation to p;ﬁ involves neglecting a term that is proportional to i? BJA2 d2(qj).
This ensures consistency since the neglected term is of the same order as the neglected O(h?)

diagonal Born-Oppenheimer term.
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If the consistency of surface hopping is assumed in the framework of independent trajectories

in QTSH, where

in the diabatic representation, and
A .
Uj ~ a++7j (181)

in the adiabatic representation, is assumed and substituted into the R.H.S. of time derivative
of Eqn 1.73, we find that the system phase space averaged total energy is zero in both the

diabatic and adiabatic representations. The procedure is given in Ref [62].

This shows that QTSH conserves the quantum-classical energy on average [62, 63|, without
imposing the ad hoc momentum jumps of FSSH. The quantum forces that arise naturally
from the derivation of QTSH [62, 63] from the QCLE [38], related to the off-diagonal terms of
the Hamiltonian and coherences incorporates feedback between the electronic degrees of free-
dom and the nuclear degrees of freedom [3]. If the feedback between the classically treated
nuclear degrees of freedom and the quantum mechanically treated electronic degrees of free-
dom is properly incorporated in QTSH, the action of the quantum force would necessarily

act to conserve energy on average.

Having presented the QTSH method [62, 63|, and how it is different from FSSH [1], we will
now introduce the modified Tully 1D model systems [1] that will be used in this dissertation.

We will also explain the chemical relevance of these model systems.
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1.6 Modified Tully 1D Systems

The Tully one-dimensional systems [1] have long been used as a benchmark for testing non-

adiabatic molecular dynamics.

In this dissertation we will modify Tully’s simple avoided crossing and dual crossing systems
[1] to investigate the inner workings of QTSH. The potential energy surfaces as a function

of the reaction coordinate for each model are illustrated in Figs 1.3 (a) and (b), respectively.

The diabatic potentials for Tully’s original simple avoided crossing system [1] are

Vil(g) = All —e"10(—q) — All — e "10(q), (1.82)
Va(q) = —A[l-e"0(—q) + Al - e7"10(q), (1.83)
Vislg) = Ce D7, (1.84)
where the numerical values of the potential parameters, in atomic units, are A = 0.01,

B =1.6, C =0.005, and D = 1.0. The mass is m = 2000 a.u.

The size of the diabatic potential coupling will be changed by varying the constant C' =
0.0005, 0.001 and 0.002 in Eqn 1.84 for the modified simple avoided crossing systems [1].

With reference to Figure 1.1, as the diabatic coupling constant C' is increased, the maximum
adiabatic coupling dpe.x becomes stronger, with a more negative value, and more localized
with a smaller width at half height wgs. The energy gap where the non-adiabatic coupling
is strongest hw(qa,.,,) also gets larger as C increases. The values of these parameters are

summarized for the modified simple avoided crossing models are summarized in table 1.1.
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The diabatic potentials for Tully’s original dual avoided crossing system [1] are

Vi(g) = —Ae7 B 1 |, (1.85)
Va(q) = 0, (1.86)
Via(q) = Ce P (1.87)

where the numerical values of the potential parameters, in atomic units, are A = 0.10,

B =10.28, C'=10.015, D = 0.06, and Ey = 0.05. The mass is m = 2000 a.u.

The size of the diabatic potential coupling will be changed by varying the constant C' =
0.0015, 0.003 and 0.006 in Eqn 1.87 for the modified dual avoided crossing systems [1].

With reference to Figure 1.2(b), the maximum adiabatic couplings in the two regions of
strong non-adiabatic coupling dpe.x1 and dpeax2 becomes stronger, with a larger magnitude,
and more localized with a smaller widths at half height wg 5 peak1 and wo 5 peaka. With reference

to Figure 1.2(a), the energy gap where the adiabatic couplings are strongest, fiw(qq and

peakl )

hw(qq,.,.,) increase as C' increases. The values of these parameters are summarized for

Tully’s modified dual avoided crossing models are summarized in Tables 1.2 and 1.3.

Table 1.1: Summary of the parameters maximum strength of the adiabatic coupling dpeax,
the width of the non-adiabatic coupling at half maximum w5 peak, the position of strongest
non-adiabatic coupling qq,,,,, and the size of the energy gap where non-adiabatic coupling is
strongest fiw(qq,,,,) for the simple avoided crossing system [1] for the values of the diabatic
coupling constants C' = 0.0005,0.001 and 0.002.

C dpeac(a-n.) | wos(a.n.) | g, (a.0) | hw(qq,,, )(a.u.)
0.0005 -16 0.06 0.0 0.001
0.0010 -8 0.10 0.0 0.002
0.0020 -4 0.16 0.0 0.004
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Figure 1.1: The grey shaded region spans the region of strong adiabatic coupling. The
inset image shows an enlarged image of the grey shaded region. The dotted, dashed, and
dashdotted lines in the inset images correspond to the diabatic coupling constants of C' =
0.0005, C' = 0.001, and C' = 0.002, respectively. (a) Adiabatic potential energy surfaces
(PESs) for the modified Tully’s simple avoided crossing model. The upper surface is labeled
V., (q) and the lower surface is labeled V_(q). The parameter iw(qg,,,,) shows the size of the
energy gap where the adiabatic coupling is strongest. The inset shows the the energy gap
increases with the strength of the diabatic coupling. (b) Non-adiabatic coupling d(q) for the
modified Tully’s simple avoided crossing model. The parameter d . indicates the maximum

strength of the adiabatic coupling, and w5 peak indicates the width of the adiabatic coupling
at half maximum.
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Table 1.2: Summary of the parameters maximum strength of the adiabatic coupling dpeax1,
the width of the non-adiabatic coupling at half maximum w5 peax1, the position of strongest
non-adiabatic coupling qq_.,,,, and the size of the energy gap where non-adiabatic coupling
is strongest fw(qq,,,,) for the dual avoided crossing system [1] for the values of the diabatic
coupling constants C' = 0.0015,0.003 and 0.006.

o Peak 1
dpear(a-11.) | wospeak(a-) | qq,., (a-0.) | hw(qq,.,)(au.)
0.0015 -8.50 0.12 -1.57 0.0026
0.0030 -4.25 0.22 -1.57 0.0052
0.0060 -2.13 0.47 -1.57 0.0104

Table 1.3: Summary of the parameters maximum strength of the adiabatic coupling dpeax2,
the width of the non-adiabatic coupling at half maximum w5 peaxe2, the position of strongest
non-adiabatic coupling qq_.,,,, and the size of the energy gap where non-adiabatic coupling
is strongest fiw(qq.,,,) for the dual avoided crossing system [1] for the values of the diabatic
coupling constants C' = 0.0015,0.003 and 0.006.

o Peak 2
dpear(a-11.) | wospeak(a-1) | qq,. (a-0.) | hw(qq,.,,)(a.u.)
0.0015 8.50 0.12 1.57 0.0026
0.0030 4.25 0.22 1.57 0.0052
0.0060 2.13 0.47 1.57 0.0104
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Figure 1.2: The grey shaded region spans the two regions of strong adiabatic coupling.
The inset image shows an enlarged image of the grey shaded region. The dotted, dashed,
and dashdotted lines in the inset images correspond to the diabatic coupling constants of
C' = 0.0015, C' = 0.003, and C' = 0.006, respectively. (a) Adiabatic potential energy surfaces
(PESs) for the modified Tully’s dual avoided crossing model. The upper surface is labeled
Vi(q) and the lower surface is labeled V_(q). The parameters hw(qa,.,,,) and Aiw(qq,....)
show the size of the energy gap where the adiabatic couplings are strongest. The inset shows
that the energy gaps increase with increasing diabatic coupling strength. (b) Non-adiabatic
coupling d(q) for the modified Tully’s dual avoided crossing model. The parameters dpeak1
and dpeax2 indicate the maximum strengths of the non-adiabatic coupling, and w5 pear1 and
Wo 5 peak2 1Ndicate the width of each region of strong adiabatic coupling at half maximum.
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1.6.1 Chemical Relevance

The Tully 1D systems [1], while simple, are chemically relevant, and the performance of
QTSH [62, 63] for these systems will inform us of whether QTSH would be a suitable pre-

dictive model to study the on-the-fly dynamics of various molecules with one or two avoided

crossings.
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Figure 1.3: Schematic depiction of the potential energy curves as a function of a one-
dimensional reactive coordinate for the (a) Tully simple avoided crossing model, and the
(b) Tully dual avoided crossing model, and the time traces of the potential energies for tra-
jectory surface hopping for Ibele-Curchod molecular models for (c) ethene that corresponds
to the simple avoided crossing model, and (d) 4-N,N-Dimethylaminobenzonitrile (DMABN).
The path described by the one-dimensional particle (circle and arrow) exemplifies a possible
outcome of the dynamics probed by each model. Lower panel: Time traces of the potential
energies along a trajectory surface hopping trajectory for ethylene (d), DMABN (e), and
fulvene (f). The excited-state dynamics for each molecular Tully model mimics the particle
dynamics of the corresponding one-dimensional Tully models depicted in the upper panel.
Reproduced from L. M. Ibele and B. F. E. Curchod, Phys. Chem. Chem. Phys., 2020,
22, 15183 DOI: 10.1039/D0CP01353F (Ref [2]), with permission from the PCCP Owner

Societies.
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The molecular equivalent of Tully’s simple one-dimensional systems, also known as the Ibele-
Curchod (IC) systems have recently been proposed by Ibele et al. [2], and have been used as
a benchmark to study on-the-fly direct dynamics variational multi-configuration Gaussian
(DD-vMCG) method [84]. The potential energy time trace of ethene, the IC-1 system,
illustrated by Fig 1.3(c) imitates Tully’s simple avoided crossing system (Fig 1.3(a)), and that
of 4-N,N-Dimethylaminobenzonitrile (DMABN), the IC-2 system, illustrated by Fig 1.3(d)

imitates the potential energy surfaces for the dual avoided crossing system (Fig 1.3(b)).

We expect that if QTSH [62, 63] is accurate for Tully’s simple avoided crossing and dual
avoided crossing systems [1], that QTSH would also, by extension, produce accurate on-the-

fly molecular dynamics results for molecules like ethene and DMABN.

1.7 Dissertation Outline

This dissertation explores the unique features of QTSH - energy conservation on the en-
semble level without the imposition of ad hoc momentum rescaling and its independence of
representation - that distinguishes it from the most popular [50] trajectory surface hopping
method, FSSH [1]. We utilize the modified Tully 1D systems, as described in Section 1.6 to

do so. This dissertation is organized as follows.

Chapter 2 explores the role of quantum forces - that arise naturally in QTSH from the
inclusion of quantum effects in its derivation from the QCLE [38-40] - in energy conservation
on the ensemble level. Here, we show the relation between the work done by the quantum
force during electronic transitions that act to conserve energy at the ensemble level, and
the ad hoc momentum ‘jumps’ to conserve classical energy on the trajectory level in FSSH.
We also analyze the feedback between the classical nuclear degrees of freedom and quantum

electronic degrees of freedom [3] that are mediated by quantum forces in QT'SH.
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Chapter 3 explores the representation invariance of QTSH. Here we perform the the diabatic-
to-adiabatic (d2a) and adiabatic-to-diabatic (a2d) transformations of the Wigner distribution
(74, 75] and the forces, both classical and quantum, in the quantum-classical limit, and
within the independent trajectory framework. In doing so, we derive the expressions for
transforming the system phase space averages of these quantities from one representation
to another. We then test the representation invariance of QTSH by utilizing the derived
equations to perform the d2a transformation of QTSH results in the diabatic representation,
and the a2d transformation of QTSH results in the adiabatic representation, and comparing

its results.

Chapter 4 shows how a highly non-classical system in the adiabatic representation can be
highly classical in the diabatic representation. We show this by providing a simple deriva-
tion to show that the total force in the adiabatic representation in the limit of localized
and complete population transfer is in fact equal to the classical force on a single diabatic
PES. We then present QTSH results to demonstrate its validity. Finally, we show how the
representation invariance of QTSH, as presented in Chapter 3 can be utilized to improve the

accuracy of QTSH results in the adiabatic representation.

Chapter 5 is a standalone chapter that outlines how the relation between chemical work [85],
Gibbs free energy changes, and spontaneity can be introduced in a chemically relevant yet

accessible way to students in Introductory Chemistry classes.
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Chapter 2

Role of Quantum Forces in QTSH

This chapter contains verbatim excerpts from Dorothy Miaoyu Huang, Austin T. Green,
Craig C. Martens; A first principles derivation of energy-conserving momentum jumps in
surface hopping simulations. J. Chem. Phys. 7 December 2023; 159 (21): 214108. Copyright

(2023) AIP Publishing.

2.1 Introduction

The quantum forces in QTSH arise naturally from its derivation from the quantum-classical
Liouville equation [38] using an independent trajectory ensemble ansatz [62, 63]. The quan-
tum force couples the electronic transitions to the evolution of trajectories, making their
evolution non-classical, and is responsible for the conservation of the quantum-classical en-

ergy on the ensemble level [62, 63].

In this chapter, we explore the role of quantum forces in energy conservation during electronic
transitions in the limit of complete localized population transfer. By analyzing the quantum-

classical energy budget of QTSH in this limit, we provide a simple but rigorous derivation
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of the ad hoc FSSH momentum jumps. We also use QTSH in this limit to explain the
frustrated hops in FSSH, and to illustrate the implied self-consistency between the classically
treated nuclear degrees of freedom and the quantum mechanically treated electronic degrees

of freedom, due to the inclusion of the quantum forces in QTSH (Fig 2.1).

We use a localized wavepacket /trajectory undergoing a non-adiabatic transition from the
upper adiabatic state to the lower adiabatic state, and a localized wavepacket /trajectory
undergoing a non-adiabatic transition from the lower to the upper adiabatic state at an
avoided crossing in modified Tully’s simple avoided crossing system [1] (As introduced in

Section 1.6) to perform this analysis.

Finally, we test the aspect of energy conservation, and the feedback between nuclear and
electronic degrees of freedom [3] (Fig 2.1) numerically with QT'SH [62, 63] simulations in the
adiabatic representation. Although conceptually derived from the modified simple avoided
crossing systems [1], the derived results should also hold for other systems with avoided
crossings. As such, we provide QTSH results for both the modified simple avoided crossing,
and dual avoided crossing systems [1], as described in Section 1.6.

_——-—-—-

classical motion N

drives nonadiabatic
transitions

Classical Quantum
Subsystem Subsystem

7

\ quantum backreaction

governs forces /7
~

-_ s -

Figure 2.1: Self-consistency between the classical nuclear and quantum electronic subsys-
tems as a result of the quantum backreaction that occurs following an electronic transition.
Reprinted from John C. Tully; Perspective: non-adiabatic dynamics theory. J. Chem. Phys.
14 December 2012; 137 (22): 22A301. (Ref [3]), with the permission of AIP Publishing.
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2.2 Derivation of FSSH Momentum Jumps

A simple two state model of a localized non-adiabatic transition is considered. We consider a
system that is initially on the upper adiabatic surface and experiences an electronic transition

that occurs in a localized region around it to the lower adiabatic state.

The initial adiabatic density matrix for this process is of the form

p™(to) = plio) 0 , (2.1)
0 0

with all probability on the upper state, while the final density matrix is

P (t) = , (2.2)
0 p(te)

with complete population transfer to the lower state. Here ty and t¢; are the initial and final
times, respectively. We take the quantity p(g,p,t) to be a localized state in phase space
evolving under coupled electron-nuclear dynamics. In the limit of complete localization, one

can consider

p(g.p.t) =6(q—q(t))d(p—p(t)), (2.3)

in other words, a single trajectory.

In the diabatic representation, the initial and final density matrices correspond to the same

diabatic state being populated, so pP () can be written throughout the process as

PP (t) = . (2.4)
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We assume this form holds approximately for all ¢ € (tg,t¢). In this limit, the adiabatic

density matrix can, to a good approximation, be written as

pA(tf) _ 3 (1 -+ cos Qb(t)) 2 sin (b(t) p(t), (25)
—4sing(t)  3(1 - cos (1))

where the angle ¢(t) is evaluated at the center of the localized state p(q, p,t). Here we have

employed the transformation given in Eqns 1.22-1.24 and the diabatic state ansatz (Eqn 2.4).

Similarly, the initial adiabatic density matrix for the same two state model of a localized non-
adiabatic transition where the system starts on the lower adiabatic surface and experiences
an electronic transition that occurs in a localized region around it to the upper adiabatic

state gives the initial adiabatic density matrix

0 p(to)

with all probability on the lower state, and the final density matrix

pA(tf) = ) (27)

with complete population transfer to the upper state.

In the diabatic representation, pP () can be written throughout the process as
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allowing us to write the approximate adiabatic density matrix

pA(tf) |3 (1 — Cos gb(t)) 5 sin ¢(t) o(0). 2.9)
ising(t)  3(1+coso(t))

Note that the real part of the off-diagonal coherence changes sign in comparison to Eqn 2.5.

In Fig 2.2, we depict schematically the non-adiabatic transition of a localized state in one
dimension. The system begins on the upper adiabatic state potential V. (q) and evolves until
it encounters an avoided crossing with the lower adiabatic state at ¢* = 0. At this point,
the population transfers to the lower adiabatic potential V_(q), indicated by the grey arrow,
where it resumes its evolution. The motion is in the positive g direction, indicating that the
kinematic momentum py;, is positive. During the transition, we expect the value of py, to
become larger and the kinetic energy 1;‘% to increase by a quantity equal to the energy gap
huw(g*). The state is localized in coordinate space (and in momentum space) throughout the
process. Fig 2.3 shows the corresponding process in the diabatic representation, where the

system evolves along the same diabatic potential V;(q) throughout.

Depicted in Fig 2.4, the reverse process with the system starting on the lower adiabatic state
potential V,(q) and evolving until it encounters the avoided crossing at ¢* = 0 where the
population transfers to the upper adiabatic potential V. (q) where it continues its evolution.
The change in py, is expected to be negative, decreasing by a quantity equal to the energy
gap hw(q*). We assume that the localized state has sufficient energy for the non-adiabatic
transition to take place. The corresponding process in the diabatic representation is depicted

in Fig 2.5, where the system evolves along the same diabatic potential V5(q) throughout.

The details of the systems depicted in Figures 2.2-2.5 will be described in Section 2.3.1.

38



0.01

Vi(q)
=
\_c_é/ 0
3 d
L
2\
oY
)
LSRN 5 A
—-0.01 e e V-{9)
. : 0 5 10

Figure 2.2: Schematic representation of a localized quantum state/trajectory undergoing a
non-adiabatic transition from the upper to the lower adiabatic state at the avoided crossing.
Diabatic potentials for the simple avoided crossing system are given in Eqns 1.83-1.84.
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Figure 2.3: Schematic representation of a localized quantum state/trajectory traveling along
the diabatic potential V;(q), corresponding to the process in Fig 2.2. Diabatic potentials for
the simple avoided crossing system are given in Eqns 1.83-1.84.
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Figure 2.4: Schematic representation of a localized quantum state/trajectory undergoing a
non-adiabatic transition from the lower to the upper adiabatic state at the avoided crossing.
Diabatic potentials for the simple avoided crossing system are given in Eqns 1.83-1.84.
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Figure 2.5: Schematic representation of a localized quantum state/trajectory traveling along
the diabatic potential V5(q), corresponding to the process in Fig 2.4. Diabatic potentials for
the simple avoided crossing system are given in Eqns 1.83-1.84.
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In Fig 2.2, we show (a) the non-adiabatic mixing angle ¢(q), (b) the non-adiabatic coupling
vector d(q), (c) the real part of the coherence a(q), and (d) the quantum force Fiyant(q) =
2hw(q)d(q)a(q) given by the modified potentials, with varying diabatic coupling constant
parameters C' = 0.0005, 0.001 and 0.002 for the process depicted in Fig 2.2. The coupling,
coherence, and quantum force are non-zero in a relatively localized region around the avoided
crossing, in qualitative agreement with the limit considered analytically here. The coupling
d(q) and the coherence a(q) are both negative for this process. The localized quantum

force, on the other hand, is a positive impulsive term, consistent with its role in increasing

the momentum and kinetic energy of the nuclear motion.
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Figure 2.6: (a) The non-adiabatic mixing angle ¢(q), (b) the non-adiabatic coupling vector
d(q), (c) the real part of the coherence a(q), and (d) the quantum force Fyuant(q) for the
process shown in Fig 2.2, as described in text. The dotted, dashed, and dashdotted lines
represent the models where C' = 0.0005, C' = 0.001, and C' = 0.002, respectively.

While ¢(q) and d(q) as depicted in Figs 2.6(a) and (b) are specific to the modified simple
avoided crossing as described by the diabatic potentials given by Eqns 1.83-1.84, and remain

unchanged for the reverse process of a non-adiabatic transition from the lower to the upper
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adiabatic state as depicted in Fig 2.4, a(q) (Fig 2.7(a)) and consequently, the quantum force
Fiuant(q) (Fig 2.7(a)) changes sign. In this process, a(q) is positive, and the localized quan-
tum force is a negative impulsive term, consistent with its role in decreasing the momentum

and kinetic energy of the nuclear motion due to the upward electronic transition.
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Figure 2.7: (a) The real part of the coherence (g), and (b) the quantum force Fant(q) for
the process shown in Fig 2.4, as described in text. The dotted, dashed, and dashdotted lines
represent the models where C' = 0.0005, C' = 0.001, and C' = 0.002, respectively.

The total energy of the state of the system is given by E(t) = Tr(H*(q, p)p*(q,p,t)). Using

the Hamiltonian and density matrix, this becomes

canonical classical energy
7\

B = 1V (q.0() ~2n5()d(q) - B2 (2.10)

(& J/

—
coherence/quantum energy

where (g(t),p(t)) is our trajectory and V (q,0(t)) = o(t)Vi(q) + (1 — (1)) V_(q). (Our
ensemble here has reduced to a single trajectory, and so we have dropped the subscript j.)

The canonical classical energy in the first two terms is augmented by a coherence energy

Eeon(t) = —2hB(t)d(q) - Ban.

m

=

As noted above, the energy can be written more simply in terms of the kinematic momentum

Pkin =P — 2ﬁﬁ(t)d(q). We find

_ P
2m

2
— pkin

E(t) £V (g.0(t) = B2 4 o(t)hu(g) + V(). (2.11)
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where hw (q) = V4 (q) — V- (q).

Using the kinematic momentum, we can separate the energy into two terms: the electronic

state-dependent potential energy

Eerec(t) =V (g, 0(1)), (2.12)

and the classical kinetic energy

Py
Fiin(t) = 2%7; (2.13)

that depends only on the nuclear motion. In this representation, the coherence energy does

not appear in the energy budget. Quantum effects are nonetheless still present.

In the Born-Oppenheimer approximation, the electronic parameter o;(¢) is constant, assum-
ing values of 0 or 1. In this limit, the nuclear dynamics of a single trajectory Ac;(t) = 0
are governed by purely classical motion on the appropriate adiabatic potential, V. (g;(t)) or
V_(g,(t)), for o;(t) =1 or o;(t) = 0, respectively. Note that we have included the subscript
j to emphasize that these equations are applied for a single trajectory j. The equations of

motion for the classical variables and electronic state parameters in the Born-Oppenheimer

limit are
q;(t) = pk“T](t) (2.14)
Prnj(t) = =V, V(g;(t),05(1)), (2.15)
o;(t) = 0, (2.16)
a;(t) = w(g;(t)B;(t), (2.17)
Bi(t) = —w(g;(t))ay(t). (2.18)
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When non-adiabatic transitions occur, however, non-classical forces appear, as described by
the QTSH formalism. The equations of motion for a single trajectory, assuming complete

and localized population transfer are generalized to

g = Pl (2.19)
Pring(t) = Vg, V(q;(t),05(t)) + 2w (q;(t)) d (g;(t)) ey (1), (2.20)
&i(t) = —2d<qj(t))n;pki“’j(t)aj(t), (2.21)
i) = wla)sn+ 2L PO ) (2.22)
Bit) = —w(a(t))ay(). (2.23)

As in presenting the equations of motion in the Born-Oppenheimer limit, we have included

the subscript j to emphasize that these equations are applied for a single trajectory j.

Here, we have made the substitution of the stochastic integer parameter ¢ for the continuous
electronic population a, . In the limit of complete and localized population transfer, the
electronic of a single trajectory j would result in Ao;(t) =1 or Ag,(t) = —1, justifying the

assumption that o;(t) = a; ;(t) that we have made here.

The consistency of surface hopping is equivalent to assuming that the average o is equal to
the continuous population parameter across a trajectory ensemble: (o(t)) ~ (a,,(t)). For
localized transitions resulting in complete population transfer, both of these quantities are
integers except during a brief excursion, where their values change by unity. We now drop

the subscript j to make derived expressions more concise.

Such transitions occur at a localized crossing time t = t*, or equivalently, around a localized

*

configuration g(t*) = q*. We shall calculate the changes in the constituents of the total
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energy as well as the work done by the quantum forces that the electronic and nuclear

degrees of freedom exert on each other during that transition.

The electronic transition from the upper (¢ = 1) state to the lower (¢ = 0) state - as
depicted in Fig 2.2 - is assumed to be localized within a short time interval of duration 2e
that is symmetric around ¢ = ¢*. During this interval, we assume that the classical forces
and dynamics leave g and py;, unchanged. The change in o(¢) during this interval is given

by

Ac(t) = —1. (2.24)

For a fixed nuclear coordinate q(t*) = g*, the change in electronic energy during the transi-

tion is

AEae(t') = ho(g")Aa(t) = —hw(q"). (2.25)

This change in electronic energy for the transition from the upper to lower state as shown in
Eqn 2.25 is negative. To conserve energy, the classical kinetic energy must increase by the

same amount,

AE’kin(t*) = _AEelec(t*) = +hw(q*)' (2'26)

The FSSH method imposes this conservation in an ad hoc manner by artificially rescaling

)

the momentum by a “jump,” chosen to satisfy

(Pran(t) + (1) pean(t)?
2m 2m

+ hw(q"). (2.27)
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Similarly, for the electronic transition from the lower (o = 0) state to the upper (o = 1)
state - as depicted in Fig 2.4 - change in o during the short time interval that is symmetric
about t = t* is Ao = +1, with the change in electronic energy for a fixed nuclear coordinate

q(t*) = g* during the transition is

AEcec(t") = hw(q"), (2.28)
the corresponding change in kinetic energy is

AB(t") = —AFuec(t") = —hw(q"), (2.29)

and the ad hoc momentum “jump” imposed by the FSSH method would be chosen satisfy

(Puain (t7) + Apkin(t*))2 _ Prin(t*)?
2m 2m

— hw(q*). (2.30)

The momentum jump Apyi,(t*) is chosen to solve the quadratic equations Eqns 2.27 for
the transition corresponding to Ac(t*) = —1 and 2.30 for the transition corresponding to

Ao (t*) = +1, in the direction parallel to the non-adiabatic coupling vector d(g*) [50].

Practical implementations have rules for selecting which root to choose, and what to do if no

solution can be be found due to insufficient energy or directional constraints (a “frustrated”

hop). [29, 86]

We now analyze the energy budget from the QTSH perspective. From the equations of

motion, we have

Pun(t) = =V (q(t),0(t)) + 2hw(q(t))d (q(t)) o(t), (2.31)
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where the classical force is represented by
Fclass<t) - _qu(q(t)a U(t))w (232)
and the quantum force is represented by

Fpuans (1) = 200 (q()) d ((1) (). (2.33)

The change in kinematic momentum results from two contributions: the classical force de-
rived from the currently occupied adiabatic potential and a quantum force resulting from

the electronic energy transition. This change of electronic states does work in what follows.

During the localized transition, the classical force does not have an appreciable effect on
the nuclear dynamics. We consider only the impulsive quantum force during the transition.
Here, we can take the coordinate g = g@* to be constant. The integrated effect of this force

on the momentum during this transition can be computed as

t*+e

Apin = 2hw(q")d(q") / alt)dt. (2.34)

t*—e

The only time-dependent quantity during this transition is the electronic coherence, which

is rapidly created and then dispersed by the flow of electronic population.

For the flow of electronic population from the upper to the lower state, we showed above

that this coherence can be described simply in terms of the non-adiabatic mixing angle,

alt) = —% sin (1), (2.35)

and for the flow of electronic population from the lower to the upper state, we showed above
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that this coherence can be described simply in terms of the non-adiabatic mixing angle,

at) = %Sin o(t). (2.36)

The value of ¢ transitions rapidly from ¢ = 0 for ¢t < t* to ¢ = 7 for t > t*. To simplify the

integral, we change integration variables from ¢ to ¢. We note that

d¢ = ¢dt. (2.37)

We write (b as

$=Vab-g= Vo 20 (2.38)

m

Using the definition of the non-adiabatic coupling vector

1
d(g") = —5 V0 (2.39)
then gives
m

For the flow of electronic population from the upper to the lower state, the momentum jump

can be expressed as

1 . . m T
Apyin = Ehw(q )d(q") (m) /0 sin ¢ dg, (2.41)
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and for the flow of electronic population from the lower to the upper state,

Noting that foﬂ sin ¢ d¢ = 2, we obtain the final result for the flow of electronic population

from the upper to the lower state,

Apiin = hw(g*)d(q") <W) , (2.43)

and for the flow of electronic population from the lower to the upper state,

Apn = —hw(q")d(q") (Zd(qff‘m) | (2.44)

The explicit expressions for the momentum jumps for the downward electronic transition
(Eqn 2.43) or the upward electronic transition (Eqn 2.44) resolves any ambiguity of the

quadratic equation root choice inherent in the FSSH methodology [1, 29, 30].

From the perspective of the energy budget, the quantum force Fiy.ne does work W,_,, [87]

on the nuclear degrees of freedom, which changes the kinetic energy by an amount A Fy;,,

t*+e
We—m - AE'kin = / Fquant(t) ' q dt. (245)
t*—e

In our localized approximation, this becomes

—_— Apkin. (246)

For the flow of electronic population from the upper to the lower state, the change in the

49



kinetic energy in the localized approximation is
AFEy, = hw(g"), (2.47)
and for the flow of electronic population from the lower to the upper state,

AByn = —liw(q). (2.48)

We have recovered the energy conservation expected on physical grounds: The electronic
energy change —hw(q*) that accompanies the downward electronic transition, or the elec-
tronic energy change hw(g*) that accompanies the upward electronic transition, appears or
disappears as kinetic energy of the classical nuclear motion, respectively. The quantum force
Fant that accompanies the loss or gain of electronic energy does work on the nuclear de-
grees of freedom and quantitatively transfers this energy into a gain or loss of nuclear kinetic

energy, respectively.

2.2.1 Frustrated Hops

We now incorporate the consideration of available energy in examining upward electronic

transitions.

As shown above, the momentum jump Apy;, associated with the upward transition is given

by Eqn 2.44, with the boundary conditions of ¢ = 0 for ¢t < t* and ¢ = 7 for t > t*.

For upward transitions, an additional consideration of available energy enters the analysis. In
particular, there has to be sufficient nuclear kinetic energy available to make the transition
to the upper state. This corresponds to the positive kinetic energy before the transition

2
z;kﬁ to be at least as large in magnitude as the negative AFEy;, accompanying the electronic
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excitation. Otherwise the hop is “frustrated,” as previously discussed.

We can examine frustrated hops from the context of our analysis based on QTSH. In order
for ¢ to fully transition from ¢ = 0 to ¢ = m, there must be enough kinetic energy to keep
the nuclear motion proceeding in the initial positive direction. If this is not the case, the
sign of py;, will reverse before complete population transfer will be a change in the sign of
g'b, so that ¢ has the time history 0 = ¢pax — 0 rather than 0 — 7 for a successful upward
transition, where ¢, is the value reached by the mixing angle when the momentum reversal
occurs. The total work done by the quantum force in this case is AFEy, = 0, the expected
accompaniment for the Ao = 0 failed transition. Correspondingly, the electronic degrees of

freedom do zero net work on the nuclear motion for frustrated hops.

For the model of a localized and complete transition, employed here, one can show that the
adiabatic plus quantum force, Eqn 2.31, is identical to the diabatic force Fy = —V,Vi(q)
for the downward transition, and F, = —V,V2(q) for the upward transition. This will be

discussed in Section 4.2.3 in Chapter 4.

From this perspective, the trajectory must have enough energy to reach the crossing point
of the diabatic potentials and, further, to leave the region of transition, to avoid its motion

being stopped and reversed.

We note that our analysis suggests that the correct way to treat frustrated hops in FSSH is
to reverse the momentum when a frustrated hop is encountered (at least in one-dimensional

systems).

In the general QTSH method, frustrated hops are not imposed externally. Electronic tran-
sitions occur solely based on the stochastic hopping algorithm with no attention paid to the
energetics. The quantum forces of QTSH act in the manner described above to guide the
trajectories and, if insufficient energy is available, will redirect the motion back through the

interaction region. The reversal of momentum changes the sign of the hopping probability,
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increasing the likelihood of a second downward transition. However, as we have emphasized,
individual trajectories do not conserve energy, nor are the state residencies necessarily con-
sistent with their classical motion. It is at the ensemble level that consistency of population

energetics is achieved.

2.2.2 Energy Conservation & Quantum Backreaction

The change in electronic energy associated with the electronic transition is completely coun-
terbalanced by the change in kinetic energy associated with the momentum jump of the
nuclear degrees of freedom initiated by the quantum force. The quantum force can be said

to work to conserve energy as a result of an electronic transition.

The quantum backreaction (Fig 2.1) describes the self-consistency between the classically
treated nuclear degrees of freedom and the quantum mechanically treated electronic degrees
of freedom. The nuclear dynamics that gives rise to changes in the electronic Hamiltonian
induces electronic transitions that as a result produces a quantum force that alters the

nuclear motion in the form of a momentum jump when transitions are localized.

The work done on the electronic degrees of freedom by the nuclear degrees of freedom W, _.,

can be expressed as the change in the electronic energy A Fe.., represented by the expression

Wn—>e(t) = ALCeleC(t)' (249)

Since the change in the electronic energy AFEg. occurs as a result of electronic transitions

that results in Ao, AFEqe. can be expressed as

AEee(t) = hw(q(t))Aa(t). (2.50)
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By using the equation of motion for o(t), Eqn 2.22; the change in ¢ during a transition that

takes 2¢ time can be found by solving the differential equation & (¢) with respect to time

m

Ao(t) = /t o) dt = —2 /t ECICIRS SA (2.51)

. *
i —€

from the time before the transition ¢; = t* — € to the time after the transition ¢ = t* + €.

We note here that we have omitted the subscript j that indicates that that the above calcula-
tions are for a single trajectory. Under the assumption of localized and complete population
transfer, each trajectory has Aa, ;(t) = +1 for a hop from — — +, or Aa, ;(t) = +1 for

a hop from + — —, implying that Aa,y ;(t) = Aoj(t), or ary ;(t) = ,(¢).

We note that Ao (t) in Eqn 2.51 is more generally Aa, (t) when the assumption of complete

and localized population transfer is not made.

By substituting Eqn 2.51 into Eqn 2.50, the change in the electronic energy AEY . can be
expressed as
t*+e€ d . .
AEBqee = —2hw(q) / d(@) “Prin 4y (2.52)
t**& m

Given that ¢ = 2» and the quantum force, Eqn 2.33, the change in the electronic energy is

represented by

t*+e
AEwelec = _/ Fquant(q) : q dt. (253>
t

*—e

Since the work done on the electronic degrees of freedom by the nuclear degrees of freedom

Wise is equal to the change in electronic energy during an electronic transition (Eqn 2.49),

t*+e
Wn—)e - _/ Fquant(q) : q dt. (254)
t

*—e
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The above expression is the negative of the work done on the nuclear degrees of freedom by

the electonic degrees of freedom W,_,, (Eqn 2.45), where

Wasse = —Weosn. (2.55)

Rearranging the above gives

Whse + Weon = 07 (256>

implying self-consistency between the classically treated nuclear degrees of freedom and the
quantum mechanically treated electronic degrees of freedom. The nuclear dynamics that
gives rise to changes in the electronic Hamiltonian induces electronic transitions that as a
result produces a quantum force that alters the nuclear motion in the form of a momentum
jump when transitions are localized. This is also known as the quantum backreaction (Fig

2.1).

2.3 Methods

2.3.1 Systems

Simple Avoided Crossing System

We consider a two-state system of a single localized adiabatic transitions. We will consider
the process where the system starts on the upper adiabatic state and experiences an electronic
transition to the lower adiabatic surface (Fig 2.2), and the process where the system starts
on the lower adiabatic state and experiences an electronic transition to the upper adiabatic

surface (Fig 2.4). In both of these processes, the electronic transition is accompanied by
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nuclear dynamics. We made the assumption that the electronic transitions occurs in a
localized region where the population transfer is complete, and that the population continues

to evolve on the lower adiabatic or upper adiabatic state, respectively.

The potentials used to produce Figures 2.2-2.5 are the potentials for Tully’s simple avoided

crossing system given in Eqns 1.83-1.84.

These potentials are as given in Tully’s original simple avoided crossing system [1], with
modifications made to the off-diagonal diabatic coupling by reducing the size of the constant
C. We vary the value of the potential parameter C' = 0.0005, C' = 0.001, and C' = 0.002,
which changes the strength of the diabatic coupling Vi5(q). These modifications give rise to
a stronger and more localized non-adiabatic coupling in our systems, in comparison to the
original system by Tully which has the value of C' = 0.005. The effect of these modifications

to the simple avoided crossing system [1] are illustrated in Fig 1.1.

Dual Avoided Crossing System

We also consider a more complex two state system of two localized adiabatic transitions
where the system starts on the lower adiabatic state and experiences an electronic transition
to the upper adiabatic surface that is accompanied by nuclear dynamics. We assume that
the transition occurs in a localized region where the population transfer is complete. The
system then continues on the upper adiabatic surface before experiencing a second electronic

transition to the lower adiabatic surface (Fig 2.8).

The corresponding process in the diabatic representation is given by Fig 2.9, where the

population remains on the horizontal diabatic surface 1 throughout the process.

The potentials used to produce Figures 2.8-2.9 are the potentials for Tully’s dual avoided

crossing system [1] given in Eqns 1.86-1.87.
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Figure 2.8: Schematic representation of a localized quantum state/trajectory undergoing a
non-adiabatic transition from the lower to the upper adiabatic state at the avoided crossing,
traveling on the upper adiabatic surface, and finally undergoing another non-adiabatic tran-
sition from the upper to the lower adiabatic state. Diabatic potentials for the dual avoided
crossing system are given in Eqns 1.86-1.87.
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Figure 2.9: Schematic representation of a localized quantum state/trajectory traveling along
the diabatic potential V5(q), corresponding to the process in Fig 2.8. Diabatic potentials for
the dual avoided crossing system are given in Eqns 1.86-1.87.
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These potentials are as given in Tully’s original dual avoided crossing system [1], with mod-
ifications made to the off-diagonal diabatic coupling by reducing the size of the constant
C. We vary the value of the potential parameter C' = 0.0015, C' = 0.003, and C' = 0.006,
which changes the strength of the diabatic coupling Vi5(q). These modifications give rise to
a stronger and more localized non-adiabatic coupling in our systems, in comparison to the
original system by Tully which has the value of C' = 0.015. The effect of these modifications

to the simple dual crossing system [1] are illustrated in Fig 1.2.

We note that the approximate adiabatic density matrix in terms of the non-adiabatic mixing
angle ¢(t), by virtue of the same diabatic state being populated throughout the process (Fig
2.9), is Eqn 2.9.

The definition of the adiabatic matrix at different times and the derivation of 2.9 can be

found in the Appendix A.

2.3.2 Simulation Details

The numerical results for the QTSH simulations for each of the systems described above were
obtained with 2000 trajectories (N = 2000) randomly sampled from a minimum uncertainty
phase-space Gaussian distribution width o4 = 1.0. The mean initial positions were gy = —6.0

for the simple avoided crossing systems, gy = —10.0 for the dual crossing systems.

The results of the quantum wavepacket simulations that the QTSH results were compared
against were performed using the split operator method by Kosloff [88, 89]. The initial
wavepacket for the two-state system was a Gaussian wavepacket centered around gy = —6.0

for the simple avoided crossing systems, and go = —10.0 and for the dual crossing systems.

The initial mean momenta py = hk used for the simple avoided crossing system [1] was

hko = 15 a.u., and for the dual crossing system [1], hky = 40.3 a.u.. The initial mean
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momenta fiky = 15 for the simple avoided crossing system [1] was chosen to ensure that there
would be sufficient kinetic energy for complete transition to take place between adiabatic
states. The initial mean momenta hky = 40.3 for the dual avoided crossing system [1] was
chosen since almost complete population transfer from the lower to upper adiabatic state
takes place, leaving a significantly small population on the lower adiabatic state to interfere
with the population transferring from the upper to lower adiabatic state during the second

transition.

The QTSH and quantum simulations were run with timesteps At = 0.5 a.u. long, and for
a total length of 8533 a.u. and 1588 a.u. for the simple avoided crossing and dual avoided

crossing systems, respectively.

The phase space averaged values of the elements of the Wigner distribution were computed

at every timestep of the QTSH simulation were calculated with the following expressions

(vs(0)) = %iaju), (2.57)
(o (1) = %i(l—w)» (2.58)
(a(t) = %iam (2.50)
(B(t)) = %i@-(w. (2.60)

The phase space averaged accumulated work done on the nuclear degrees of freedom by the

electronic degrees of freedom W,_,, in QTSH was calculated with

m

N
1 Pxin,j
<We—>n(t)> - N E /Fquant,j . J dt. (261)
J
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The phase space averaged accumulated work done on the electronic degrees of freedom by

the nuclear degrees of freedom were calculated in two ways
(WE(0) = 5 3 ola) oy (1) (2.6
J
where Ac;(t) = 0,(t) — o;(t — At), and
Wit = 5 2 [ hel@)iees(o) . (2.63)
J

where @ ;(t) is defined in Eqn 1.56. Note that we have not used ¢;(¢) as in Eqn 2.22 since
we have assumed that ai, ;(t) = ¢;(¢) in the limit of localized and complete population
transfer /single trajectory in Eqn 2.22. As QTSH utilizes an ensemble of independent trajec-
tories, the nuclear dynamics is non-local in electronic and phase space [1, 8], and we can no

longer assume that ¢;(t) = a4 ;(t).

2.4 Results & Discussion

We now present numerical QTSH results for the modified simple avoided crossing system [1]
given in Figs 2.2 and 2.4, and the modified Tully dual avoided crossing system [1] given in
Fig 2.8.

2.4.1 Wigner Distribution Dynamics

Here we present the QTSH results of the dynamics of the phase space averaged elements
of Wigner distribution against the exact quantum results. The Eqns 2.58-2.60 were used to

obtain the plots presented in this section.
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In Figs 2.10 and 2.11, we present the comparison of QTSH results with exact quantum results
for the simple avoided crossing system [1], with the process starting on the upper adiabatic
surface with trajectories hopping to the lower adiabatic surface (Fig 2.2), and the process
starting on the lower adiabatic surface with trajectories hopping to the upper adiabatic

surface (Fig 2.4), respectively.

In Fig 2.12, we present the comparison of QTSH results with exact quantum results for the
dual avoided crossing system [1], with the process starting on the lower adiabatic surface
with trajectories hopping to the upper adiabatic surface (Fig 2.2), and then with trajectories

hopping from the upper adiabatic surface to the lower adiabatic surface (Fig 2.8).

With reference to Figs 2.10 and 2.11, we observed that the transfer of population that occurs
during the time interval between ¢t ~ 10 fs and ¢ &~ 30 fs, is almost complete. The size of the
population transfer is largest when the non-adiabatic coupling d(q) is strongest and most

localized (i.e. smallest C).

With reference to Figs 2.10 and 2.11, we observed that QTSH results for the real part of the
coherence (a(t)) and the the imaginary part of the coherence ((t)) are in good agreement
with the quantum result, with the best agreement when the non-adiabatic coupling d(q) is

strongest and most localized (i.e. smallest C).

In Fig 2.10, we observe an increase in (p__(t)) between t ~ 10 fs and ¢ ~ 30 fs as a result of
trajectory hops from + — —, before an asymptotic value is reached. The asymptotic value
of the QTSH results for (p__(t)) deviates from the exact quantum results the most when
C = 0.002 and the least when C' = 0.0005. We observe the same trend in Fig 2.11 for the
(py4(t)) results instead of (p,(t)), since the trajectory hops occur from + — — instead.
The largest asymptotic value of the QTSH result for (p__(¢)) and (p;(t)) were found in

Figs 2.2 and 2.4, respectively, when C' = 0.0005, and smallest when C' = 0.002.
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Figure 2.10: Comparison of the phase space averaged populations on the upper adiabatic
PES (p4+(t)) and the lower adiabatic PES (p__(t)), and the real and imaginary parts of the
coherence, (a(t)) and (/5(t)), respectively, obtained from QTSH with exact quantum results
for the modified Tully’s simple avoided crossing system with a starting population on the

upper adiabatic state at an initial average momentum hky = 15 a.u., and C' = 0.0005, 0.001
and 0.002.
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Figure 2.11: Comparison of the phase space averaged populations on the upper adiabatic
PES (p;(t)) and the lower adiabatic PES (p__(t)), and the real and imaginary parts of the
coherence, (a(t)) and (5(t)), respectively, obtained from QTSH with exact quantum results
for the modified Tully’s simple avoided crossing system with a starting population on the

lower adiabatic state at an initial average momentum hky = 15 a.u., and C' = 0.0005, 0.001
and 0.002.
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Figure 2.12: Comparison of the phase space averaged populations on the upper adiabatic
PES (p;(t)) and the lower adiabatic PES (p__(t)), and the real and imaginary parts of the
coherence, (a(t)) and (/5(t)), respectively, obtained from QTSH with exact quantum results
for the modified Tully’s dual avoided crossing system with a starting population on the lower
adiabatic state at an initial average momentum hko = 40.3 a.u., and C' = 0.0015,0.003 and
0.006.

With reference to Figs 2.12, we observed that the transfer of population from the lower
adiabatic surface to the upper adiabatic state that occurs during the time interval between
t~ 7.5 fsand t ~ 11.4 fs, is significantly large, followed by an almost complete transfer from
the upper adiabatic surface to the lower adiabatic surface during the time interval between
t ~ 12 1fs and t = 17.5 fs. The size of the initial population transfer is largest when the

non-adiabatic coupling d(q) is strongest and most localized (i.e. smallest C).

In Fig 2.12, we observe an increase in (p(t)) between t ~ 7.5 fs and ¢ ~ 11.4 fs as a result
of trajectory hops from — — +. During the time interval between t &~ 11.4 fs and t ~ 12 fs
where the quantum result for (p,(¢)) shows no change, the QTSH result exhibits as slight
decrease, indicating that the second population transfer due to trajectory hops from + — —
occurs at a slow rate in this region. A decrease of the QTSH result for (p,(t)) to close to

zero, as in the case for the exact quantum result occurs during the time interval between
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t ~ 12 fs and ¢t ~ 17.5 fs The QTSH results for (p,;(t)) deviates from the exact quantum

results the most when C' = 0.006 and the least when C = 0.0015.

With reference to Figs 2.12, we observed that QTSH results for the real part of the coherence
(a(t)) and the the imaginary part of the coherence (5(t)) are in good agreement with the
quantum result, with the best agreement when the non-adiabatic coupling d(q) is strongest
and most localized (i.e. smallest C'). The deviation of the QTSH results from the quantum

results also increases after the first transition.

From the observations we have made in Figs 2.10-2.12, we conclude that the stronger and
more localized d(q) is (i.e. the smaller the value of C'), the more complete and localized the
population transfer, and the smaller the discrepancy the QTSH results for the populations

and coherence with the exact quantum result.

2.4.2 Feedback between Nuclear and Electronic Degrees of Free-

dom

We now examine the self-consistency between the classically treated nuclear degrees of free-
dom and the quantum mechanically treated electronic degrees of freedom using the analysis

of the quantum-classical energy budget of QTSH.

The phase space averaged work done by the electronic degrees of freedom on the nuclear
degrees of freedom (W,_,,) (Eqn 2.61) - in the form of work done by the quantum force
Fane in QTSH to instantaneously change the kinetic energy due to trajectories hopping
(AEyin(t)) - that are analogous to the ad hoc trajectory level momentum jump Apy,; in

the limit of localized and complete population transfer.

Since the quantum forces Fyyan in QT'SH act to conserve energy when trajectories hop from

one adiabatic surface to another, (We_,,,) = (AExin(?)).
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Under the assumption of localized and complete population transfer, each trajectory has
Aayy j(t) = +1 for a hop from — — +, or Aay ;(t) = +1 for a hop from + — —, implying

that Aas ;(t) = Aoy(t), or ay;(t) = o;(t).

As such, we have utilized both @, ;(t) and Ao;(t) to calculate the work done by the nuclear
degrees of freedom on the electronic degrees of freedom (W2, (t)) (Eqn 2.63) and (W7 (t))

(Eqn 2.62), respectively.

Since the actual change in electronic energy due to the hopping of trajectories in QTSH

corresponds to Ao;(t) rather than the change in the population of the proxy density matrix

Aa++7j<t)7 <AEelec(t)> = <Wg%e<t)>'

If there was self-consistency between the classically treated nuclear degrees of freedom and
the quantum mechanically treated electronic degrees of freedom due to the effect of the

quantum backreaction
(Weom) + (WL(1)) = 0, (2.64)
conserving energy since

(AEyin(t)) + (AFaec(t)) = 0. (2.65)

If the populations are perfectly localized and complete, we would expect that (W, ) =
<Wr?—>c> = <AEeleC(t)>‘

In Figs 2.13 and 2.14 we present the plots for (W), (We..), and (W._,) + (W2, for
the simple avoided crossing system [1] for the process involving electronic transitions from
the upper to the lower adiabatic surface (Fig 2.2), and from the lower to the upper adiabatic

surface (Fig 2.4), respectively.
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In Fig 2.15 we present the plot for (We_,,), (W2}, and (We_y,)+ (W2, ) for the dual avoided
crossing system [1] with the trajectories initially populating the lower adiabatic surface, for

the process depicted in Fig 2.8.

With reference to Fig 2.13 we observe that during the time interval ¢ ~ 10 fs to t ~ 30 fs,
when the trajectories hop from + — —, we find that (W, ) ~ (AFqe(t)) drops before
reaching an asymptotic value. This agrees with the decrease in electronic energy as a result

of the + — — electronic transition. While (W ¢

n—e

) is not the exact (AFEgec(t)), we find that
(Weosn) = (AEykn(t)), the work done by the quantum force to reduce the kinetic energy to

conserve the quantum-classical energy, perfectly offsets (W2, ), where (W) +(WS,.) = 0.

We make the same observation in Fig 2.14 with the change in (W2, ) and (W¢, ) changing
in opposite directions than in Fig 2.13 since the trajectories hop in the opposite direction

— = +.

With reference to Fig 2.15, we observe that (W2, ) ~ (AFqec(t)) increases during the time
interval ¢t = 7.5 fs and t &= 11.4 fs as a result of an increase in electronic energy that occurs
as trajectories hop from — — +. As observed in Fig 2.12 where a very small number of
trajectories hop from + — — during the time interval between ¢t ~ 11.4 fs and ¢t ~ 12 fs,

(Wi

n—e

) & (AFEge(t)) decreases slightly during that time interval. Following which, a large

change in (W, ) ~ (AFEqe(t)) corresponding to the large number of trajectories hopping

n—e
from + — —, was observed during the time interval between ¢t ~ 12 fs and ¢ =~ 17.5 fs. As
in Figs 2.13 and 2.14, we also observe that (W) = (AEy,(t)) perfectly offsets (W<

n—)e>7

where (W) + (W2,,) = 0.

The observation of (W,_,,)+ (W2

n—e

) = 0in Figs 2.13-2.15 implies that the feedback between
the classical nuclear degrees of freedom and the quantum electronic degrees of freedom
[3] would be properly incorporated in QTSH, ensuring that the quantum-classical energy is

perfectly conserved on average, if surface hopping was consistent, where (p, ,(t)) = (a; 1 (t)).
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As expected, we also observed that [(We_n(tana))| in Figs 2.13 and 2.14 were approximately
equal to the energy gap as summarized in Table 1.1, and the values of (We_,,(t)) at t = 11.4 fs
in Fig 2.15 were approximately equal to the energy gap as summarized in Tables 1.2 and 1.3,
for the various values of C'. This agrees with our derivation of W,_,, in the limit of complete

and localized population transfer (Eqn 2.46).

We now explore the surface hopping consistency and its effect on the feedback between the
classical nuclear degrees of freedom and the quantum electronic degrees of freedom [3] that

are responsible for properly capturing energy conservation in QTSH.

In Figs 2.16(a) and 2.17(a) we present the plots for (W, (t)), (W7, (t)), and (We_n(t)) +
(W (), and in Figs 2.16(b) and 2.17(b), we present the corresponding plots for (p,(t)),
(ay(t)), and the surface hopping consistency (p,(t)) — (a; (1)), for the simple avoided
crossing system [1] for the process involving electronic transitions from the upper to the
lower adiabatic surface (Fig 2.2), and from the lower to the upper adiabatic surface (Fig

2.4), respectively.

In Fig 2.18(a) we present the plot for (W, (1)), (W7, (1)), and (We_,,(t)) + (W2, (t)), and
in Fig 2.18(b), we present the corresponding plots for (p,.(t)), (a;1(t)), and the surface
hopping consistency (p4(t)) — (a4 (t)), for the dual avoided crossing system [1] with the
trajectories initially populating the lower adiabatic surface, for the process depicted in Fig

2.8.
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Figure 2.13: QTSH results for the phase space averaged work done by the electronic degrees
of freedom on the nuclear degrees of freedom (W,_,,(t)) and the work done by the nuclear
degrees of freedom on the electronic degrees of freedom calculated with a4 (t), (W2, (1)),
and its sum (W, (t)) + (W2, (t)) for the modified Tully’s simple avoided crossing system
at an initial average momentum hky = 15, with the initial population on the upper surface.
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Figure 2.14: QTSH results for the phase space averaged work done by the electronic degrees
of freedom on the nuclear degrees of freedom (W,_,,(¢)) and the work done by the nuclear
degrees of freedom on the electronic degrees of freedom calculated with a . (t), (Wi,.(¢)),
and its sum (W, (1)) + (W2, (t)) for the modified Tully’s simple avoided crossing system
at an initial average momentum hky = 15, with the initial population on the lower surface.
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Figure 2.15: QTSH results for the phase space averaged work done by the electronic degrees
of freedom on the nuclear degrees of freedom (W,_,,(¢)) and the work done by the nuclear

degrees of freedom on the electronic degrees of freedom calculated with a(t), (Wi,.(¢)),
and its sum (W, (t)) + (W5, (¢)) for the modified Tully’s dual avoided crossing system at

n—e
an initial average momentum hky = 40.3, with the initial population on the lower surface.

With reference to Fig 2.16(a), and Fig 2.17(a) we observed that the sum (W.,(t)) +
(W7 .(t)) deviate positively from zero, and negatively from zero, respectively. We also
observed that the deviation increases as C' increases, with the smallest deviation when
C = 0.0005, and the largest deviation when C' = 0.002. This shows that the feedback
between the classical nuclear degrees of freedom and the quantum electronic degrees of free-
dom [3] have not been properly incorporated, resulting in while good, less-than-perfect energy
conservation. The deviation begins at ¢ ~ 10 fs when the trajectories first start to hop, and

increases in size until ¢ ~ 30 fs, when the asymptotic value of (p,(t)) () is reached in Figs

2.16(b) and 2.17(b).
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Figure 2.16: QTSH results for the phase space averaged (a) work done by the electronic
degrees of freedom on the nuclear degrees of freedom (W,,(t)) and the work done by
the nuclear degrees of freedom on the electronic degrees of freedom calculated with Ao (t),
(WLe(2)), its sum (Wen(2)) + (W7

t
7..(t)), and (b) population on the upper adiabatic PES
(p++ (1)), proxy population on the upper adiabatic PES (a,(t)), and the surface hopping
consistency (py(t)) —

{(ay 1 (t)) for the modified Tully’s simple avoided crossing system at
an initial average momentum hky = 15, with the initial population on the upper adiabatic
surface.

The inset shows a magnified portion of the plot for the time interval between
t =10 fs and t =40 fs
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Figure 2.17: QTSH results for the phase space averaged (a) work done by the electronic
degrees of freedom on the nuclear degrees of freedom (W,_,(f)) and the work done by
the nuclear degrees of freedom on the electronic degrees of freedom calculated with Ac(t),
(Wa,(t)), its sum (W, (t)) + (W7, (¢)), and (b) population on the upper adiabatic PES
(p+1 (1)), proxy population on the upper adiabatic PES (a,,(¢)), and the surface hopping
consistency (py . (t)) — (a1 (t)) for the modified Tully’s simple avoided crossing system at
an initial average momentum hky = 15, with the initial population on the lower adiabatic

surface. The inset shows a magnified portion of the plot for the time interval between

t =10 fs and t = 40 fs
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Figure 2.18: QTSH results for the phase space averaged (a) work done by the electronic

degrees of freedom on the nuclear degrees of freedom (W,.,(t)) and the work done by
the nuclear degrees of freedom on the electronic degrees of freedom calculated with Ao(t),
(W2 (), its sum (We_,(t)) + (W7, (1)), and (b) population on the upper adiabatic PES
(p4++ (1)), proxy population on the upper adiabatic PES (a,(t)), and the surface hopping
consistency (p;(t)) — (a4 (t)) for the modified Tully’s dual avoided crossing system at an

initial average momentum hky = 40.3, with the initial population on the lower adiabatic
surface.

The inset shows a magnified portion of the plot for the time interval between
t="75fsand t =17.5fs
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Comparing Fig 2.16(a) with Fig 2.16(b), and Fig 2.17(a) with Fig 2.17(b), we observe that
the deviation of the surface hopping consistency (p, . (t)) — (a;(t)) from zero in Figs 2.16(b)
2.17(b) match the deviation of (W,_,,(¢)) + (W7

7 ..(t)) from zero. This shows that the surface

hopping consistency of QTSH impacts the proper incorporation of the feedback between the
classical and quantum subsystems [3] that determines the quality of energy conservation on

average.

With reference to Fig 2.18(a) we observed that the sum (W, (t)) + (W7

n—e

(t)) deviate
positively from zero from ¢ = 10 fs onwards. We also observed that the deviation increases
as C increases, with the smallest deviation when C' = 0.0005, and the largest deviation when
C = 0.002. This shows that the feedback between the classical nuclear degrees of freedom and
the quantum electronic degrees of freedom [3] have not been properly incorporated, resulting
in while good, less-than-perfect energy conservation. The deviation begins at ¢t &~ 10 fs when
the trajectories first start to hop, with fluctuations until ¢ = 17.5 fs, when the asymptotic
value of (py4(t)) (t) is reached in Fig 2.18(b).

Comparing Fig 2.18(a) with Fig 2.18(b), we observed that the deviation of the surface
hopping consistency (pi4(t)) — (ay4(t)) from zero in Fig 2.18(b) match the deviation of
(Weosn(t)) + (W2, (t)) from zero. This shows that the surface hopping consistency of QTSH
impacts the proper incorporation of the feedback between the classical and quantum sub-

systems [3] that determines the quality of energy conservation on average.

While not perfect, there is sufficiently good feedback between the nuclear and electronic

degrees of freedom in QTSH.

These results demonstrate the essentially quantitative accuracy of the QTSH method for
these simple systems that involve one or two non-adiabatic transitions. We note that for
these systems and initial conditions, FSSH give results that are essentially indistinguishable

from the QTSH observables. Differences occur between the trajectory approaches when
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processes are more non-classical, and the more “quantum” treatment of the energy budget
allows QTSH to simulate such processes where the strict classical energy conservation of

F'SSH leads to significant errors [63].

2.5 Conclusions

In this chapter, we have investigated the energetics of mixed quantum-classical systems from
the perspective provided by QTSH, where energy is conserved by the action of the quantum
forces on an ensemble level. This is in contrast to FSSH where energy conservation is imposed

on the trajectory level in the form of momentum jumps.

We have shown that QTSH, in the limit of complete and localized population transfer repro-
duce the momentum jumps of FSSH, further validating that the quantum forces in QTSH
act to conserve energy on an average ensemble level. This more accurately reflects reality
since quantum effects arise naturally as a result of the relaxation of strict classical constraints
on individual trajectories [53, 54, 79]. From the perspective of the foundations of quantum
mechanics, trajectories are hidden variables, and as Bell’s theorem established [90], a faith-
ful hidden variable theory must be non-local. The non-locality shows up in QTSH as the

relaxation of individual trajectory energy conservation.

In the limit of localized non-adiabatic transitions, where the physical assumptions behind
the FSSH algorithm becomes quantitatively valid, the momentum jumps should emerge from
an exact theory. We established this connection by deriving the FSSH algorithm from the

QTSH equations of motion.

For general non-adiabatic transitions that are not localized in time and space, the FSSH
momentum jumps are no longer rigorously valid. Finally, we have found that the feedback

between nuclear and electronic degrees of freedom, while not perfect, is well-incorporated in
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QTSH, mediated by the quantum forces that work to conserve the quantum-classical energy
on average without artificial external momentum rescaling. Improving the surface hopping
consistency of QTSH would result in the improvement of the feedback between nuclear and

electronic degrees of freedom, and as a result energy conservation.

74



Chapter 3

An Investigation of the

Representation Invariance of QTSH

3.1 Introduction

In quantum trajectory surface hopping (QTSH) [62, 63], the quantum-classical description
of multistate systems is derived rigorously from the quantum-classical limit of the multistate
Liouville equation, the quantum-classical Liouville equation (QCLE) [38-40], within the
framework of the independent trajectory approximation. QTSH in contrast to FSSH, is

well-defined in both the diabatic and adiabatic representations [62, 63].

If implemented correctly, QTSH should, in principle, be representation invariant. We should

be able to transform the results obtained from QTSH from one representation to another.

In this chapter, we derive the unitary transformation between the diabatic and the adia-
batic representations, in terms of the populations, coherences, and forces (both classical and

quantum) at the quantum-classical limit, within the framework of independent trajectories.
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In doing so, we find the transformation between QTSH results for these quantities in the

diabatic and adiabatic representations.

Finally, we perform QTSH simulations on the modified Tully’s simple avoided crossing and
dual avoided crossing systems [1] to test the representation invariance of QT'SH [62, 63]. We
will do so by running QTSH in both the diabatic and adiabatic representations, utilizing the
derived equations for phase space averaged quantities to convert the QTSH results in one
representation to the other representation at every timestep (Fig 3.1). We will then compare
the transformed QTSH results with the results obatined directly in the representation of

interest to test its invariance.

Run QTSH in...

A/Tra nsform\‘

Adiabatic Diabatic
Representation between Representation

Figure 3.1: Two sets of data can be obtained to test the representation invariance of Quantum
Trajectory Surface Hopping (QTSH). Running QTSH in the adiabatic representation and
converting the results to the diabatic representation (a2d QTSH), and running QTSH in
the diabatic representation and converting the results to the adiabatic representation (d2a
QTSH).
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3.2 Transformation Theory in the Quantum-Classical
Limit
In this section, we derive the diabatic-to-adiabatic (d2a) unitary transformation, and the

inverse adiabatic-to-diabatic (a2d) unitary transformation of the Wigner distribution [74, 75],

and the Weyl functions [71] for forces - both classical and quantum.

We then incorporate the framework of independent trajectories to find the system phase space
averages of the populations and coherences, and the forces - both classical and quantum, to
obtain equations that can be used to transform QTSH results from one representation to

another.

3.2.1 Wigner Distribution

The Wigner distribution [74, 75] in the adiabatic representation p*(q, p,t) and the diabatic
representation pP(q, p,t) are related by the Weyl functions [71] of the transformation ma-
trices U(q) and U'(q), similar to operators as given in Eqns 1.1-1.2, but taking the star
product (Eqn 1.16) [91], in place of the matrix product, between the Weyl functions [71] and
the Wigner distribution [74, 75].

This can be expressed as the diabatic-to-adiabatic (d2a) transformation,

p*(a.p,t) =U'(q)  p°(q,p,t) »U(q), (3.1)

and the adiabatic-to-diabatic (a2d) transformation,

p°(q.p.t) =U(q)  p*(q,p,t) »U'(q). (3.2)
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For the two-state system as described in Eqn 1.20, the star product as given in Eqn 3.1
was computed to obtain the populations/diagonal elements of the d2a transformed Wigner

distribution [74, 75] in the adiabatic representation p*(q, p,t), to O(h?), in terms of elements

of pP(gq.p,1).

The population/diagonal elements of the d2a transformed p*(q, p,t) were found to be

A apt) = p?l(q,p,t);-p%(q,p’ b, p?l(q,p,t);pz%(q,p,t) cos ()
+aP(q,p,t)sin¢(q) — hd(q)V,B"(q.p, 1)
2 2(.D D
_qud(q)<VP(pl ( t)2 P22 (q b, )) sin¢(q) - VZO&D(Q,I), t) cosd)(q))
+7"‘;2d (q)VQ(pn(q D )2+p b (4, D, 1)) Lo, (33)
A (gpd) = p?l(q,p,t)-gpzDz(q,pyt) _p?l(q,pi);pz%(q,p,t) cos 8(q)
- D(q7pa )Sln¢(q) (q) p/BD(qap7t)
2 2(.D
g (TP ZPELO) G 0y 30000, 1) o)
+7"‘;2d (q)VQ(pn(q P, )2+p b (4, D, 1)) o). (3.4)

The coherence/off-diagonal elements of the d2a transformed p*(q, p,t) were found to be

D D
qapvt - q)pat .
P (apt) = PHEPDIREPD Gy ) 0P(g,p.1) cosola)

2 2(,D _ ,D
_EV d( )<vp(p11(qaput)2 p22(q7p7t)) cos¢(q)+Vf,aD(q,p,t) Slnqb(q))

Vo (P2 (a,p.t) + PR (q, . 1))
2

2
H d @)V (a.p.1) + O, (35)

+i8"(g,p,t) —ihd(q)
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_plljl(qapvt) B pZDQ(q)pat)

P (q,pt) = . sin ¢(q) + aP (g, p, ) cos $(q)
_Tqu(q) <V% (oPi (g, P, t)2— h(apt) #(q) + V2aP (g, p,t)sin ¢(q)>
it + md(q)vp(p%(q,pvt); P (q,p,t))
—z’fcf?(q)viﬂD(q,p,t) + O, (3.6)

where Re (p}_(g,p.t)) = Re (p*,(q,p,t)) = o (q,p,t), and

Im (p?_(q,p,t)) = —Im (p* (q,p.1)) = B*(q,p,1).

The details of this Wigner-Moyal [91] transformation are documented in Appendix B.1. To

O(h°), the results agree with the findings in Ref [76].

With reference to Eqns 3.1 and 3.2, we observed that the unitary transformation for the
adiabatic-to-diabatic (a2d) transformation was the inverse of the of diabatic-to-adiabatic

(d2a) transformation.

Since the unitary matrix for the two-state system given by Eqn 1.6 consists of sines and
cosines of half the transformation angle @, the a2d transformation of the Wigner distribu-
tion [74, 75] was performed by replacing the transformation angle ¢(q) in the d2a equations

(Eqns 3.4-3.6) with the negative of the transformation angle —¢(q).

Since cosine is an even function, and sine is an odd function,

cos (—¢(q)) = cosd(q), (3.7)
sin (—¢(q)) = —sing(q). (3.8)
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Utilizing the above, we found the population/diagonal elements of the a2d transformed
Wigner distribution [74, 75] in the diabatic representation pP(q,p,t) to O(h?), in terms of
elements of p*(q,p,t) to be

pti(a.pt)+pt (q.p,t)  pti(a.pt)—p* (q,pt)

po(g,p,t) = 5 - 5 cos ¢(q)
—a™(q, p,t)sin ¢(q) — hd(q)VpB*(q. p,1t)
2 2 A A
(g (TP I @PO) G 0y 4 G307ty oot
2 2( A A
+h2dz(q)Vp(p++(q,p,t)2+p__(q,p,t)) Lo, (39)

phila,pt) +p2 (g.p,t)  pii(a,pt)—p2 (a.p.t)

p(a,p,t) = 5 5 cos ¢(q)
+a’(q,p,t)sin ¢(q) — hd(q)VpB*(q. p, 1)
2 VQ A 9 7t - é— ’ 7t
L) (RO R O) 5 )4 g peonola))
2( A A
+h;d2(q)vp(p++(q7pat)2+p——(q’pat)) +O(h3) (310)

The coherence/off-diagonal elements of the a2d transformed Wigner distribution [74, 75]

in the diabatic representation pP(q,p,t), to O(h?), in terms of elements of p*(q,p,t) were

found to be
A ) 7t - é— 9 at .
phapsy = PHEPOZPEIERD G hg) oA (g p ) cos ol
h2 v2 i 9 7t - é— ) 7t .
—4qu(Q)( P(p++(qp )2 p (qp )) cosqﬁ(q)—Vf,aA(q,p,t)Slnd)(q))
A A
i8N p.t) — ihd(g) Vp(p++(q,p,t)2+ P2 (q,p,1))
2
il (@) V38 a.p.0) + O(), (3.11)
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A A
Paps = PHEPOZPEERY G hg) A g p. ) cosola)
2( A A
_FLZV d( )(Vp(p++(%p,t)2 P__(q,Pat)) cosqﬁ(q) o Vf,aA(q,p, t) sincb(q))

vp(pi+(q7p7 t) + pé— (q7p7 t))
2

2
—i%dQ(q)VfﬁA(q,p,t) +O(r%), (3.12)

where Re (p13(q,p, ) = Re (01 (g, p, 1)) = aP(g,p, 1), and

Im (piy(q, p,t)) = —Im (p3(q, p,t)) = B°(q, p,1).

As QTSH is carried out within the framework of independent trajectories, the phase space
averages of a quantity for each trajectory were found at every timestep, and the average of

its sum was taken to be system phase space average of the quantity.

The phase space averaged elements of the Wigner distributions [74, 75] for each independent

trajectory (pi;(t)) were found by taking the integral over phase space given by

<pik:,j(t)> = //Pz‘k((b‘apjat)dqdp
= / / pir; ()6 (q — q;(t))0(p — p;(t))dgdp, (3.13)

and the phase space averaged elements of the Wigner distributions [74, 75] for the system

(pir(t)) were found by taking the average of the trajectory averages,

1 N
sz - N Z pzkg (314)

J
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To O(R°), the trajectory phase space averaged element <pﬁ +;(a,p, t)> for the element

pt. (g, p,t) of the d2a transformed Wigner distribution given by Eqn 3.4, in terms of the

elements of the Wigner distribution of the trajectories in the diabatic representation given

by Eqns 1.36-1.38 was found to be

O-]A(t) = p++] )>
- // < D o 6(q) + a7 (t) sin ¢(q)>5(q —q;(t))d(p — p;(t))dgdp + O(h)
_ 5 L2 <;> ~ L cosé(gy) + aP(t) sin(ay) + Oh). (3.15)

Similarly, to O(h°) the trajectory phase space averages of the other elements of the d2a

transformed Wigner distribution in the adiabatic representation were found to be

B (t)

<Pé—,j(t)>
D(t) -
L2707 s olay) — a2 (o) sinolay) +O). (3.10
A0+,
2
200(t) =1 b
i olg,) + aP() os (qy) + O(h), 3.17
A0 =0
y :
BY(t) + O(h). (3.18)
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The system phase space average of the d2a transformed Wigner distribution element pﬁ .(a,p,t)

in the framework of independent trajectories, < p_‘? +(t)> was the average over all trajectories,

N
) = Yok
N 20D () — 1
_ %Z G n ](;) cos 6(g;) + aP (1) sin ¢(qj)) +O(h). (3.19)
J

The same procedure was performed on the other elements of the d2a transformed Wigner
distribution in the adiabatic representation. The system phase space averages of the other

elements of the d2a transformed Wigner distribution were found, to O(hY), to be

oDt -

) = 23 (5 cosola) - aPBsinaa) ) + OO (3:20
oDt -

<aA(t)> = % Z ( — 2](;)1 sin ¢(q;) + a?(t) cos qb(qj)> + O(h), (3.21)

(BA0) = 3P +Om). (3.22)

By substituting Eqns 3.7-3.8 into Eqns 3.19-3.22, we found the system phase space averages
of the a2d transformed Wigner distribution [74, 75], to O(h°), to be

N

WRO) = 5 cosolay) - a ()sinola) ) + O (3.29
1 208(t) -1

T ( _ 2o\l

-y cosoly) + aXBsinolay) ) + O (3:24)

BO) = +
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208(t) — 1
(aD(t)> = % ; (](;) sin ¢(gq;) + af(t) cos qﬁ(qj)> + O(h), (3.25)
(W) = 5 S0 + O, (3.26)
J

In performing these derivations, we have assumed that the trajectories in both the diabatic
and adiabatic representations are represented by the same delta functions o (q —qj (t))(5 (p —
pj(t)). Making this assumption does not impact the transformed Wigner distribution [74, 75]

to O(h°), but does not hold when higher order terms are included in the transformation.

Preliminary work done on the transformation theory of independent trajectories by Martens

[92] will be briefly introduced in Section 3.6.

3.2.2 Forces

The classical forces in QTSH [62, 63] are related to the negative gradient of the diagonal
elements of the Weyl functions [71] for potential energy, and the quantum forces in QTSH
(62, 63] are related to the coupling of the nuclear and electronic degrees of freedom that
are associated with the off-diagonal elements of the Hamiltonian and the off-diagonal ele-

ments/coherences of the Wigner distribution [74, 75].

We first perform the d2a unitary and the inverse a2d unitary transformation on the Weyl
functions [71] for potential energy, before taking its negative gradient to obtain the Weyl

functions [71] for is corresponding force.
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The 2 x 2 Weyl function [71] for the potential energy of the two-state system in the diabatic

representation VP(q), can be represented in terms of diabatic potentials as

V(g = Vilg) Via(q) | (3.27)

Via(q) Va(q)

Since VP (q) only depends on g, the star product (Eqn 1.16) [91] of the d2a unitary trans-

formation of the Weyl function [71] given by Eqn 3.1 was equivalent to the matrix product

VA(q) = U'(q)VP(q)U(q) = , (3.28)

where

V() = SO (ADZBE o) 4 visinola) ). (3.29
and

V() = Vr(g) = ~ DV G ) 4 ving) cos o) = 0 (3.30)

As in the case of VP(q), VA(q) only depends on q. Consequently, the star product (Eqn
1.16) [91] of the inverse a2d unitary transformation of the Weyl function [71] given by Eqn

3.2 was the matrix product

Vi) — Ulgviguig—| @ 9 (3.31)

Via(q) Va(q)
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where

and
Vista) = 0V o (). (3:33)

Having found the d2a and a2d transformed Weyl functions [71] for the potential energy in
the adiabatic and diabatic representations, V*(q) and VP (q), respectively, we now find the
corresponding d2a and a2d transformed Weyl functions [71] for the classical, quantum and

total forces in the adiabatic and diabatic representations.

The d2a transformed Weyl function [71] for the classical force F4:

class

(g) for the two-state
system in the adiabatic representation was obtained by taking the negative gradient of the
d2a transformed Weyl function [71] of the diagonal adiabatic potential V(q) as given in
Eqn 3.28

FA

class

F
(@) = =VqViq) = : (3.34)

where Fy(q) = —V,Vi(q).

Since V4(q) for the two-state system is diagonal, only the classical force in the adiabatic

representation F3 _(q) is related to V2 (q).

class
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The d2a transformed elements of the Weyl function F.

hss(@) in terms of diabatic potentials

was obtained by taking the negative gradient of the adiabatic potential given by Eqn 3.29,

giving the expression

~ VgVi(g) + V4lal(q)
2
VVi(q) — V4Va(q)
:F( .

Fi(q) =

cosola) + VyVila) sin(a) ). (3.35)

Since Weyl function of the adiabatic potential (Eqn 3.28) is diagonal, the adiabatic quantum
force arises from the off-diagonal elements of the Weyl function [71] for kinetic energy in
the adiabatic representation, which is closely related to the momentum in the adiabatic

representation p*(q, p).

The Weyl function [71] for momentum in the adiabatic representation p*(q, p) can be split

into its diagonal and off-diagonal components

Pling + Pt diag: (3.36)
where
p 0
Plliag = : (3.37)
0 p
and
0 —ihd(q)
Phit-ding = - (3.38)
ihd(q) 0
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We note that the off-diagonal elements of the Weyl function [71] for momentum in the
adiabatic representation pfﬁ_diag contains the non-adiabatic coupling vector d(q) that couples

the electronic and nuclear degrees of freedom.

The trajectory phase space averaged off-diagonal momentum within the independent trajec-

tory framework was found to be

p?ﬂ—diag,j(t) = Tr (pOAH—diagpA(qj7pj7t))

= —2nd(q)5M(), (3.30)

A A A o (t) R (B)+iB (1)
where p*(g;,p;. 1) = p;(1)0(q — q;(t))3(p — p;(1)), and p}(t) = <a§\(t>_m¢<t) oA ) ).

Since force is the time-derivative of momentum, the time-derivative of the off-diagonal mo-
mentum associated with the coherence terms of the Wigner distribution p*(q, p,t) [74, 75

gave the quantum force F2 The phase space averaged quantum force for the trajectory

quant*

J (Fan

hant (1)) Was obtained by taking the time derivative of (Pl giae;(£))

<Fcﬁlam,j (t)> - <p§ff—diag,j (t)>

= —2hd(q;)B} 1), (3.40)

noting that the non-adiabatic coupling vector d(q) can be expressed in terms of the diabatic

potentials and hw?(q) = Vi, (q) — V__(q) as

- _vq‘/l2(q)

d(q) _ th(q) qu1<q) B Vq‘/z(Q)

2hw?(q)

oso(q) + sin ¢(q). (3.41)
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When BJA (t) in Eqn 2.23 was substituted into the above Eqn 3.40, the trajectory phase space

average quantum force for the system in the adiabatic representation

(Fiani ;1)) = 2hd(q;)w®(gq;)a (t). (3.42)

The derived expression is congruous with our previous result given in Eqn 2.33.

Substituting Eqns 3.18 and 3.41, into Eqn 3.42, the d2a transformed trajectory phase space

average quantum force for the system was found to be

<F(ﬁ1ant,j(t)> = _QQ?(t) (quVH(qJ') cos p(g;) — (quvl(qj') - quZ(qj)) sin ¢((Ij)>

Y, Via(gy) ((20?@) ~ 1) sin d(gy) cos d(qy) — 20P(t) cos? ¢<q]~>)
_qu (Vl(qj) - VZ(‘U)) <(

207 () — 1) sin® ¢(qj)>

2
Vg, (Vi(g;) — Va(g)))
+ J2 J (

202 (0)sn o(a;) cos ) ) (3.43)

The Weyl function [71] for force in the adiabatic representation has both a classical and
quantum component. The classical component was derived from the negative gradient of the
potential energy V4(q), and the quantum component was derived from the time derivative

of the off-diagonal terms of the kinetic energy pl 4.,(q)-
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Similarly, the Weyl function [71] for force in the diabatic representation F2 (q) for the

cons

two-state system was obtained by taking the negative gradient of the Weyl function [71] of

the adiabatic potential VP(q) as given in Eqn 3.31, and found to be

D@ =g |0 0 ey (3.44)

0 Fyq) Fix(q) 0

g

F(Puant (q)

where F/5(q) = —V4Vi2(q) and Fia(q) = —V¢Via(q).

Since VP(q) for the two-state system has off-diagonal terms, FP(q) can be broken down

into a classical component FY._(q) with only diagonal terms, and a quantum component

class

FD

quant

(q) with only off-diagonal terms.

The elements of the a2d transformed Weyl function FP(q) in terms of adiabatic potentials
were obtained by taking the negative gradient of the diabatic potentials in Eqns 3.32-3.33

giving the expressions

VgVi(g) +V4Vo(q)

F1D/2(Q) = 9
F(TH I o)+ (Vi) - V- @)dl@sin o). (35
and
Fg) = Y@= Vahl@) g bon s (vi(q) - Vo@)d@singlg),  (3.46)
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where

Fi(q 0
P , (3.47)
0 Fy(q)
and
0 Fis(q
FP. = 12(0) | (3.48)
F12(q) 0

We now compute the system phase space averaged classical and quantum force components
for the adiabatic and diabatic representations, obtained by performing the d2a and a2d
transformations, respectively. These equations were used to obtain the d2a and a2d QTSH

numerical results in Section 3.4.2.

The classical component of the d2a transformed Weyl function for force F4

. (q) associates

with the population/diagonal terms of the d2a Wigner distribution [74, 75]. The d2a phase

space averaged classical force was found to be represented by

(Fihass ()

Tr (Fé?ass(cI)PA(q p,t))

= —Zﬂ ()02 (t) + F(g;) (1 — o (1))
_ Z( Vo, (Vilgy) + Va(ay))

2

_qu (Vl( j; _ VQ(qj)) ((20}3@) — 1) cos? o(qj) + 204?(15) sin ¢(q;) cos qﬁ(qj))

—Vg;Vi2(q;) ((20}3@) — 1) sin ¢(q;) cos ¢(q;) + 204}3(t) sin? ¢(qj)>> . (3.49)
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Taking the ensemble average of the d2a transformed trajectory phase space averaged quan-
tum force (F2 quant, ](t)> in terms of diabatic potentials given by Eqn 3.43, the expression for
the d2a transformed system phase space averaged quantum force in the adiabatic represen-

tation, (FA.,.(t)) was found to be

< quant > = N Z< quant, j

Y Z (qu Via(a)) ((20}3(’5) — 1) sin ¢(g;) cos ¢(g;) — 205 (t) cos® ¢(qj)>
;

_qu (Vl(‘b Va(q )) <(2U (t) — 1) gin2 ¢(qj)>

Va(g;)) <

4 qu (Vl (q;

) —
2
; 2a?(t) sin ¢(g;) cos ¢(qj)>>. (3.50)

The d2a transformed phase space averaged total force was found by taking the sum of the

d2a transformed phase space averaged classical (Eqn 3.49) and quantum force (Eqn 3.50)

(Fio() = (Fiass(t) + (Fopane (1))

1L Vo, (Vilgy) + Valay) Vo, (Vilgy) — Valgy)
N > ( B 2 B 2 (

20;-)(75) — 1)

—2vqjvu<qj>a?<t>>. (3.51)

With reference to Eqn 1.66, where the equation of motion for momentum is the force for
a trajectory in the diabatic representation, we find that the expression for <F£t(t)> in Eqn

3.51 is in fact the phase space averaged total force in the diabatic representation <Ft]3t(t)>,
(Fio(t)) = (Fio, (1)) (3.52)
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Since the classical component of the a2d transformed Weyl function for force FY. . (q) as-
sociates with the population/diagonal terms of the a2d transformed Wigner distribution

(74, 75], the a2d transformed phase space averaged classical force was represented by

< class > = Tr (Fc]ljass( )pD(q,p,t))

_ 721?1 ;)07 () + Fa(g;) (1 — 0 (1))
s (Vi(gy) + V_(qy))
- Nz< Vo 2
_vqj(v-i-( j) -

)= V() ((za;\@) — 1) cos” 6(g;) — 207 (t) sin 6(q >cos¢<%>)

M q)d(q) <(20;\<t> ~ 1) sin6(gy) cos d(qy) — 20 (1) sin? ¢<qj>), (3.53)

where hw™(g;) = Vi(g;) + V_(g;).

Since F, Cll?lant(q) only has off-diagonal elements that associates with the coherence/off-diagonal
terms of the a2d transformed Wigner distribution [74, 75], the a2d transformed phase space

averaged quantum force was represented by

(Fpant(®)) = Tt (Fan(@)p” (g, p.t))
- ;Zwm(qj)aj (v
= — Z ( Va, (Vi (g, ; V-(9)) (QO'JA(t) -1) sin” ¢(q;)

B qu (V+( j; _ V_(qj)) 204?(15) sin ¢(q;) cos ¢(q;)

+th(qj)d(q) ((20?(75) — 1) sin ¢(q;) cos ¢(q;) + Qaf(t) cos? gb(qj)) . (3.54)
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The a2d transformed phase space averaged total force in the diabatic representation in terms
of the adiabatic potentials was found by taking the sum of the a2d transformed phase space

averaged classical (Eqn 3.53) and quantum force (Eqn 3.54)

<Ft]c3)t(t)> = <Fc]13ass(t)> + <Fo]1?1ant(t)>
_ 1 i (_ Vg, (Vi(a) +Vo(ay)) Vg, (Vilg) — V-(g))) (

D
v 5 5 207 (t) — 1)

J

+2th(qj>a;*(t)d(q)> . (3.55)

With reference to Eqn 1.69, where the equation of motion for the kinematic momentum is the
force for a trajectory in the adiabatic representation, we find that the expression for (F(¢))
in Eqn 3.51 is equal to the phase space averaged total force in the adiabatic representation

(F,(t)), recovering the derived Eqn 3.52.

While the same system are apparently different in the adiabatic and the diabatic representa-
tion, the total forces acting on the trajectories in each representation are identical, although
the classical force components and quantum force components, given by Eqns 3.49 and 3.50
in the adiabatic representation, and Eqns 3.53 and 3.54 in the diabatic representation, re-

spectively, are vastly different.

While a non-adiabatic process in each representation can involve differing degrees of classical
or non-classical effects of forces, the trajectories in either representation experience the same

phase space averaged force at any given time.

We will explore the classical and non-classical effects of forces and representation in Chapter

4.
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3.3 Computational Details

The description of the systems used and the simulation details are as given in Section 2.3 of

Chapter 2, with the following additions.
In this chapter, we ran QTSH in both the adiabatic and diabatic representations.

We utilized the derived d2a and a2d equations for the phase space averaged Wigner dis-
tribution [74, 75], and forces in Section 3.2 to transform the QTSH results in the diabatic
representation to the adiabatic representation (d2a QTSH), and to transform the QTSH

results in the adiabatic representation to the diabatic representation (a2d QTSH).

3.4 Results & Discussion

In this section we compare the adiabatic QTSH and d2a QTSH results, and the diabatic
QTSH and a2d QTSH results for the elements of the Wigner distribution [74, 75] and the
forces. We also show that, as derived in Section 3.2.2, while the system is apparently different
in the diabatic and adiabatic representations, the total forces acting on trajectories are the

same in both representations (Eqn 3.52).

3.4.1 Wigner Distribution

We first examine the dynamics of the elements of the Wigner distribution [74, 75].

To obtain the d2a QTSH and a2d QTSH results for the elements of the Wigner distribution
[74, 75] in the adiabatic and diabatic representations, respectively, we applied Eqns 3.19-3.22
to the diabatic QTSH results, and applied Eqns 3.23-3.26 to the adiabatic QTSH results,

respectively.
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We now present the d2a and a2d QTSH results for the populations and coherence for the

processes in the simple avoided crossing and the dual avoided crossing systems [1].
We first consider the populations/diagonal elements of the Wigner distribution [74, 75].

In Figs 3.2-3.4, we present (a) the comparison of the adiabatic QTSH and d2a QTSH re-
sults for the phase space averaged adiabatic population (p,(t)) against the exact quantum
results, and (b) the comparison of the diabatic QTSH and a2d QTSH results for the phase
space averaged diabatic population (p11(t)) against the exact quantum results, for the non-

adiabatic processes in the simple avoided crossing and dual avoided crossing systems [1].

Fig 3.2 shows the QTSH results for the non-adiabatic process in the simple avoided crossing
system [1] that involves the + — — electronic transition in the adiabatic representation (Fig
2.2), and its corresponding process in the diabatic representation depicted in Fig 2.3. Fig 3.3
shows the QTSH results for the non-adiabatic process in the simple avoided crossing system
[1] that involves the — — + electronic transition in the adiabatic representation (Fig 2.4),

and its corresponding process in the diabatic representation depicted in Fig 2.5.

Fig 3.4 shows the QTSH results for the non-adiabatic process in the dual avoided crossing sys-
tem [1] that involves a non-adiabatic transition — — +, followed by a second non-adiabatic
transition + — — in the adiabatic representation (Fig 2.8), and its corresponding process in

the diabatic representation depicted in Fig. 2.9.

We first provide a cursory analysis of the representation invariance of the phase space average
populations/diagonal terms of the Wigner distribution [74, 75] by comparing the adiabatic
QTSH results and d2a QTSH results for (p,(t)), and the diabatic QTSH results and a2d
QTSH results for (p11(t)).
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With reference to Figs 3.2(a), 3.3(a) and 3.4(a), and Figs 3.2(b), 3.3(b) and 3.4(b), the
agreement between the adiabatic QTSH results and d2a QTSH results for (p,(t)), and
the agreement between the diabatic QTSH results and a2d QTSH results for (pi1(t)) are

essentially quantitative with slight deviations.

Since the d2a QTSH results and the adiabatic QTSH results in the adiabatic representation,
and the a2d QTSH results and the diabatic QTSH results, are in good agreement, the
system phase space averaged components of the diagonal /population elements of the Wigner
distribution [74, 75] computed by the QTSH method can be considered to be representation

invariant, with slight discrepancies.

We now provide a more in-depth analysis of the accuracy of the phase space average popula-
tions/diagonal terms of the Wigner distribution [74, 75] by comparing the adiabatic QT'SH
results and d2a QTSH results for (p,(t)) with the exact quantum results, and the diabatic

QTSH results and a2d QTSH results for (p11(¢)) with the exact quantum results.
We first examine the (p,(t)) results in the adiabatic representation.

With reference to Figs 3.2(a) and 3.3(a), we found that the population transfer from + — —
and — — + occurs, observed in the plot as a change in (p,,(t)), during the transition
time interval between t ~ 10 fs and ¢t ~ 30 fs, before reaching an asymptotic value. The
magnitude of the change in (p,, (t)) to the asymptotic value indicates the size/completeness
of the population transfer. The completeness of the population transfer increased when the
size of the diabatic coupling constant C' was increased from C' = 0.0005 to C' = 0.002. The
observation is consistent with the non-adiabatic coupling vector d(q;) being broadest with

the smallest magnitude, for C' = 0.002 (Fig 1.1(b)).
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Figure 3.2: Comparison of exact quantum result for (a) the phase space average population
(p4+(t)) with the adiabatic QT'SH result and the transformed d2a QTSH result, and (b) the

100

phase space average population (p11(¢)) with the diabatic QTSH result, and the transformed
a2d QTSH result, for the for the processes described in Figs 2.2 and 2.3 for the simple

avoided crossing system described by the diabatic potentials given by Eqns 1.83-1.84. The
inset shows the magnified plot between ¢ = 10 fs and ¢ = 40 fs.
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Figure 3.3: Comparison of exact quantum result for (a) the phase space average population
(p4+(t)) with the adiabatic QTSH result and the transformed d2a QTSH result, and (b) the
phase space average population (p1;(t)) with the diabatic QTSH result, and the transformed

a2d QTSH result, for the for the processes described in Figs 2.4 and 2.5 for the simple
avoided crossing system described by the diabatic potentials given by Eqns 1.83-1.84. The

inset shows the magnified plot between ¢ = 10 fs and ¢ = 40 fs.
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Figure 3.4: Comparison of exact quantum result for (a) the phase space average population
(p++(t)) with the adiabatic QT'SH result and the transformed d2a QTSH result, and (b) the
phase space average population (p1;(t)) with the diabatic QTSH result, and the transformed

a2d QTSH result, for the for the processes described in Figs 2.8 and 2.9 for the dual avoided
crossing system described by the diabatic potentials given by Eqns 1.86-1.87. The inset

shows the magnified plot between ¢t = 7.5 fs and ¢t = 17.5 fs.
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We also observed that the deviation of the adiabatic QTSH results and the d2a QTSH results
from the exact quantum results decreased as C' increased from C' = 0.0005 to C' = 0.002,
in both Figs 3.2(a) and 3.3(a). This showed that the accuracy of QTSH in the adiabatic
representation increased with the completeness and locality of the population transfer for

both non-adiabatic processes occuring in the simple avoided crossing model [1].

With reference to Fig 3.2(a), we observed that the d2a QTSH result deviate from the exact
quantum result to a smaller extent than the adiabatic QTSH result. The improved accuracy
of the d2a QTSH result over the adiabatic QTSH result was most noticeable when C' was
largest. This suggests that the d2a QTSH result was slightly more accurate than the adia-
batic QTSH result for the non-adiabatic process depicted by Fig 2.2 for the simple avoided
crossing system [1], and that the most appreciable difference in accuracy was observed when

population transfer was least complete and localized.

Since QTSH results in the adiabatic representation were less accurate than the d2a QTSH
results, the non-adiabatic process involving the + — — electronic transition, depicted by
Fig 2.2 for the simple avoided crossing system [1] is likely to be captured more accurately in

the diabatic representation.

With reference to Fig 3.3(a), the adiabatic QTSH result and d2a QTSH result were almost
identical for all systems. This suggests that QTSH performed in either representation was
likely to be similarly accurate for all values of C for the process depicted by Fig 2.4 for the

simple avoided crossing model [1].

With reference to Fig 3.4(a), we found that the first population transfer from the lower
adiabatic state V_(q) to the upper adiabatic state V., (q) occurs, observed in the plot as
a decrease in (p;(t)) over time, we find that the adiabatic QTSH and d2a QTSH results
are in almost perfect agreement with the quantum results until ¢t ~ 10 fs, with the highest

accuracy for when C' is smallest. From t ~ 10 fs to ¢t ~ 11.4 fs we find that both the
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adiabatic QTSH and d2a QTSH results are slightly higher than the quantum results. The
first population transfer was most complete for the dual avoided crossing system [1] with the
smallest C' = 0.0015, and least complete for the dual avoided crossing system [1] with the
largest C' = 0.006.

From t ~ 114 fs to t ~ 12 fs, where the quantum results are constant indicating that
no electronic transition occurred during that time period, the adiabatic QTSH and d2a
QTSH results deviated slightly from the quantum result, with the size of the deviation being
smaller for the d2a QTSH result than the adiabatic QTSH result. After ¢ ~ 12 fs, the
second population transfer from the upper adiabatic state V. (q) to the lower adiabatic state
V_(q) occurs with a decrease in the adiabatic QT'SH and d2a QTSH results, almost perfectly
matching the quantum result to an asymptotic value close to zero, repopulating the initial

lower adiabatic state V_(q).

Since the deviation from the quantum result that occurs mainly during the ¢ ~ 10 fs to the
t =~ 12 fs time period, with the d2a QTSH result being closer to the quantum result than the
adiabatic result, it is plausible that QTSH in the diabatic representation is more accurate
than in the adiabatic representation for the process depicted in Fig 2.8 for the dual avoided

crossing system [1].

The inverse relation between the accuracy of the adiabatic QTSH and d2a QTSH results
and the completeness of the population transfer, as observed in Figs 3.2(a) and 3.4(a) can
be explained as follows. A larger population remains on the initial adiabatic state, when
a smaller population transfer occurs. This makes the interference between the populations
on the upper adiabatic state V. (q) and lower adiabatic state V_(q) more significant. As
interference effects are poorly captured when independent trajectories are used [4], QTSH
that utilizes independent trajectories [62, 63] gives less accurate results when interference

effects are more significant.
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We now examine the (p11(t)) results in the diabatic representation.

With reference to Figs 3.2(b) and 3.3(b), a very small population transfer occurs from the
diabatic state Vi(q) to the diabatic state V5(q), indicated by the change in (p;1(¢)) during
the population transfer time interval between ¢ ~ 10 fs and ¢ ~ 30 fs, before reaching an
asymptotic value. We found that converse to the corresponding process in the adiabatic
representation, the largest magnitude of population transfer occurred when the size of the

diabatic coupling constant was increased from C' = 0.0005 to C' = 0.002.

With reference to Fig 3.2(b), when C' = 0.0005, the diabatic QT'SH and a2d QTSH results
almost perfectly match the quantum results with almost no population transfer. For the
systems with C' = 0.001 and C' = 0.002, the diabatic QTSH and a2d QTSH results gave
good agreement with the quantum results with the diabatic QTSH results being slightly

more accurate than the a2d QTSH result in both systems.

This corroborates our earlier assertion that the process depicted by Fig 2.2 for the simple
avoided crossing system [1] is likely to be captured more accurately in the diabatic represen-

tation.

We will explore how the representation invariance of QTSH can be exploited to obtain more

accurate results in the representation of choice in Section 4.4.2 in Chapter 4.

With reference to Fig 3.3(b), the diabatic QTSH result and a2d QTSH result were almost
identical for all systems. This suggests that QTSH performed in either representation was
likely to be similarly accurate for all values of C' for the process depicted by Fig 2.4 for the

simple avoided crossing model [1].

This corroborates our earlier assertion that QTSH performed in either representation was
likely to be similarly accurate for all values of C' for the process depicted by Fig 2.4 for the

simple avoided crossing model [1].
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With reference to 3.4(b), we find that a small first population transfer from the diabatic state
V5(q) to the diabatic state Vi (q) occurs with (p11(t)) increasing, with the largest population
transfer occurring when C' was largest, during the time period between ¢t = 0 fs to t &~ 12 fs.
For the system with C' = 0.0015, the population transfer was very close to zero, with the
diabatic QTSH result matching the exact quantum result almost exactly, while the a2d
QTSH result deviated slightly from the quantum result, between ¢ =~ 10 fs to t ~ 11.4 fs,
reflecting inaccuracies in that time period found in the corresponding adiabatic QTSH result
in Fig 3.4(a), as described above. For the time period between ¢t = 0 fs to t ~ 12 fs, the
diabatic QTSH result almost perfectly agrees with the quantum results, while the a2d QTSH

results slightly deviates during this time period.

After t ~ 12 fs, the second population transfer from the diabatic state Vi(q) to the diabatic
state V5(q) occurs with a decrease in the diabatic QTSH and d2a QTSH results, almost
perfectly matching the quantum result to an asymptotic value close to zero, repopulating

the initial diabatic state V5(q).

Similar to the adiabatic representation, the deviation from the quantum result occurs mainly
in the t =~ 10 fs to the ¢t &~ 12 fs time period, with the diabatic QTSH result being closer to

the quantum result than the a2d QTSH result.

This agrees with the earlier assertion that the QTSH in the diabatic representation being
more accurate than QTSH in the adiabatic representation for this process. This will be

further explored in Section 4.4.2 in Chapter 4.

Having examined the diagonal/population component of the Wigner distribution [74, 75],
we now examine the real and imaginary parts of the off-diagonal /coherence components of

the Wigner distribution [74, 75] for the same processes.

We will first examine the phase space averaged real part of the off-diagonal /coherence com-

ponents of the Wigner distribution [74, 75] in the adiabatic and diabatic representations
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(a®(t)) and (aP(t)).

In Figs 3.5 and 3.6, we present (a) the comparison of the adiabatic QTSH and d2a QTSH
results for the phase space averaged adiabatic population <aA(t)> against the exact quantum
results, and (b) the comparison of the diabatic QTSH and a2d QTSH results for the phase
space averaged diabatic population <aD(t)> against the exact quantum results for the non-
adiabatic processes occurring in the simple avoided crossing system [1] that involve the
+ — — electronic transition (Fig 2.2), and the — — + electronic transition (Fig 2.4)
in the adiabatic representation, respectively. The corresponding processes in the diabatic

representation are depicted in Figs 2.3 and 2.5, respectively.

In Fig 3.7, we present (a) the comparison of the adiabatic QTSH and d2a QTSH results for
the phase space averaged adiabatic population <aA(t)> against the exact quantum results,
and (b) the comparison of the diabatic QT'SH and a2d QTSH results for the phase space
averaged diabatic population <ozD(t)> against the exact quantum results, for the dual avoided
crossing system [1] that involves the non-adiabatic transition from the lower adiabatic state
to the upper adiabatic state — — +, followed by a second non-adiabatic transition from the
upper adiabatic state to the lower adiabatic state + — — in the adiabatic representation

(Fig 2.8). The corresponding process in the diabatic representation is depicted in Fig. 2.9.

We first provide a cursory analysis of the representation invariance of the phase space average
of the real part of the coherences/off-diagonal terms of the Wigner distribution [74, 75| by
comparing the adiabatic QTSH results and d2a QTSH results for <aA(t)>, and the diabatic
QTSH results and a2d QTSH results for (aP(t)).

With reference to Figs 3.5(a), 3.6(a) and 3.7(a), and Figs 3.5(b), 3.6(b) and 3.7(b), we found
that the adiabatic QTSH results and d2a QTSH results for <aA(t)>, and the diabatic QTSH

results and a2d QTSH results for <04D (t)>, are in good agreement with slight deviations.
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Figure 3.5: Comparison of exact quantum result for (a) the phase space averaged real part
of the coherence <aA(t)> with the adiabatic QTSH result and the transformed d2a QTSH
result, and (b) the phase space averaged real part of the coherence <aD(t)> with the diabatic
QTSH result, and the transformed a2d QTSH result, for the for the processes described in
Figs 2.2 and 2.3 for the simple avoided crossing system described by the diabatic potentials
given by Eqns 1.83-1.84. The inset shows the magnified plot between ¢ = 10 fs and ¢t = 40 fs.
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Figure 3.6: Comparison of exact quantum result for (a) the phase space averaged real part
of the coherence (a*(t)) with the adiabatic QTSH result and the transformed d2a QTSH
result, and (b) the phase space averaged real part of the coherence (aP(t)) with the diabatic
QTSH result, and the transformed a2d QTSH result, for the for the processes described in
Figs 2.4 and 2.5 for the simple avoided crossing system described by the diabatic potentials
given by Eqns 1.83-1.84. The inset shows the magnified plot between ¢ = 10 fs and ¢ = 40 fs.
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Figure 3.7: Comparison of exact quantum result for (a) the phase space averaged real part
of the coherence <aA(t)> with the adiabatic QTSH result and the transformed d2a QTSH

result, and (b) the phase space averaged real part of the coherence <aD (t)> with the diabatic
QTSH result, and the transformed a2d QTSH result, for the for the processes described in

Figs 2.8 and 2.9 for the dual avoided crossing system described by the diabatic potentials
given by Eqns 1.86-1.87. The black box highlights the plot between ¢t = 7.5 fsand t = 17.5 fs.

108



Since the d2a QTSH results and the QTSH results in the adiabatic representation, and the
a2d QTSH results and the QTSH results in the diabatic representation are in good agreement,
the system phase space averaged components of the real part of the off-diagonal/coherence
elements of the Wigner distribution [74, 75] computed by QTSH is representation invariant,

with the slight discrepancies.

We now provide a more in-depth analysis of the accuracy of the phase space average real part
of the coherences/off-diagonal terms of the Wigner distribution [74, 75] by comparing the
adiabatic QTSH results and d2a QTSH results for <aA(t)> with the exact quantum results,
and the diabatic QTSH results and a2d QTSH results for <aD(t)> with the exact quantum

results.

With reference to Figs 3.5(a) and 3.6(a), and Figs 3.5(b) and 3.6(b), we also found that the
adiabtic QTSH and d2a QTSH results for <aA(t)>, and the diabatic QTSH and a2d QTSH
results for <aD (t)>, in comparison to the exact quantum results, were slightly displaced in the
positive direction and of larger magnitude after ¢ ~ 30 fs. This effect was most pronounced
for the systems with the largest diabatic coupling constant C. This overcoherence [1, 3]
observed is a consequence of utilizing independent trajectories. In order to correctly capture

the quantum coherence, trajectories have to be interdependent [39-41, 52-58].

With reference to Fig 3.7(a) and (b), we found that the adiabatic QTSH and d2a QTSH (a™*)
results and the we found that the diabatic QTSH and a2d QTSH <aD> results deviated more
significantly the exact quantum result, after ¢ ~ 12 fs, when the second transition from the
upper adiabatic state V,(q) to the lower adiabatic state V_(q) takes place. The results were
also slightly displaced in the positive direction and the oscillations are of larger amplitude
than the exact quantum results after 12 fs. This effect was most pronounced for the systems

with the largest diabatic coupling constant C'
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The observation of the increase in the amplitude of oscillations after the first transition
agrees with our understanding of the overcoherence of the QTSH method as a result of the

independent trajectory approximation made [1, 3].

We now examine the phase space averaged imaginary part of the off-diagonal/coherence

components of the Wigner distribution [74, 75] in the adiabatic and diabatic representations

(B*(t)) and (BP(t)).

In Figs 3.8 and 3.9, we present (a) the comparison of the adiabatic QTSH and d2a QTSH
results for the phase space averaged adiabatic population < BA(t)> against the exact quantum
results, and (b) the comparison of the diabatic QTSH and a2d QTSH results for the phase
space averaged diabatic population <BD(t)> against the exact quantum results, for the simple
avoided crossing system [1] involving the non-adiabatic processes that include the + — —
electronic transition (Fig 2.2) and the — — + electronic transition (Fig 2.4) in the adiabatic
representation, respectively. The corresponding processes in the diabatic representation are

depicted in Figs 2.3 and 2.5, respectively.

In Fig 3.10, we present (a) the comparison of the adiabatic QTSH and d2a QTSH results
for the phase space averaged adiabatic population <BA(t)> against the exact quantum re-
sults, and (b) the comparison of the diabatic QTSH and a2d QTSH results for the phase
space averaged diabatic population < BD(t)> against the exact quantum results, for the non-
adiabatic process in the dual avoided crossing system [1] that involves the non-adiabatic
transition from the lower adiabatic state to the upper adiabatic state — — +, followed by a
second non-adiabatic transition from the upper adiabatic state to the lower adiabatic state
+ — — in the adiabatic representation (Fig 2.8). The corresponding process in the diabatic

representation is depicted in Fig. 2.9.

We provide a cursory analysis of the representation invariance of the phase space average of

the imaginary part of the coherences/off-diagonal terms of the Wigner distribution [74, 75] by
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comparing the adiabatic QTSH results and d2a QTSH results for <ﬁA(t)>, and the diabatic
QTSH results and a2d QTSH results for <5D (t)>

With reference to Figs 3.8(a), 3.9(a) and 3.10(a), and Figs 3.8(b), 3.9(b) and 3.10(b), the
adiabatic QTSH results and d2a QTSH results for <BA(t)>, and the diabatic QTSH results

and a2d QTSH results for <5D(t)> are in perfect agreement.
This proves the validity of the derived Eqns 3.22 and 3.26.

Since the d2a QTSH results and the adiabatic QTSH results for <5A(t)>, and the a2d QTSH
results and the diabatic QTSH results for <BD(t)> are in perfect agreement, the system phase
space averaged components of the imaginary part of the off-diagonal/coherence elements of

the Wigner distribution [74, 75] computed by the QTSH method is representation invariant.

We now provide a more in-depth analysis of the accuracy of the phase space average imagi-
nary part of the coherences/off-diagonal terms of the Wigner distribution [74, 75] by compar-
ing the adiabatic QTSH results and d2a QTSH results for <5A(t)> with the exact quantum
results, and the diabatic QTSH results and a2d QTSH results for <BD(1€)> with the exact

quantum results.

With reference to Figs 3.8(a) and (b) we found that the adiabatic QTSH and d2a QTSH
results for <5A(t)>, and the diabatic QTSH and a2d QTSH results for <BD(t)> deviate from
the quantum results after 25 fs. The results exhibit oscillations that are slightly out-of-phase

with the quantum results.
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Figure 3.8: Comparison of exact quantum result for (a) the phase space averaged imaginary
part of the coherence <6A(t)> with the adiabatic QTSH result and the transformed d2a
QTSH result, and (b) the phase space averaged imaginary part of the coherence (P (¢)) with
the diabatic QTSH result, and the transformed a2d QTSH result, for the for the processes
described in Figs 2.2 and 2.3 for the simple avoided crossing system described by the diabatic
potentials given by Eqns 1.83-1.84. The inset shows the magnified plot between ¢t = 10 fs
and ¢t = 40 fs.
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Figure 3.9: Comparison of exact quantum result for (a) the phase space averaged imaginary

part of the coherence <6A(t)> with the adiabatic QTSH result and the transformed d2a

QTSH result, and (b) the phase space averaged imaginary part of the coherence < AP (t)> with
the diabatic QTSH result, and the transformed a2d QTSH result, for the for the processes
described in Figs 2.4 and 2.5 for the simple avoided crossing system described by the diabatic

potentials given by Eqns 1.83-1.84. The inset shows the magnified plot between ¢t = 10 fs

and ¢t = 40 fs.
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Figure 3.10: Comparison of exact quantum result for (a) the phase space averaged imaginary
part of the coherence <BA (t)> with the adiabatic QT'SH result and the transformed d2a QTSH
result, and (b) the phase space averaged imaginary part of the coherence <BD(t)> with the

diabatic QTSH result, and the transformed a2d QTSH result, for the for the processes
described in Figs 2.8 and 2.9 for the dual avoided crossing system described by the diabatic

potentials given by Eqns 1.86-1.87. The black box highlights the plot between t = 7.5 fs and
t=17.5fs.
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With reference to Figs 3.9(a) and (b), we found that the adiabatic QTSH and d2a QTSH
results for <5A(t)>, and the diabatic QTSH and a2d QTSH results for <BD(t)> deviate from
the quantum results between ¢ ~ 18 fs and t ~ 22 fs. After t ~ 27 fs, we find that the d2a
QTSH and the adiabatic QTSH results for <BA(t)>, and the a2d QTSH and the diabatic
QTSH results for <6D(t)> have oscillations that are slightly out-of-phase in comparison to

the quantum results.

This overcoherence [1, 3] observed is a consequence of utilizing independent trajectories. In
order to correctly capture the quantum coherence, trajectories have to be interdependent

39-41, 52-58].

With reference to Figs 3.10(a) and (b) we found that the adiabatic QTSH and d2a QTSH
results for <BA(t)>, and the diabatic QTSH and a2d QTSH results for <BD(t)> deviate sig-
nificantly from the quantum results after the first transition has taken place, after ¢t ~ 12 fs.
We also found that the adiabatic QTSH and d2a QTSH results for <BA(t)>, and the diabatic
QTSH and a2d QTSH results for <BD(t)> are slightly out-of-phase when compared with the

quantum results after ¢ ~ 17.5 fs.

The quantum interference effect in the dual avoided crossing system [1] that is not well-
captured in QTSH as a result of the independent trajectories used [4, 8] in QTSH [62, 63]
becomes significant after the first electronic transition, resulting in a decrease in the accuracy

after the first electronic transition.
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3.4.2 Forces

We now examine the dynamics of the forces in QTSH. To obtain the d2a QTSH and a2d
QTSH results for the elements of the forces in the adiabatic and diabatic representations,
we applied Eqns 3.49-3.51 to the diabatic QTSH results, and applied Eqns 3.53-3.55 to the

adiabatic QTSH results, respectively.

We start by comparing the system phase space total force in the adiabatic representation
(F5,(t)) and in the diabatic representation (FD,(t)) to verify its equivalence as described

by Eqn 3.52.

Even though the simple avoided crossing and dual avoided crossing systems are apparently
different in the adiabatic and the diabatic representation, the total forces governing the

coupled electronic-nuclear dynamics in each representation should be identical.

In Figs 3.11 and 3.12, we compare (F2 (t)) and (Fj,(¢)) for the QTSH simulations of the
simple avoided crossing system [1] for the processes involving the + — — transition in the
adiabatic representation (Fig 2.2), and involving the — — + transition in the adiabatic repre-
sentation (Fig 2.4), respectively. The corresponding processes in the diabatic representation

are described by Figs 2.3 and 2.5, respectively.

In Fig 3.13, we compare (F2,(t)) and (F{(t)) for the QTSH simulations of the dual avoided
crossing system [1] for the process that involves the non-adiabatic transition from — — +,
followed by a second non-adiabatic transition from + — — in the adiabatic representation

(Fig 2.8). The corresponding process in the diabatic representation is depicted in Fig. 2.9.

With reference to Figs 3.11 and Fig 3.12, we observed that (F,(t)) =~ (F2(t)) for each
diabatic coupling constant C' used, for the processes described by Figs 2.2 and 2.4 in the

adiabatic representation, and Figs 2.3 and 2.5 in the diabatic representation.
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With reference to Figs 3.13, we observed that (F,(t)) and (F5(t)) agreed in terms of
its overall shape - two peaks - a maximum during the time interval for the first — — +
electronic transition, and a minimum for the second + — — electronic transition in the

adiabatic representation (Fig 2.8).

The above observations verifies Eqn 3.52 for the simple avoided crossing and dual avoided
systems [1]. While imperfect, there is loose agreement between (Fy,, (¢)) and (F2,,(¢)) for

the dual avoided crossing system [1].

From a practical standpoint, the accuracy of QTSH might not be the same in both represen-
tations, resulting in the discrepancy in the phase space averaged total force in the diabatic

and adiabatic representations. We will explore this further in Chapter 4.

With reference to Figs 3.11 and 3.12, we found that largest deviation occurred for (F(t))
and (F5,(t)) at ¢ & 20 fs, where the fastest rate of + — — and — — + electronic transitions
occurred in the adiabatic representation, respectively. The best agreement was obtained for
C = 0.0005, and the worst for C' = 0.002. The agreement was best when the non-adiabatic
coupling d(q), and consequently the population transfer was most localized and highest in

the adiabatic representation.

With reference to Fig 3.13, we found that deviation between (Fy5, (¢)) and (F2,(¢)) shows up
as a positive time shift of (F3 (¢)) with respect to (F2,(¢)). This implies that the electronic
transitions in the adiabatic representation that occurs at a later time than in the diabatic
representation for C' = 0.001 and C' = 0.002. The positive time shift was smaller for the
dual avoided crossing system [1] with C' = 0.001 than with C' = 0.002. For the system
C' = 0.0005, no distinct peaks were present for both (Fy(¢)) and (F2 (t)), appearing to

exhibit fluctuations in the time interval t = 7.5 fs to t = 17.5 fs.

We will explore this in Section 4.4.2 of Chapter 4.
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We now present the d2a and a2d QTSH for the classical, quantum and total forces for

non-adiabatic processes occurring in the simple avoided crossing system, and dual avoided
crossing system [1].

averaged classical force <FA

class

We first examine the adiabatic QTSH and d2a QTSH results for the system phase space

(t)), quantum force (Fj, . (t)), and total force (F2(t)) in
the adiabatic representation.

In Figs 3.14 and 3.15, we present the adiabatic QTSH and d2a QTSH results for (F4,(t))
(Fiane(t)), and (F5(t)) when (a) the most local and complete population transfer (C' =

0.0005) and (b) the least local and complete population transfer (C' = 0.002) occurs in
the simple avoided crossing system [1] for the process that involves the + — — electronic

transition (Fig 2.2), and the — — + electronic transition (Fig 2.4), respectively.
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In Fig 3.16, we present the adiabatic QTSH and d2a QTSH results for (F3,(t)), (F2 uant ( t)),
and (Fy(t)) when (a) the most local and complete population transfer (C' = 0.0015) and
(b) the least local and complete population transfer (C' = 0.006) occurs in the dual avoided
crossing system [1] for the process that involves an — — + electronic transition, and a

subsequent — — + electronic transition (Fig 2.8).

With reference to Figs 3.14(a) and (b), and 3.15(a) and (b), we observed that each force
component < s ( > < it ( > and the total <Ftot > was in almost perfect agreement
for the processes that occur in the simple avoided crossing system [1], for both the highly

local and complete, and the less local and complete population transfer.

With reference to Fig 3.16(a) and (b), we observed that the quantum force component

< s ( > was in almost perfect agreement for the processes that occur in the dual avoided

crossing system [1], for both the highly local and complete (C' = 0.0015), and the less local
and complete (C' = 0.006) population transfer. On the other hand, the adiabatic QTSH

and d2a QTSH results for the classical force component <FA )> that depends on the

class
population on each surface deviated from each other, most noticeably in the time intervals
of electronic transition ¢t ~ 7.5 fs tot ~ 114 fs, and t =~ 12 fs to t ~ 17.5 fs. Since the
resulting d2a QTSH result for the total force component (F,(t)) shows a maximum and a

minimum where the extrema for <

t)) and (Fp, quant (t)) are, while the adiabatic QTSH

Class

results for (F/5(t)) results in a maximum and a minimum shifted in positive time from

where the extrema for <FA )>, QTSH in the diabatic representation is likely to produce a

class
better estimate of the forces involved in QTSH. This effect is more noticeable for the system
with less local and complete population transfer (C' = 0.006). As discussed in Section 2.4.2
of Chapter 2, the reduced consistency of surface hopping is likely to explain the shift in the

adiabatic QTSH results for (F,(t)).
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Along with the differing degrees of classical or non-classical effects, from a practical stand-
point, the accuracy of QTSH might not be the same in both representations, resulting in the
discrepancy in the phase space averaged total force in the diabatic and adiabatic representa-
tions. The interference effect that is significant in the adiabatic representation for the process
occurring in the dual avoided crossing system [4, 8], exacerbates the impact of overcoherence
[1, 3] due to the lack of interdependence of trajectories [39-41, 52-58] in the ensemble in
QTSH. This overcoherence also presents itself in the breakdown of the consistency of surface

hopping [50].

With the assertion of QTSH being more accurate in the diabatic representation for the dual

avoided crossing model [1], we will explore this in Section 4.4.2 of Chapter 4.

We now consider the diabatic QTSH and a2d QTSH results for the system phase space

averaged classical force <F£JISS

(t)), quantum force (FX. . (t)), and total force (F2(t)) in

the diabatic represenation.

In Figs 3.17 and 3.18, we present the diabatic QTSH and a2d QTSH results for <Fcl?ass(t)>,
(F2 (1)), and (F2,(t)) when (a) the least population transfer in the diabatic representation
(C'=0.0005) and (b) the most population transfer in the diabatic representation (C' = 0.002)
occurs in the simple avoided crossing system [1] for the process that involves the evolution
of the trajectories on diabatic surface 1 with little to no hopping (Fig 2.3), and the evolution

of the trajectories on diabatic surface 2 with little to no hopping (Fig 2.5), respectively.

In Fig 3.16, we present the diabatic QTSH and a2d QTSH results for (F4. (1)), <F0Puant(t)>,
and (FD2 (t)) when (a) the least population transfer in the diabatic representation (C' =
0.0005) and (b) the most population transfer in the diabatic representation (C' = 0.002)
occurs in the dual avoided crossing system [1] for the process that involves the evolution of

the trajectories on diabatic surface 2 with little to no hopping (Fig 2.9).
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Figure 3.14: Comparison of the adiabatic QTSH and d2a QTSH results for the system phase
space averaged classical force (F4,(t)), quantum force (F2, . (£)), and total force (Fh,,(t))
in the adiabatic representation for the non-adiabatic process in the simple avoided crossing
system depicted by Fig 2.2, with the diabatic coupling constants (a) C' = 0.0005, and (b)

C = 0.002. The inset shows a magnified view of the plot in the time interval ¢ = 10 fs and
t =40 fs.
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Figure 3.15: Comparison of the adiabatic QTSH and d2a QTSH results for the system phase
space averaged classical force (Fi3 . (t)), quantum force (Fa, . (t)), and total force (Fj,,(t))
in the adiabatic representation for the non-adiabatic process in the simple avoided crossing
system depicted by Fig 2.4, with the diabatic coupling constants (a) C' = 0.0005, and (b)
C = 0.002. The inset shows a magnified view of the plot in the time interval ¢ = 10 fs and

t = 40 fs.
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Figure 3.16: Comparison of the adiabatic QTSH and d2a QTSH results for the system

phase space averaged classical force <Fc?ass(t)>, quantum force <
<ﬂﬁtal

Fi.:(t)), and total force
(t)> in the diabatic representation for the non-adiabatic process in the dual avoided
crossing system depicted by Fig 2.8, with the diabatic coupling constants (a) C' = 0.0015, and
(b) C' = 0.006. The inset shows a magnified view of the plot in the time interval ¢t = 7.5 fs
and t = 17.5 fs.
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With reference to Figs 3.17(a) and (b), and 3.18(a) and (b), we observed that each force
component < s ( > < et ( > and the total <F£t )>, was in almost perfect agreement
for the processes that occur in the simple avoided crossing system [1], for both the least

(C' = 0.0005), and the most population transfer (C' = 0.002), in the diabatic representation.

With reference to Fig 3.19(a) and (b), we observed that the quantum force component
< et ( > was in almost perfect agreement for the processes that occur in the dual avoided
crossing system [1], for both the least (C' = 0.0015), and the most (C' = 0.006) population
transfer. We find that (F> quant (t)) is very close to zero for C' = 0.0015 since very little
population transfer occurs for this system. The diabatic QTSH and a2d QTSH results for

the classical force component < EP (¢ )> that depends on the population on each surface

deviated from each other.

With reference to Fig 3.19(a) observed that the diabatic QTSH and a2d QTSH results for

class

the classical force component <FD )> and the total force component <F£t(t)> differ from

each other, and exhibits small fluctuations from zero. For the dual avoided crossing [1]
with C' = 0.0015, the lack of distinct extrema in the diabatic QTSH and a2d QTSH results

for (F2.(t)) and (FD,(t)) loosely agrees with the process depicted in Fig 2.9 where the

Class

trajectories evolving only on Va(gq) = 0 would give (Fip, (1)) = (F2.(t)) = 0.

With reference to Fig 3.19(b) observed that the diabatic QTSH result for the classical force

component (FY (t)) and the total force component (F2;(¢)) has a maximum and minimum

class

during the transition during the time intervals of electronic transition t =~ 7.5 fstot ~ 11.4 fs,

and t &~ 12 fs to t ~ 17.5 fs, while the maximum in the a2d QTSH results for < > and

class
(F2(t)) falls outside of the ¢ ~ 7.5 fs to ¢ ~ 11.4 fs time interval. QTSH in the diabatic
representation is likely to produce a better estimate of the forces involved in QTSH than in

the adiabatic representation for C' = 0.006.
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With the assertion of QTSH being more accurate in the diabatic representation for the dual

avoided crossing model [1], we will explore this in Section 4.4.2 of Chapter 4.

Since the adiabatic QTSH and d2a QTSH results, and the diabatic QTSH and a2d QTSH
results for all force components almost perfectly agree for the simple avoided crossing system
[1], making them representation invariant in QTSH for the processes depicted by Figs 2.2 and
2.4 in the adiabatic representation, and by Figs 2.3 and 2.5 in the diabatic representation,

for the simple avoided crossing system [1].

The adiabatic QTSH and d2a QTSH results, and the diabatic QTSH and a2d QTSH results
for the quantum force components almost perfectly agree with each other for the dual avoided
crossing system [1], making the quantum force component representation invariant in QTSH
for the process depicted by Fig 2.8 in the adiabatic representation, and by Fig 2.9 in the

diabatic representation, for the dual avoided crossing system [1].

The adiabatic QTSH and d2a QTSH results, and the diabatic QTSH and a2d QTSH results
for the classical force and total force components loosely agree with each other for the dual
avoided crossing system [1], making these force components representation invariant in Q TSH
for the process depicted by Fig 2.8 in the adiabatic representation, and by Fig 2.9 in the
diabatic representation, for the dual avoided crossing system [1]. Since the classical force
component is highly dependent on the populations, the discrepancies are likely to be due to

inconsistencies in surface hopping that arises as a result of overcoherence [50, 59].
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Figure 3.17: Comparison of the diabatic QTSH and a2d QTSH results for the system phase

space averaged classical force (FX((t)), quantum force (FL . (t)), and total force (FD,(t))

otal
in the diabatic representation for the non-adiabatic process in the simple avoided crossing

system depicted by Fig 2.3, with the diabatic coupling constants (a) C' = 0.0005, and (b)

C = 0.002. The inset shows a magnified view of the plot in the time interval ¢ = 10 fs and
t =40 fs.
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C = 0.002. The inset shows a magnified view of the plot in the time interval ¢ = 10 fs and

t = 40 fs.
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Figure 3.19: Comparison of the diabatic QTSH and a2d QTSH results for the system phase
space averaged classical force (FY,((t)), quantum force (FL. . (t)), and total force (FD,(t))
in the diabatic representation for the non-adiabatic process in the dual avoided crossing
system depicted by Fig 2.9, with the diabatic coupling constants (a) C' = 0.0015, and (b)
C = 0.006. The inset shows a magnified view of the plot in the time interval t = 7.5 fs and

t=17.5 fs.
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3.5 Conclusions

Since the d2a QTSH and adiabatic QTSH results, and the a2d QTSH and diabatic QTSH
results, for the system phase space averaged components of the diagonal /population elements
and off-diagonal /coherence elements of the Wigner distribution [74, 75], and the forces, are
in good agreement - with the slight discrepancies - we conclude that the computation of
the system phase space averages of these quantities by the QTSH method is representation

invariant.

While the same system appears to be different in the adiabatic and the diabatic repre-
sentation, the coupled electronic-nuclear dynamics governed by total forces acting on the
trajectories in both representations are, as we would expect, to good approximation, the
same. We found this to be true even though the classical force components and quantum
force components, given by Eqns 3.49 and 3.50 in the adiabatic representation, and Eqns 3.53
and 3.54 in the diabatic representation, are vastly different. We will explore the interplay
between the classical and non-classical effects of these forces and representation in Chapter

4.

We note that the results for the quantum force component obtained from the d2a QTSH
and adiabatic QTSH simulations, and from the a2d QTSH and diabatic QTSH simulations,
are in perfect agreement. Any deviations in the total force were due to deviations in the
classical force components that are highly dependent on the potential energy surface that the
trajectories are on. As such, the discrepencies can be explained by inconsistencies in surface
hopping with QTSH in either representation. The breakdown of the consistency of surface
hopping in QTSH is due to overcoherence [1, 3, 59] that results from the use of independent

trajectories [62, 63].
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An improvement of the transformation between representations is likely to be observed if the
proper Wigner-Moyal [91] transformation of trajectories between representation was carried
out and utilized (See Section 3.6), instead of assuming that the trajectories in the diabatic

and adiabatic representations are equivalent.

3.6 Future Work

In ongoing work by Martens [92], it has been found that the trajectories in the diabatic and

adiabatic representation are different.

Performing the Wigner-Moyal transformation [73, 91] to the trajectories in the diabatic
representation results in the derivation of a different set of equations of motion, population

dynamics equations, and equations for energy, force, and populations.

This extends beyond the O(h°) simplifications that we have made in the earlier part of this
chapter. Here we present the result of performing the Wigner-Moyal [91] transformation

[73, 91] on the diabatic trajectories to obtain the adiabatic trajectories.

In the semiclassical limit, the matrix representing the trajectory j, a localized state in phase

space for the two-state system in the diabatic representation can be expressed as

5la — a:)s(p — p.
AP(g,prt) (@ — gq;)é(p — pj) 0 | (3.56)

0 (g — q;)0(p — p;)
a diagonal matrix of delta functions in phase space.

The matrix representing the trajectory j in the adiabatic representation A?(q, p,t) derived

by performing the Wigner-Moyal [91] transformation given by Eqn 1.15 on A?(q, p,t) was
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found to be

5 Op;—nd(a;) TOpj+nd(a;) . 5 Op,—hd(a;) ~Op,+hd(a;)
AMaq,p.t) = a 2 ¥ Oq; 2 (3.57)
J AT i 5 dpirdap O enda) s Opjhdla) Top;+hdiay) '
a 2 a 2

where dg;, 0p,—rd(q;)> and Op, 1nd(q,) are shorthand for 6(q — g;), 5(p — (p; — hd(q;)) ), and

5(p — (p; + hd(q;)) ), respectively.

Utilizing the adiabatic trajectories A}f“(q, p,t), we go beyond the O(hY) approximation we

have m a more accurate QTSH method for future use.
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Chapter 4

Classical and Non-classical Effects of

Forces and Representation

This chapter contains verbatim excerpts from Dorothy Miaoyu Huang, Craig C. Martens;

Nonclassical effects in molecular dynamics with electronic transitions ( Unpublished).

4.1 Introduction

As introduced in Section 1.5.2 of Chapter 1, the QTSH forces in both the diabatic and

adiabatic representations have a classical and a quantum force component [62, 63].

The QTSH classical force, like the FSSH force drives the motion of the trajectories along
a single electronic potential surface in nuclear phase space [1, 50]. The quantum force
component that is absent from the FSSH method [1], as shown in Chapter 2, mediates
the feedback between the nuclear and electronic degrees of freedom, acting to conserve the
quantum-classical energy on the ensemble level, even as non-adiabatic transitions occur

(62, 63, 81] in QTSH. In the limit of complete and localized population transfer, we showed
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that the work done by the QTSH quantum force is akin to the ad hoc momentum ‘jumps’
imposed to conserve the classical energy on the trajectory level in FSSH [81]. In systems
where non-adiabatic transitions do not occur, the quantum force component should vanish,

with the classical force being the only driver of the coupled electronic-nuclear dynamics in

QTSH.

In this chapter, we will analyze the forces calculated by the QTSH method [62, 63], that act on
a localized wavepacket /trajectory in the limit of complete and localized population transfer
from one electronic state to another in the adiabatic representation. We also present a simple
derivation of its equivalent force in the above mentioned limit in the diabatic representation.
In doing so, we will demonstrate that non-adiabatic processes driven only by the classical
force on a single electronic state in the diabatic representation are highly non-classical in
the adiabatic representation, where both the classical and quantum force components play
a significant role in the dynamics of the system, as a result of electronic transition(s) that

take place.

We will then present numerical QTSH results in the diabatic and adiabatic representations
to demonstrate the validity of the assertions made for the modified Tully’s simple avoided

crossing, and dual avoided crossing systems [1].

Finally, we utilize the representation invariance of the QTSH phase space averaged popu-
lations, as found in Chapter 3, to obtain more accurate phase space averaged population
dynamics results for a highly non-classical process in the adiabatic representation. We do so
by performing the QTSH method in the diabatic representation, for which the corresponding
process is highly classical, before transforming the QTSH population dynamics results to the

adiabatic representation (i.e. QTSH d2a).
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4.2 Simple Derivation of Adiabatic Forces

In Chapter 3, we have shown that the phase space averaged total force in the adiabatic and
diabatic representations, (F3,(¢)) and (F2,(t)) are equivalent (Eqn 3.52) and verified this

with QTSH results in both representations.

While we have shown the transformation theory of the forces in the diabatic and adiabatic
representations in greater detail in the Chapter 3, we made simplifications by taking the limit
of complete and localized population transfer - as we have done in the derivation of the FSSH
momentum jumps in Chapter 2 - in this chapter. Note that the subscript j that indicates that
the quantities derived in this section, are in fact trajectory phase space averaged quantities
for the phase space coordinates associated with trajectory j, (qj (1), P, (t)), are dropped since

we are performing the analysis by utilizing a localized wavepacket /single trajectory.

In this limit, Eqn 3.52 can be rewritten as

Fom(t) = Fou(t). (4.1)

For the rest of this section, we make the assumption of complete and localized population

transfer in the adiabatic representation, unless otherwise stated.

4.2.1 Classical Force in the Adiabatic Representation

The adiabatic potentials for a two-state system Vi(q) can be expressed in terms of the
diabatic diagonal potentials V;/2(q), and the diabatic off-diagonal potential Vi5(q) as in Eqn
3.29.
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Taking the negative gradient of Vi(q) on both sides of Eqn 3.29, we obtain the adiabatic

classical force F4_.(t), where

class

F(t) =

_qul<q) + Vila(q) - (VqVI(Q) — V4Va(q)

! . cos ola)+ Vil sino(a) ). (42

4.2.2 Quantum Force in the Adiabatic Representation

Taking the gradient of both sides of Equation 1.7, and utilizing Equation 1.9, the non-

adiabatic coupling vector d(q) can be expressed in terms of the diabatic potentials as

_ —VaVia(a) (Vilg) — Va(@)) + Via(a@) (VaVila) — VaVa(a))

d(q) (4.3)
(Vi(a) = V()" + 4Viz(q)?
Noting that the difference in the adiabatic potentials hw”(q) = Vi (q) — V_(q) is
ot (q) = \/(Vl(q) ~ Valg))” + 4Vis(q)?, (4.4)
the non-adiabatic coupling vector d(q) can be rewritten as
—V4Vi2(q) VqVi(g9) = V4Va(q)
d(q) = —L "~ cos + 4 1 sin . 4.5
(@) = =i @) 2h (q) ¢(q) (4.5)

Substituting the above into the expression for the quantum force in the adiabatic represen-

tation given by Eqn 2.33, we found that the quantum force

Foon(t) = ( — 2V4V12(q) cos ¢(q) + (V4V1(q) — V4Va(q)) sin ¢(q)> a™(t), (4.6)

depends on the real part of the coherence in the adiabatic represenation a’(t).
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4.2.3 Application to Tully’s 1D Systems [1]

In this section we will analyze the QTSH forces for the modified simple avoided crossing
and dual avoided crossing systems [1] in the adiabatic representation, where non-adiabatic

transitions are involved, and derive the equivalent forces in the diabatic representation.
We begin with a brief description of the processes studied in the adiabatic representation.

The processes involving the simple avoided crossing system [1] involve an electronic tran-
sition, either from the upper adiabatic state V, (q) to the lower adiabatic state V_(q) (Fig
2.2), or from the lower adiabatic state V_(q) to the upper adiabatic state V. (q) (Fig 2.4).

We will refer to these transitions in shorthand as + — — and — — +, respectively.

The process involving the dual avoided crossing system depicted in Fig 2.8 involves a — — +
electronic transition, a short evolution on the upper adiabatic state V,(q) electronic state,

and a subsequent + — — electronic transition (Fig 2.8).

For the simple avoided crossing system [1] in the diabatic representation, the processes
depicted in Fig 2.3, and Fig 2.5, involve no electronic transitions, with the trajectory evolving
along the single diabatic state V1(q), and along the single diabatic state V5(q), respectively.
This is equivalently expressed as the diabatic localized density matrix only having one term

throughout the processes, the diagonal population term p?, (t) (Eqn 2.4) or p2,(t) (Eqn 2.8).

For the dual avoided crossing system [1], the process in the diabatic representation depicted
in Fig 2.9 involves the trajectory evolving along the diabatic state Va(q) = 0. This is
equivalently expressed as the diabatic localized density matrix only having one term, the

diagonal population term p2,(t) (Eqn A.6), and no coherence terms throughout the process.

This suggests that the total force in the diabatic representation FP,  (¢) for the non-adiabatic

processes occurring in the simple avoided crossing and dual avoided crossing systems [1]
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described above has to be equal to the classical force associated with the diabatic surface

(Vi(q) or Va(q)) that the trajectory is evolving on, FY,  ,(t) or FY  ,(t).

class,1

The total diabatic force for the simple avoided crossing system [1] is

Foa(t) = Figa (1), (4.7)

otal class,1

for the non-adiabatic process depicted in Fig 2.3, and

Fiow(t) = Fro (1), (4.8)

otal class,2

for the non-adiabatic process depicted in Fig 2.5.

Similarly, the total diabatic force for the non-adiabatic process in the dual avoided crossing
system [1] depicted by Fig 2.9 is

E;D (t) = Fclljassﬂ(t)' (49)

otal

We now find the total adiabatic force F2,,,(t) for the corresponding non-adiabatic processes

in the adiabatic representations by evaluating the classical and quantum force components of

the adiabatic force F (t) and F2,

Huant (1) before, during, and after the electronic transition(s),

and show that the total force is the same in both the adiabatic and diabatic representations

as given in Eqn 4.1.

We first perform the analysis of QTSH forces for the processes in the simple avoided crossing
system with only one non-adiabatic transition, before performing a similar analysis for the

process in the dual avoided crossing system that involves two non-adiabatic transitions.
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Simple Avoided Crossing System

We now use the generalized expressions for the quantities a*(¢) and F2_  (¢) for the processes

quant

in the simple avoided crossing system system [1] (Figs 2.2 and 2.4).

For + — — in the adiabatic representation, the generalized expressions for the quantities

a’(t) and Fj, . (t) were
oA (t) = —5 sino(q), (1.10)

and

(VaVilq) — V¢Va(q))

5 sin® ¢(q). (4.11)

Fp o (t) = VgVia(q) sin (q) cos ¢(q) —

For — — + in the adiabatic representation, the generalized expressions for the quantities

a?(t) and F2

quant (t) were

ar(t) = % sin ¢(q), (4.12)

and

(VaVi(q) — V4Va(q))

5 sin? ¢(q). (4.13)

Fponi(t) = =V4Via(q) sin 6(q) cos ¢(q) +

Since the real part of the coherence o*(t) and the quantum force Fj, (t) (Eqn 2.33) in

the adiabatic representation depends on the diabatic populations, a®(t) and F, . (t) were

quant

found to have opposite signs for the electronic transitions + — — and — — +. This agrees

with the Figs 2.6(d) and 2.7(b).

As observed in Fig 2.6(b), in general, the strength of the adiabatic coupling d(q) for the one-
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dimensional system becomes stronger and more localized as diabatic coupling constant C' is
decreased. In the limit C' — 0, the plot for the nonadiabatic mixing angle in one-dimension

¢(q) in Fig 2.6(a) becomes a step function as depicted in Fig 4.1.

il
—&\¢(q(t*+6)) =7
0.8
i 0.6
/g ¢(q ) = 9 x
= 0.4
0.2
0 ¢(Q(t*_6)) :O‘\&—
—3 -2 =i 0 1 2 3

q(a.u.)

Figure 4.1: Nonadiabatic mixing angle for the simple avoided crossing system given by the
diabatic potentials in Eqns 1.83-1.84, where the diabatic coupling constant C' — 0. The
blue marker marks ¢(0) = 7, ¢(¢) at the nuclear coordinate where the transition takes place
at ¢* = 0. The orange markers mark ¢(q(t* —€)) = 0 and ¢(q(t* — €)) = =, the nuclear
coordinates the instant e right before and right after the transition, ¢(t* — €) and ¢(t* + €),
respectively.

We now find the adiabatic forces - both the quantum and classical - in terms of the diabatic
potentials at three time points, the time of the instantaneous electronic transition ¢ = t*,
the instant e before the electronic transition ¢ = t* — ¢, and the instant e after the electronic

transition t = t* + €.

For the processes depicted in Figs 2.2 and 2.4, in generalized coordinates g(t), the electronic
transition taking place is completely localized and complete at the nuclear coordinate g(t*) =

0, where g* = q(t*). This corresponds to the vertical step in Fig 4.1. We took ¢(q*) = 7 to

be the midpoint of the step at q*.

140



At the instant e before and after the transition, where the generalized coordinates were

q(t* — ¢€) and q(t* + €), respectively. The corresponding non-adiabatic mixing angles were

o(q(t* — €)) = 0 and p(q(t* +¢)) = .

The total force F2,,(t) in the adiabatic representation consists of a classical component

FA

class (t) that can be expressed as the sum

(t) and a quantum component F(ﬁlant

Foa(t) = Fl(t) + Fpan(t). (4.14)

otal class

(t) and quantum forces F2_ (t), in the limit

: A
We proceed to compute classical forces F auant

class

C —0.

At the instant before the electronic transition where ¢t = t* —¢, the classical force involves only
one adiabatic state, the upper adiabatic state V,(q) or the lower adiabatic state V_(q), for
the non-adiabatic process that involved the + — — (Fig 2.2) or — — + (Fig 2.4) electronic

transitions, respectively.

Given that ¢ (q(t* —¢€)) =0,

cos (q(t" —¢)) =1, (4.15)

and

sing (g(t* —¢)) =0. (4.16)

Substituting Eqns 4.15-4.16 into the expression for the classical force in the adiabatic repre-

sentation (Eqn 4.2), for the process involving the + — — electronic transition (Fig 2.2), the
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classical force was found to be

Fho @t —e) =F}t"—e) = -V Vi(q(t" —¢)), (4.17)

class

and for the process involving the — — + electronic transition (Fig 2.4), the classical force

was found to be

Fio @t —e) = FAt —¢) = =V Va(q(t* — ¢)). (4.18)

class

Performing the same procedure for the quantum force, Eqn 4.6 for the process involving
the + — — electronic transition (Fig 2.2), and Eqn 4.13 for the process involving the
— — + electronic transition (Fig 2.4), the quantum force at the instant before the electronic

transition in the adiabatic representation F2  (t* — €) was found to be

quant

FA

quant

(t'—¢)=0 (4.19)

for both processes. This is consistent with our picture of complete and localized popula-
tion transfer, where the quantum force is instantaneous and impulsive, vanishing when no

electronic transition takes place.

The classical force for each process at t = t* — €, Eqn 4.17 for the process with the + — —
transition, and Eqn 4.18 for the process with the — — + transition, combines with the
corresponding quantum force (Eqn 4.19) to give the total force for each process in the

adiabatic representation.
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The total force in the adiabatic representation was found to be

Fha.t"—¢) ==V Vi(q(t' —e)) = FY i (t" — ), (4.20)

otal class,1

the classical force associated with the evolution of a localized wavepacket/trajectory along
the diabatic surface Vi(q), for the process involving the + — — electronic transition in the

adiabatic representation (Fig 2.2), and

‘F‘tétal(t* - 6) = _qu2 (Q(t* - 6)) = Fclljass,Q(t* - 6)7 (421>

the classical force associated with the evolution of a localized wavepacket/trajectory along
the diabatic surface V5(q), for the process involving the — — + electronic transition in the

adiabatic representation (Fig 2.4).

We now derive the forces during the instantaneous transition at ¢ = ¢*, where the nuclear

coordinate is ¢* = 0.

Given that ¢(q*) = 7,
cos p(g*) =0, (4.22)
and

sing(q*) = 1. (4.23)
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Regardless of whether the electronic transition was from + — — (Fig 2.2) or from — — +
(Fig 2.4) in the adiabatic representation, the localized wavepacket/trajectory experiences
both the upper and lower adiabatic potentials V. (q*) and V_(g*) equally at the instant of

the transition t*.

The classical adiabatic force for both systems were found to be given by the same expression

VaVi(q') + VoV-(q)
2
VWil(g') +ViVa(q)

_ : ) (4.24)

FL. () =

class

Substituting Eqns 4.22-4.23 into the expression of the quantum force, Eqn 4.6 for the process
involving the + — — electronic transition (Fig 2.2), and Eqn 4.13 for the process involving
the — — + electronic transition (Fig 2.4), the quantum force at the instant of transition ¢*

in the adiabatic representation F2_  (t*) were found to be

quant

) Vi Vi(g") — ViVa(g®)
Foﬁant(t ) = - - 92 Ak ) (425)

for the process involving the + — — electronic transition (Fig 2.2), and

o VaVi(g*) — Vi Va(q®)
FA () = —1= 5 LY (4.26)

for the process involving the — — + electronic transition (Fig 2.4). Note the opposite sign
of the quantum force for both processes. This is congruous with the acceleration of the
localized wavepacket /trajectory for the + — — electronic transition, and the deceleration of

the localized wavepacket/trajectory for the — — + electronic transition.
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Combining F2

quant

(t*), Eqn 4.25 for the + — — transition, and Eqn 4.26 for the — — +

oy . A
transition with F.

(t*) (Eqn 4.24), the total force in the adiabatic representation at the

instant of transition t* was found to be
E’ﬁtal(t*) = _qul(q*) = Fc]l)ass,l(t*)’ (427)

the classical force acting on the localized wavepacket/trajectory along the single diabatic

potential energy surface V;(g*), as depicted in Fig 2.3 for the + — — transition, and
Rﬁtal(t*) = _quQ(q*) = Fc]i)assﬂ(t*)’ (428)

the classical force acting on the localized wavepacket/trajectory along the single diabatic

potential energy surface V5(g*), as depicted in Fig 2.5 for the — — + transition.
Finally, we derive the forces at the instant after the transition ¢t = t* + e.

Given that ¢ (q(t* +¢)) =,
cosp (q(t" +¢)) =—1, (4.29)
and

sing (q(t* +¢)) =0. (4.30)

Substituting Eqns 4.29-4.30 into Eqn 4.2, the expression for the classical force (Eqn 4.2) was

found to be

Fio(t"+e)=F Nt +¢) = -V Vi(q(t" +¢)), (4.31)
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for the process involving the + — — electronic transition, and
Flu(t +e) = FX(t" +¢) = =VgVa(q(t" +¢)), (4.32)

for the process involving the — — + electronic transition.

Substituting Eqns 4.29-4.30 into the expression of the quantum force, Eqn 4.11 for the
system involving the + — — electronic transition (Fig 2.2), and Eqn 4.13 for the system
involving the — — + electronic transition (Fig 2.4), the quantum force at the instant after

the electronic transition in the adiabatic representation F(ﬁlant

(t* + €) was found to be

Fiho(t" +€) =0, (4.33)

for both processes. As previously observed at the instant before the transition ¢ = t* — e,
the adiabatic quantum force is instantaneous and impulsive, vanishing when no electronic

transition takes place at t = t* + €.

The classical force for each process at t = t* + ¢, Eqn 4.31 for the process with the + — —
transition, and Eqn 4.32 for the process with the — — + transition, combines with the
corresponding quantum force (Eqn 4.33) to give the total force for each process in the

adiabatic representation.

The total force in the adiabatic representation at ¢t = t* + € is

‘F‘tétal(t* + 6) = _V‘I‘/l (q(t* + 6)) = Fc]lDassJ(t* + 6)7 (434>
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the classical force acting on the localized wavepacket/trajectory evolving along the diabatic
potential energy surface V;(g* + ¢€) for the process that involves the + — — transition in the

adiabatic representation, and

Rﬁtal(t* + E) - _quv2 (q(t* + E)) = FcllDassQ(t* + 6)7 (435)

the classical force acting on the localized wavepacket/trajectory evolving along the diabatic
potential energy surface Va(g* + €) for the process that involves the — — + transition in the

adiabatic representation.

We have now shown that before, during, and after the complete and localized population
transfer, the total adiabatic force FA (¢) is equivalent the classical diabatic force experienced
on a single electronic potential energy surface, reflecting the process occurring on a single

electronic potential energy surface in the diabatic representation.

For the process involving the + — — electronic transition in the adiabatic representation

(Fig 2.2). Throughout the process, the total adiabatic force
‘anﬁt(t) = Fc]lDass,l(t)7 (436)

the classical force acting to evolve the localized wavepacket /trajectory along a single diabatic
surface Vj(q), making the process in the diabatic representation (Fig 2.3) highly classical

since the quantum force vanishes when no electronic transitions take place.

A similar conclusion can be drawn for the process involving the — — + electronic transition

in the adiabatic representation (Fig 2.4). Throughout the process, the total adiabatic force

Fio(t) = Fro(t), (4.37)

class,2
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the classical force acting to evolve the localized wavepacket /trajectory along a single diabatic
surface V5(q), making the process in the diabatic representation (Fig 2.5) highly classical

since the quantum force vanishes when no electronic transitions take place.

Due to the non-adiabatic transition from one adiabatic state to another that occurs as a result
of complete and localized electronic population transfer in the adiabatic representation, the
processes depicted by Figs 2.2 and 2.4 that occur in the simple avoided system [1] are
highly non-classical in the adiabatic representation, involving the quantum force that acts

to conserve the quantum-classical energy on the ensemble level [62, 63, 81].
Substituting Eqn 4.7 into Eqn 4.36, and Eqn 4.8 into Eqn 4.37, we find that F2,(t) = F2,(t).

While the non-adiabatic processes in the simple avoided crossing system [1] are apparently
different in the adiabatic and the diabatic representations, the nuclear motion driven by the
total forces in both representations was the same. While highly non-classical in the adiabatic

representation, the non-adiabatic process is highly classical in the diabatic representation.

We will demonstrate the validity of these conclusions for the simple avoided crossing system

[1] with QT'SH results in Section 4.4.

Dual Avoided Crossing System

A similar procedure used to analyze the forces in non-adiabatic processes occuring in the
simple avoided crossing system [1] in Section 4.2.3 was used to analyze the non-adiabatic

process occurring in the dual avoided crossing system [1] (Fig 2.8).

Similar to the process depicted in Fig 2.4, the process outlined above for the dual avoided
crossing system [1] in the diabatic representation only involves dynamics only on the diabatic

state Va(q).
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This resulted in the same generalized expression for quantities o (t) and F.,,.(t) given by

Eqn 4.12 and Eqn 4.13, respectively.

The adiabatic forces - both the quantum and classical - in terms of the diabatic potentials
were found at five timepoints, the time of the first instantaneous electronic transition ¢ = ¢7,
the instant € before the first electronic transition ¢ = ¢t — €, and the instant e after the first
electronic transition ¢ = ¢7 + €, the time of the second instantaneous electronic transition
t = 3, the time interval between the instant after the first electronic transition and before
the second electronic transition ¢ = 7, and the instant after the second electronic transition

t = t5 + €. We note that the nuclear coordinate during electronic transitions are denoted by

q(t}) = qf and q(t3) = g;.
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Figure 4.2: (a) The non-adiabatic mixing angle ¢(q), (b) the non-adiabatic coupling vector
d(q), (c) the real part of the coherence a(g), and (d) the quantum force Fyuani(gq) for the
process shown in Fig 2.8, as described in text. The dotted, dashed, and dashdotted lines
represent the models where C' = 0.0015, 0.003, and 0.006, respectively.

As observed in Fig 4.2(b), in general, the strength of the adiabatic coupling d(q) for the one-

dimensional system becomes stronger and more localized as diabatic coupling constant C' is
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decreased. In the limit C' — 0, the plot for the nonadiabatic mixing angle in one-dimension
¢(q) in Fig 2.6(a) becomes a dual step function as depicted in Fig 4.3, with a step from

o(qgy) =0 to ¢(q7) = 7 at ¢f = —1.57, and a step from ¢(q;) = 7 to ¢(q5) = 0 at g5 = 1.57.

1 plgti +€) = o —d(q(ts —¢) =7
l_r_)
o(q(r)) ==
0.8
& 00 ol ;
= $lai) = 5 *o(e) = 3
= 0.4
0.2
o Hlati-9)=0. . olalts +9) =0

q(a.u.)

Figure 4.3: Nonadiabatic mixing angle for the simple avoided crossing system given by the
diabatic potentials in Eqns 1.86-1.87, where the diabatic coupling constant C' — 0. The blue

marker marks ¢(—1.57) = 7 and ¢(1.57) = 7, where a complete and localized transition

from the lower to the upper adiabatic state takes place at qf = —1.57, and from the upper
to the lower adiabatic state at @5 = 1.57 in the adiabatic representation given by Fig 2.8.

The details of this analysis can be found in Appendix C.

Having performed the analysis, we found that the adiabatic quantum force Fé";am(t) is only
non-zero at the two instants of electronic transitions ¢ = ¢} and ¢ = ¢3, consistent with our

analysis of F*_ (t) acting to create FSSH-like momentum ‘jumps’ in the limit of complete

quant

and localized population transfer [81].

We also found that before, during, between, and after the two complete and localized pop-
ulation transfers, the total adiabatic force F{ (t) is equivalent the classical diabatic force

associated with the electronic diabatic potential energy surface V(q).
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In the adiabatic representation (Fig 2.8), throughout the process, the total adiabatic force
‘F’tﬁt(t) = Fc]i)assﬂ(t)? (438)

the classical force acting to evolve the localized wavepacket /trajectory along diabatic surface
Va(q), making the process in the diabatic representation (Fig 2.9) highly classical since the

quantum force vanishes when no electronic transitions take place.

Due to the two complete and localized electronic population transfers, the non-adiabatic
process in the dual avoided crossing system [1] depicted by Fig 2.8 was highly non-classical in
the adiabatic representation, involving the quantum force that acts to conserve the quantum-

classical energy on the ensemble level when electronic transitions take place [62, 63, 81].
Substituting Eqn 4.9 into Eqn 4.38, we find that FA (t) = FD,(t).

While the non-adiabatic processes in the dual avoided crossing system [1] are apparently
different in the adiabatic and the diabatic representations, the nuclear motion driven by the
total forces in both representations was the same. While highly non-classical in the adiabatic

representation, the non-adiabatic process is highly classical in the diabatic representation.

We will demonstrate the validity of these conclusions for the dual avoided crossing system

[1] with QT'SH results in Section 4.4.

4.3 Computational Details

The description of the systems used and the simulation details are as in Section 2.3 of

Chapter 2, with the following changes.
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In this chapter, QTSH was run in both the diabatic and adiabatic representations [62, 63].
We also ran QTSH [62, 63] in the adiabatic representation, and QTSH d2a (as outlined
in Section 3.3 of Chapter 3) for the initial momenta condition p, = hky = 8 a.u. for the
process starting on the lower adiabatic surface for the simple avoided crossing system [1] with
C = 0.001, and the initial momenta condition py = hky = 77.2 a.u. for the process starting

on the lower adiabatic surface for the dual avoided crossing system [1] with C' = 0.0015.

4.4 Results & Discussion

4.4.1 Classical and Non-classical Forces

In this section, we show that while the processes in the simple avoided crossing system
[1] described by Figs 2.2 and 2.4, and the process in the dual avoided crossing system [1]
described by Fig 2.8 in the adiabatic representation are non-classical due to non-adiabatic
transitions that take place during the process, the corresponding processes for the simple
avoided crossing system [1] described by Figs 2.3 and 2.5, and the process in the dual avoided

crossing system [1] described in Fig 2.9 in the diabatic representation are highly classical.

We demonstrate that the quantum force component in the adiabatic representation Fcﬁlam

becomes significant in the region where electronic transitions are taking place, and that

the quantum force component in the diabatic representation Fcll?lam makes minimal to no

D

contributions to the total force in the diabatic representation Fi,, , for the processes in the

modified simple avoided crossing and dual avoided crossing systems [1].

We then applied the derived equations, Eqns 4.36-4.37 to the processes occuring in the
modified Tully simple avoided crossing system [1], and Eqn 4.38 to the process occuring in

the modified dual avoided crossing system [1], and test its validity with QTSH [62, 63] results
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in the adiabatic and diabatic representations.

Finally, we show how we can utilize the representation invariance of QTSH [62, 63] as shown
in Chapter 3 to obtain more accurate QTSH population results in the adiabatic representa-

tion by running d2a QTSH as described in Section 3.3 of Chapter 3.

The results of the QTSH simulations in the adiabatic representation were used to obtain the

phase space averaged total adiabatic force that was computed as

<Eﬁtal > < class >+< quant > (439>

where the phase space averaged classical adiabatic force was computed as

N

< class > ]1[ Z _o-jA(t)vq]'V-‘r(qj) - (1 - O-f(t)v%')v— (qj)v (440)

J

and the phase space averaged quantum adiabatic force was computed as

(Fhu() = 32 2 d(gy)a 1) (1.41)

The results of the QTSH simulations in the diabatic representation were also used to obtain

the phase space averaged total diabatic force that was computed as

(Fiow(®)) = (Fiss(1)) + (Fpan (1)) (4.42)

where the phase space averaged classical adiabatic force was computed as

(Fhu) = 5 3 0204 ila) — (1= 0P()7,,)Valas), (1.3
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and the phase space averaged quantum diabatic force was computed as

(Fhu() = 5 30 ~20194Vi(). (1.44)

The results of the QTSH simulations in the diabatic representation were also used to obtain
the phase space averaged classical diabatic force on separate single potential energy surfaces

Vi(q) and V5(q) that were computed as

N
<Fc]lDass 1 Z vq]‘/l(q]) (445>
j
and
| N
< class2 = Nz _(]‘ - U?(t))vq]%(q])ﬂ (446)
J
respectively.

From Fig 2.6(b), we observed that the non-adiabatic coupling vector d(q) was strongest
and most localized when the diabatic coupling constant C' in the expression for the diabatic
coupling potential Vi5(q) given by Eqn 1.84, was C' = 0.0005 for the simple avoided crossing
system [1]. We make a similar observation for the dual avoided crossing system [1], where the
value of the parameter C' = 0.0015, associated with the diabatic coupling potential given in
Eqn 1.87, gives rise to a strong and localized adiabatic coupling at ¢ = —1.57 and q = 1.57

as shown in Fig 4.2(b).

Since we have made the assumption of complete and localized population transfer in the
adiabatic representation, we only considered processes involving the simple avoided crossing
system [1] where C' = 0.0005, and the process involving the dual avoided crossing system [1]

where C' = 0.0015.
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For the simple avoided crossing system [1] in the adiabatic representation that involves the
processes with the + — — transition (Fig 2.2) and the — — + transition (Fig 2.4), Figs
4.4(a) and 4.5(a) show that the dynamics of the trajectories in each process are driven by a

phase space average classical force component < (t )> that act to accelerate or decelerate

class
the trajectories along the electronic potential surfaces V. (q) or V_(q), respectively. Upon
entering into the region of strong non-adiabatic coupling where trajectories begin to hop from
+ — — or from — — + during the transition time interval between ¢ = 10 fs and ¢ = 30 fs,
the trajectories experience a positive or negative system phase space averaged quantum force
>, respectively. The < quant )> acts to conserve the average quantum-classical

< quant

energy due to the non-adiabatic transitions [62, 63, 81].

For the dual avoided crossing system [1] in the adiabatic representation that involves an
initial — — + transition at g and a subsequent + — — transition at g5 (Fig 2.8), Fig
4.14(a) shows that the dynamics of the trajectories are driven by a phase space average

classical force component (FZ.(t)) as they move along V_(q) at constant velocity until they

class
enter the region of strong coupling when the hopping of trajectories from — — + begins
to take place at t* ~ 10.5 fs. During the transition, the localized trajectories experience
a simultaneous acceleration and deceleration by the phase space averaged classical force

component < (t)> and the negative phase space averaged quantum force < quant(t)>,

class
respectively. Shortly after, when the second non-adiabatic transition + — — takes place
at t* =~ 13 fs, the trajectories experience a simultaneous deceleration and acceleration by
(Fi(t)) and (F2 uant ( t)), respectively. The net effect of the oppositely acting (Fi(t))
and < quant )> gave rise to an approximately zero phase space averaged total force in the

adiabatic representation <Ft )>, resulting in an approximately constant velocity of the

otal

trajectories throughout the process.

The significant contribution of < quant(t)> to the system phase space averaged total force

(F5,..(t)) as observed in Figs 4.4(a), 4.5(a) and 4.14(a), indicated that these processes
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in the adiabatic representation for the simple avoided crossing and dual avoided crossing
systems [1] are highly non-classical, with significant work being done by the quantum forces

to conserve the system average quantum-classical energy [62, 63, 81].

As the corresponding processes in the simple avoided crossing system [1] depicted in Figs 2.3
and 2.5, and the corresponding process in the dual avoided crossing system [1] in the diabatic
representation do not involve any electronic transitions, the trajectories evolve along a single

diabatic state.

With reference to Figs 4.4(b), 4.5(b) and 4.14(b), the dynamics of trajectories in the diabatic
representation is driven only by a phase space averaged classical force component <FD

class

with the quantum force <FOP am> = 0 throughout the process.

ot

While the processes occurring in the simple avoided crossing and dual avoided crossing
systems [1] in the adiabatic representation are highly non-classical due to the non-adiabatic
transitions that take place, the corresponding processes are highly classical in the diabatic

representation.

We have shown that the dynamics of trajectories of the non-adiabatic processes in the adi-
abatic representation are highly non-classical, with both the classical motion of trajectories
along the adiabatic electronic potentials and the average quantum-classical energy conserva-
tion during electronic transitions [62, 63, 81] that are driven by (Fi. (t)) and (F2.. (1)),

class

respectively.

We have also shown that the dynamics of trajectories of the corresponding non-adiabatic
processes in the diabatic representation are conversely highly classical, with only classical

motion of trajectories along the diabatic electronic potentials, driven by (FL.(t)).
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Figure 4.4: (a) Classical and quantum force components that make up the total force in
the adiabatic representation for the process in Fig 2.2. (b) Classical and quantum force
components that make up the total force in the diabatic representation for the process in
Fig 2.3. Diabatic potentials for the simple avoided crossing system [1] are given in Eqns
1.83-1.84, with the diabatic potential coupling constant C' = 0.0005.
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Figure 4.5: (a) Classical and quantum force components that make up the total force in
the adiabatic representation for the process in Fig 2.4. (b) Classical and quantum force
components that make up the total force in the diabatic representation for the process in
Fig 2.5. Diabatic potentials for the simple avoided crossing system [1] are given in Eqns
1.83-1.84, with the diabatic potential coupling constant C' = 0.0005.
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Figure 4.6: (a) Classical and quantum force components that make up the total force in
the adiabatic representation for the process in Fig 2.8. (b) Classical and quantum force
components that make up the total force in the diabatic representation for the process in
Fig 2.9. Diabatic potentials for the simple avoided crossing system are given in Eqns 1.86-

1.87, with the diabatic potential coupling constant C' = 0.0015.
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We now show that as derived in Section 4.2.3, that the system phase space averaged total

force in the adiabatic representation <FtA

Sa(t)) is in fact equivalent to the system phase

space averaged classical force on a single diabatic surface, (F2, . (t)) for the surface Vi(q),

or <FD

class,2

(t)) for surface V2(q) in the diabatic representation.

With reference to Fig 4.7, we found that for the non-adiabatic process in simple avoided
crossing system [1] that involves the + — — electronic transition (Fig 2.2) that is driven by

(Fio

~a1(t)) in the adiabatic representation, is equivalent to (Fyy.

class,1

(t)), the classical force that
acts to evolve trajectories along the single diabatic surface V;(q) in the diabatic represention

(Fig 2.3). This agrees with Eqn 4.36 that we derived in Section 4.2.3.

With reference to Figs 4.8 and 4.9, we found that for the non-adiabatic process in simple
avoided crossing system [1] that involves the — — + electronic transition (Fig 2.4) and the
non-adiabatic process in dual avoided crossing system [1] (Fig 2.8) that is driven by (Fya,(¢))
in the adiabatic representation, is equivalent to <FC]?&SS’2(t)>, the classical force that acts to
evolve trajectories along the single diabatic surface V5(q) in the diabatic represention (Figs

2.5 and 2.9). This agrees with Eqns 4.37 and 4.38 that we derived in Section 4.2.3.

While the agreement between (Fya, (t)) and (FY.. ,(t)) in Fig 4.9 is not perfect, the devi-

class,2

ation is sufficiently small.
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Figure 4.7: Phase space averaged classical diabatic force associated with the localized quan-
tum states/trajectories traveling along the single diabatic potential energy surface V;(q),
and the phase space averaged total adiabatic force corresponding to the process in Fig 2.2.
Diabatic potentials for the simple avoided crossing system are given in Eqns 1.83-1.84, with
the diabatic coupling constant C' = 0.0005.
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Figure 4.8: Phase space averaged classical diabatic force associated with the localized quan-
tum states/trajectories traveling along the single diabatic potential energy surface Va(q),
and the phase space averaged total adiabatic force corresponding to the process in Fig 2.4.
Diabatic potentials for the simple avoided crossing system [1] are given in Eqns 1.83-1.84,
with the diabatic coupling constant C' = 0.0005.
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Figure 4.9: Phase space averaged classical diabatic force associated with the localized quan-
tum states/trajectories traveling along the single diabatic potential energy surface V5(q),
and the phase space averaged total adiabatic force corresponding to the process in Fig 2.8.
Diabatic potentials for the dual avoided crossing system are given in Eqns 1.86-1.87, with
the diabatic coupling constant C' = 0.0015.

Being highly classical in the diabatic representation, the non-adiabatic processes in the sim-
ple and dual avoided crossing systems [1] are much simpler, evolving only along one diabatic
electronic potential. This in contrast to the adiabatic representation where numerous tra-
jectories hop from one surface to another. The imperfect feedback between the nuclear and
electronic degrees of freedom as a result slight inconsistencies in surface hopping as found in
Section 2.4.2 of Chapter 2 manifests in QTSH [62, 63] due to the independence of trajectories
in QTSH [62, 63]. The quantum force as given in Eqn 2.33 is dependent on the real part
of the coherence that can only be captured accurately if the trajectories are interdependent

39-41, 52-58].

QTSH [62, 63] results in the diabatic representation are likely to be more accurate for non-
adiabatic processes that are highly non-classical in the adiabatic representation, but highly

classical in the diabatic representation since any surface hopping inconsistencies that arise
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will be minimized when few to no hops occur in QTSH.

Since QTSH [62, 63] provides a quantum-classical description of systems that is derived rig-
orously from QCLE [38-40], QTSH can be derived rigorously, and performed in both the
diabatic and adiabatic representations, we can exploit its representation invariance, as dis-
cussed in Chapter 3 to perform QTSH d2a (as described in Section 3.3) for non-adiabatic
processes that are highly classical in the diabatic representation, thereby improve the accu-

racy of the results obtained in the adiabatic representation.

4.4.2 Exploiting Representation Invariance

In Section 4.4, we found that for the simple avoided crossing system and dual avoided crossing
systems [1], the dynamics in the diabatic representation was much more classical than that
in the adiabatic representation, as a result of little to no population transfer in the diabatic

representation.

Since QTSH [62, 63] is representation invariant, as shown in Chapter 3, we exploit this
property of representation invariance to obtain more accurate QTSH results in the adiabatic

representation by employing QTSH d2a.

We will demonstrate this with a process in the simple avoided crossing system [1] and a

process in the dual avoided crossing system [1].

Simple Avoided Crossing System

From Sec 4.4, we found that for the simple avoided crossing system [1], involving the — —
+ transition in the adiabatic representation, both the classical and quantum forces were

significant with the classical force acting to propagate trajectories along a single potential
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energy surface, and the quantum force acting to create momentum jumps when a non-

adiabatic transition takes place.

In reducing the initial momentum to py = hky = 8 a.u. for the simple avoided crossing
system [1], and starting on the lower adiabatic surface V_(q), we found that because not
trajectories that hop to the upper adiabatic surface V, (q) have sufficient energy to remain
there, and undergo a subsequent hop to the lower adiabatic state V_(q). In systems where
the same trajectory hops multiple times, the problem of overcoherence is more pronounced

[3] in the adiabatic representation.

In Fig 4.10, the adiabatic QTSH results are compared with the exact quantum result for
(a) the system phase space averaged population on adiabatic surface -, (p__(¢)) and (b) the
system phase space averaged population on diabatic surface V5(q), (pa2(t)) for the simple

avoided crossing system [1].

In Fiig 4.11, we present the various system phase space averaged classical force, quantum force
and total force (a) in the adiabatic representation, and (b) in the diabatic representation for

the simple avoided crossing system [1].

With reference to Fig 4.10(a), the phase space averaged population for the lower adiabatic
state, (p__(t)) for QT'SH was found to be in good agreement with the exact quantum results
for the non-adiabatic transition — — + from ¢t = 0 fs to t ~ 45 fs. A larger than expected
population transfer of to the upper adiabatic state V. (q) then occurs with QTSH result
between t ~ 45 fs and t &~ 50 fs. The population transfer due to the first non-adiabatic
transition was ~ 0.9. A second non-adiabatic transition + — — then occurs at a rate in
agreement to the quantum results between ¢t &~ 50 to t &~ 70 fs. Finally the rate of + — —
becomes increasingly slower that of the quantum results, giving rise to the asymptotic value
of (p__(t)) ~ 0.85 that is ~ 0.1 lower than the asymptotic value for the exact quantum

results.
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Figure 4.10: Comparison of QTSH against quantum wavepacket results (a) for (p__(t)) in the
adiabatic representation, for the process in the simple avoided crossing system with the initial
population on the lower adiabatic surface, (b) and for (ps2(t)) in the diabatic representation,
for the corresponding process in the diabatic representation. The trajectories had an average
starting momentum of hky = 8.0, with the diabatic potential coupling constant C' = 0.001.
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adiabatic representation for the process in the simple avoided crossing system with the initial

population on the lower adiabatic surface. (b) Classical and quantum force components that
make up the total force in the corresponding process in the diabatic representation. The
coupling constant C' = 0.001.

trajectories had an average starting momentum of Ak, = 8.0, with the diabatic potential
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Figure 4.12: Comparison of QT'SH, and the QTSH diabatic to adiabatic transformed (QTSH
system with the initial population on the lower adiabatic surface. The trajectories had an

d2a) results against exact quantum results for (p__(¢)), for the simple avoided crossing

average starting momentum of Ak, = 8.0, with the diabatic potential coupling constant

With reference to Fig 4.10(b), the phase space averaged population for the diabatic state
Va(q), (paa(t)) for QTSH [62, 63] was found to be in good agreement with the exact quantum

results with non-adiabatic transitions 2 — 1 from ¢ = 0 fs to ¢t ~ 45 fs. A larger than
expected population transfer to the diabatic state Vj(q) then occurs with QTSH result
between t &~ 45 fs and ¢ ~ 80 fs. After ¢t ~ 80 fs, the asymptotic value of (ps(t)) ~ 0.8 is

reached, that is ~ 0.025 lower than the asymptotic value of the exact quantum results.

Given that a large population transfer of ~ 0.9 for the non-adiabatic transition — — +,

followed by a large population transfer of ~ 0.75 for the subsequent + — — took place in

A
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the adiabatic representation, we find that the phase space averaged quantum force <F



- the force responsible for momentum jumps due to the non-adiabatic transitions - observed
in Fig 4.10(a) has two distinct peaks corresponding to the two population transfers. The
contribution of (Fj,, ) to the total phase space averaged total force (F,, ) was significant.

ot

This shows that the process in the adiabatic representation is significantly non-classical.

In contrast, in the diabatic representation, only one transition with a small population
transfer of ~ 0.2 occurs from diabatic state 2 — 1 in the diabatic representation, we find

that the phase space averaged quantum force <FD > observed in Fig 4.10(b) has a very

quant
weak single peak. The contribution of <F£1ant> to the total phase space averaged total force
(FP..) was negligible. The same process in the diabatic representation was largely classical

with (F5,;) acting mainly to evolve the trajectories along the potential energy surfaces.

Since the more classical process in the diabatic representation is much simpler with fewer
trajectory hops, the errors due to surface hopping inconsistencies [50] accumulated as a result
are much smaller in the diabatic representation, giving more accurate QTSH results in the

diabatic representation (Fig 4.11(b)) than in the adiabatic representation (Fig 4.11(a)).

With this reasoning, we used Eqn 3.4 to convert the results of the QTSH simulation in
the diabatic representation, to obtain (p__(t)). With reference to Fig 4.12, we observed
that (p__(t)) for the transformed QTSH (QTSH d2a) results of the second non-adiabatic
transition + — — between ¢t ~ 55 fs and t ~ 70 fs exactly matches the quantum result.
While the QTSH results at the same time interval has the same rate as the quantum result,

(p—_(t)) is lower than the quantum result.

Obtaining QTSH [62, 63] in the diabatic representation, where the process is highly classical,
and subsequently converting the QTSH result to the adiabatic representation (QTSH d2a)
improves the accuracy of the QTSH [62, 63] results in the adiabatic representation by reduc-
ing the errors that accumulate with the imperfect surface hopping inconsistencies associated

large population transfers in the adiabatic representation.
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Dual Avoided Crossing System

From Sec 4.4, we found that for the dual avoided crossing system [1], involving the — — +
transition followed by a subsequent + — — transition in the adiabatic representation, both
the classical and quantum forces were significant with the classical force acting to propagate
trajectories along a single potential energy surface, and the quantum force acting to create

momentum jumps when non-adiabatic transitions takes place.

The initial momentum used was pg = hky = 77.2 a.u. for the dual avoided crossing system

[1], starting on the lower adiabatic surface V_(q).

In Fig 4.13, the adiabatic QTSH results is compared with the exact quantum result for
(a) the system phase space averaged population on adiabatic surface -, (p__(t)) and (b)
the system phase space averaged population on diabatic surface V5(q), (p22(t)) for the dual

avoided crossing system [1].

In Fig 4.14, we present the various system phase space averaged classical force, quantum force
and total force (a) in the adiabatic representation, and (b) in the diabatic representation for

the dual avoided crossing system [1].

With reference to Fig 4.13(a), the phase space averaged population for the lower adiabatic
state, (p__(t)) for QT'SH was found to be in good agreement with the exact quantum results
for the non-adiabatic transition — — 4+ from ¢t = 0 fs to ¢t ~ 6.5 fs, and the second non-
adiabatic transition + — — from t ~ 6.5 fs to t =~ 8 fs. After ¢ =~ 8, the rate of the second
non-adiabatic transition + — — becomes faster that of the quantum results, giving rise to
the asymptotic value of (p__(t)) ~ 1.0 that is ~ 0.025 higher than the asymptotic value for

the exact quantum results.
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constant C' = 0.0015.
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) Classical and quantum force components that make up the total force in the
adiabatic representation for the process in the dual avoided crossing system with the initial
the lower adiabatic surface. (b) Classical and quantum force components that
make up the total force in the corresponding process in the diabatic representation. Diabatic
potentials for the dual avoided crossing system are given in Eqns 1.86-1.87, with the diabatic
potential coupling constant C' = 0.0015.
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Figure 4.15: Comparison of QTSH, and the QTSH diabatic to adiabatic transformed (QTSH
d2a) results against exact quantum results for (p__(t)), for the dual avoided crossing system
with the initial population on the lower adiabatic surface. The trajectories had an average
starting momentum of hky = 77.2 a.u., with the diabatic potential coupling constant C' =
0.0015.

With reference to Fig 4.13(b), the phase space averaged population for the diabatic state
Va(q), (paa(t)) for QTSH [62, 63] was found to be in good agreement with the exact quantum
results throughout, with non-adiabatic transitions 2 — 1 from ¢t = 5 fs to ¢t ~ 10 fs, finally

giving the asymptotic value of {pa(t)) ~ 0.975.

Given that a large population transfer of ~ 0.9 for the non-adiabatic transition — — -+,
followed by a large population transfer of ~ 0.9 for the subsequent + — — took place in
the adiabatic representation, we find that the phase space averaged quantum force <F(f;ant>
- the force responsible for momentum jumps due to the non-adiabatic transitions - observed

in Fig 4.13(a) has two distinct peaks corresponding to the two population transfers. The
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contribution of <Fcﬁ1ant> to the total phase space averaged total force (Fya, ) was significant.

This shows that the process in the adiabatic representation is significantly non-classical.

In contrast, in the diabatic representation, only one transition with a small population
transfer of ~ 0.025 occurs from diabatic state 2 — 1 in the diabatic representation, we find

that the phase space averaged quantum force <FD > observed in Fig 4.13(b) has a very

quant

weak single peak. The contribution of <F(1D > to the total phase space averaged total force

uant

<Ft]3tal> was negligible. The same process in the diabatic representation was largely classical

with <F£ta1> acting mainly to evolve the trajectories along the potential energy surfaces.

As in the case of the simple avoided crossing system [1], since the more classical process in
the diabatic representation is much simpler with a very small number of trajectory hops, the
errors accumulated as a result of surface hopping inconsistencies [50] are much smaller in the
diabatic representation, giving more accurate QTSH results in the diabatic representation

(Fig 4.14(b)) than in the adiabatic representation (Fig 4.14(a)).

With reference to Fig 4.15, we observed that (p__(¢)) for the transformed QTSH (QTSH
d2a) results of the rate of the second non-adiabatic transition + — — after ¢t ~ 8 fs exactly
matches the quantum result. While the QTSH results at the same time interval had the

same rate as the quantum result, but a (p__(t)) that is higher than the quantum result.

Similar to the case in Sec 4.4.2, obtaining QTSH results in the diabatic representation, where
the process is highly classical, and subsequently converting the QTSH [62, 63] result to the
adiabatic representation (QTSH d2a) improves the accuracy of the QTSH [62, 63] results
in the adiabatic representation by reducing the errors that accumulate with the imperfect
surface hopping inconsistencies associated with large population transfers in the adiabatic

representation.
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4.5 Conclusions

In the limit of complete and localized population transfer, non-adiabatic processes in the
adiabatic representation are highly non-classical, with quantum forces that act to create
‘momentum’ jumps associated with non-adiabatic transitions [81]. The corresponding non-
adiabatic processes in the diabatic representation are highly classical with classical forces
that act to evolve the trajectories along a single diabatic electronic surface. In the highly
classical corresponding process in the diabatic representation, the quantum force vanishes

since no adiabatic transitions take place.

When many trajectory hops occur and population transfer is incomplete, errors due to QTSH
surface hopping inconsistencies [62, 63] accumulate as the problem of overcoherence [3, 50]
becomes significant in QTSH. This makes QTSH [62, 63] results for highly classical non-
adiabatic processes in the diabatic representation, where few to no trajectory hops occur,
more accurate than the corresponding highly non-classical non-adiabatic processes in the

adiabatic representation, where numerous trajectory hops take place.

We conclude that applying the d2a transformation to QTSH results in the diabatic represen-
tation (i.e. d2a QTSH), where the process is highly classical, minimized the errors associated
with QTSH surface hopping inconsistencies, and improved the accuracy of the population
dynamics results for the corresponding highly non-classical process in the adiabatic repre-

sentation.
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Chapter 5

Chemical Work, Gibbs Free Energy
Change, and Spontaneity in
Introductory Chemistry - Chemical

Education

This chapter contains verbatim excerpts from Dorothy Miaoyu Huang, Ramesh D. Arasas-
ingham; A Case for Introducing Chemical Work in Introductory Chemistry Courses: A

Molecular Mechanics Point of View (Unpublished).

5.1 Motivation

In this chapter, we present a case for introducing chemical work [85] in an introductory
Chemistry course. In this chapter, we define chemical work [85] as the maximum ‘useful’

work [93] that can be extracted from a change in the chemical composition as a result of
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chemical reactions or phase changes, in the absence of external fields.

In traditional Introductory Chemistry courses that introduce thermodynamics, the form of
work that is explained in detail is pressure-volume (P-V') expansion work. This fails to help
students appreciate how non-expansion work can be extracted from chemical reactions or

phase changes that are central to Chemistry.

In order to do so, the understanding of chemical potentials becomes important. As Introduc-
tory Chemistry courses do not necessarily have multivariable calculus as a prerequisite, the
definition of chemical potential of a chemical species i, u; in terms of the partial derivative
of the Gibbs free energy G with respect to the number of moles of the chemical species 7, n;,

at constant pressure P and temperature T,

oG
= 1

would not be instructive to Introductory Chemistry students.

Giving Introductory Chemistry students a molecular perspective of what the standard chem-
ical potential of a chemical species is would aid them in understanding how changes in chem-
ical compositions - that occur due to a chemical reaction or phase change - can lead to a
change in the total chemical potential energy of the system, that can be converted to ‘useful’

work [93] at standard state.

In current Physical Chemistry textbooks, [94, 95] a statistical thermodynamics approach is
taken to the bridge properties on the molecular level to the macroscopic level. In statistical
thermodynamics, the macroscopic property, chemical potential of a species ¢ in a chemical
system, accounting for both the chemical identity and phase, p; is associated with the ther-
mally accessible states, given by the molar canonical partition function. The complexity

of explaining statistical thermodynamics in Introductory Chemistry courses prohibits the
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explanation of chemical work [85] to students in such courses.

Introducing students to chemical potential from a molecular mechanics point of view would
help give students a diagrammatic and qualitative understanding of how chemical potential
arises from molecular motion and intermolecular interactions, allowing them to connect the
changes in these interactions to the change in the total chemical potential energy of the

system that can extracted as chemical work [85].

Introducing chemical work [85] to students in Introductory Chemistry courses also has the
added advantage of helping students to understand why the criteria for spontaneity and

equilibrium in terms of the Gibbs free energy change AG is
AG =0 (5.2)
for chemical equilibrium, and

AG <0 (5.3)

for spontaneous chemical reactions.

5.2 Theoretical Background

5.2.1 Pressure-Volume Expansion and ‘Useful’ Non-expansion Work

Most generally, work w is described as the action of a force Fina specified direction 7, given

by the general equation,
w=F-F (5.4)
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Perhaps since the effect of a force is most easily visualized in P — V' expansion work, the
starting point for the discussion in General Chemistry and Physical Chemistry textbooks is

often pressure-volume (P-V') expansion work [95-101].

We often express work as the sum of a pressure-volume expansion component wey, and

non-expansion component Wnon-exp

Wuyseful

W = Wexp + Wnon-exp - (55)

In Chemistry, the non-expansion component of work (Equation 5.5) is what we consider
‘useful’” work [93], since this is the work that can be extracted from the chemical system as
a result of a chemical reaction or phase change. One form of useful work often studied in

Chemistry is electrical work in a galvanic cell.

In this paper, we assume the absence of external fields. This limits our discussion of wey, to

P-V expansion work wpy, and wWnon-exp 10 Wyseful

W = Wpy + Wyseful- (56)

max

mat . equates to chemical work

When work is maximized w™®*, the maximum ‘useful’” work w
Wehem, the maximum non-expansion work that can be extracted from a change in the chemical
composition as a result of chemical reactions or phase changes. This reduces work to the

sum of P-V expansion work wp{, and chemical work wepem

wmax — wg‘a}x _|__ wchem- (57)
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Chemical Work

When the chemical composition of a chemical system changes as a result of a chemical
reaction or phase change, the total potential energy of the chemical system E,q is being

converted to kinetic energy with ‘useful’ non-expansion work as the form of energy transfer.

Defined as the maximum ‘useful’ work that can be extracted from a chemical reaction or
phase change in the absence of external fields, chemical work wenem can be defined in terms

of the change in the total potential energy of the chemical system AFE,, as

AFEot = Wehem- (5.8)

Since heat can be dissipated due to the chemical reaction or phase change, the ‘useful” work

extracted obeys the inequality

|wuseful | S |wchem | .

The chemical potential of a chemical species ¢, i1; in a chemical system can be defined as the
chemical potential energy that one mole of the chemical species i contributes to the mizture

in a chemical system.

It then follows that the infinitesimal change in the total chemical potential energy d £, can
be expressed as the sum of the product of the chemical potential of each chemical species 7
by the infinitesimal change in the number of moles of each chemical species i, dn; given by

the expression

dBpor = » _ pridn,. (5.9)
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Since the number of moles of each chemical species ¢ changes in proportion the extent of the
reaction &, with its stoichiometric coefficient in the chemical equation v; as the proportionality

constant,

This reduces equation 5.9 to

ABpor = > vips(€)dé. (5.11)

When the chemical system changes from the initial state &pitia to the final state &gpa, the
change in the chemical potential energy of the system and using its relation to weyem (equation

5.8) gives,

&final
Wchem = AEﬁpot = / (Z Vﬁtxf))df (512)

&initial i

5.2.2 Chemical Work, Spontaneity and the Sign Convention for

Work

In much of Chemistry, the thermodynamic quantity, Gibbs free energy G is often used since
many chemical reactions take place under constant temperature 7" and pressure P conditions.
As such, the criterion for spontaneity at constant 7" and P conditions uses the Gibbs free

energy change AG as a reference.

The criterion for spontaneity and equilibrium at constant 7" and P conditions is often refer-
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enced in General Chemistry [98, 100, 101] as

AG <0, (5.13)

and more precisely as dG., < 0 in Physical Chemistry textbooks [96].

While Gibbs free energy change AG is often introduced as the maximum energy available

to do work in some General Chemistry textbooks [98, 100]. The Gibbs free energy change

max

. . . ‘ ;
is more specifically the maximum ‘useful” work w2,

[93] that can be done as a result of a
chemical reaction or phase change in the absence of external field, which we have defined as

chemical work wepem [85] in this chapter.

This is given by

AG = wlrlr;?f(ul = Wchem (514)

excluding pressure-volume expansion work wpy, the form of work that is introduced in detail

in Introductory Chemistry.

Fundamental Equation of Chemical Thermodynamics

In the absence of external fields, a thermodynamic function of T, P, and {n;}, that is
related to the internal energy U(S,V,{n;}) by a Legendre transform is the Gibbs’ free
energy G(T, P, {n;}).

The resulting equation in its differential form is the fundamental equation of chemical ther-
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modynamics (Equation 5.15) [85, 96],

dEpot :dwchem

N N
dG(T, P, {n;}) = VAP = SAT + Y " judn; = VAP — ST + > vus(£)dE. (5.15)

At constant T and constant P, where d7° = 0 and dP = 0, the fundamental equation of

chemical thermodynamics reduces to

dEpot :dwchem

N
dG TP{nZ Z,uzdnZ Zui,ui(f)df, (5.16)

As the Gibbs free energy change of reaction AG,, is the partial derivative,

AG!rxn = <%) s (517)
9 ) rp

at constant T" and P, AG,, can be written in terms of chemical potentials p; as

N
AGrw = Y vii(9). (5.18)

Combining equations 5.16 and 5.11, in the absence of any external fields, the Gibbs free
energy change AG at constant 7" and P when a chemical reaction or phase change occurs,

taking the chemical system from state &pitiar 10 &gnar 18,

&final
AG = Ay = Wenom = / AG . (5.19)

Einitial
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5.2.3 Molecular View of Chemical Potential: Current Approach

In Physical Chemistry textbooks [94-96], the idea of chemical work [85] is often not men-
tioned, and the molecular interpretation of chemical potential is made from a statistical

thermodynamics point of view.

While this approach addresses the molecular picture that Chemistry is concerned with, it

requires multivariate calculus that is often not a requisite for Introductory Chemistry courses.

In statistical mechanics the chemical potential of a species ¢ in a chemical system, accounting
for both the chemical identity and phase, u; is associated with the thermally accessible

translational, rotational, vibrational, and electronic states, given by the molar canonical

trans rot vib

elec
m,i ) Xm,i) m,i)

m,i)

partition functions and respectively.

The chemical potential u; at constant temperature 7" and pressure P is equivalent to the

molar Gibbs free energy[85, 96|,

(5.20)

mz

0l trans TOt vib elec
(o g o) + (T O GOy
av .

where the potential energy due to intermolecular interactions Ej, are accounted for in the

translational molar canonical partition function for species 7, QU2 [94].

This can be expressed as

Eim
trans __ f ei kBdeTldT2 e dTNA 5 21
m,i NA!AgNA ) ( . )

where Ny and A represent Avogadro’s number and the thermal de Broglie wavelength,

respectively.

!This equation has been rewritten in a generalized form to allow for use with non-ideal fluids.
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5.3 Chemical Work: A Molecular Mechanics Perspec-

tive

We suggest an approach that make reduces the complexity of chemical work and chemical
potential using a molecular mechanics approach to make the concept of chemical work and

chemical potential possible at an introductory Chemistry level.

Chemical systems at a given extent of a chemical reaction or phase change £ have chemical
potential energy in the form of bonds, and intermolecular interactions that occur between

reactant molecules, between product molecules, and between reactant and product molecules.

From a molecular mechanics point of view, the change in the total potential energy of the
system AFE,q due to changes in chemical composition when the chemical system progresses
from its initial to final state A&, involves the change in the total chemical potential energy
associated with the molecular modes of motion are associated with bond stretching, angle
bending, bond twisting, intermolecular rearrangement (Fig 5.1), and the bond breakage and

formation that occurs between the reactant and product states.

It can then be said that the chemical potential of the chemical species i, u; is the average
potential energy that one mole of the species ¢ contributes to the state of the chemical
system that exists as a mixture, due to the molecular modes of motions, and intermolecular

interactions, as seen in Fig 5.1.

These changes result in a change in the total potential energy AFE, that can be extracted
to perform work. The maximum amount of work that can be extracted from this change is

the chemical work wepem [85].

Presenting this picture to students gives them a more diagrammatic view of what happens

in chemical systems, helping them to better appreciate chemical thermodynamics.
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5.3.1 Suggestions for the Classroom

For introductory chemistry, adapting from equation 5.19, weem can be presented as the
difference between the sum of the product of the chemical potential and the stoichiometric
coefficient of each product species, and sum of the product of the chemical potential and the
stoichiometric coefficient of each reactant species, taking the change in the extent of reaction

A¢ into account,

total potential energy of products
o\

~
Wchem = ( E VproductsMproducts — E Vreactants Mreactants )Aé- (522)

products reactants
N

J/

TV
total potential energy of reactants

Presenting the equation in this manner provides a familiar form to the calculation of the stan-

o
rxn

dard Gibbs free energy change of reaction AG¢_, from the standard molar Gibbs free energy
G2 of products and reactants that students are introduced to in introductory textbooks.[95-

101]

This provides an opportunity to connect the standard molar Gibbs free energy of the chemical

species i, Gy, ; to the standard chemical potential ;i where the connection between the

o

o 1 equal to the chemical work wepem

standard Gibbs free energy change of reaction AG
at constant T and P, since the reaction is assumed to go to completion, where A{ = 1.

(Section 5.5)

Chemical Reaction Example

A diagrammatic example illustrating how these principles are applied can be illustrated with

the following reaction

Hs(g) + %Oz(g) — H0(g). (5.23)
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(d) Intermolecular Rearrangment

Figure 5.1: Potential energy associated with intramolecular interactions associated with (a)
bond stretching, (b) angle bending, and (c¢) bond twisting. (d) Changes in potential energy
associated with changes in intermolecular interactions such as hydrogen bonding, as a result
of the rearrangement of molecules.

For this specific example, wepem can be written in the form of equation 5.22 as

total potential energy of product 1
P
Wchem = ( HH,0 - <,LLH2 + 5,&02) )Af (524)

~
total potential energy of reactants

With reference to Fig 5.2, the difference in the molecular modes of motion and intermolecular
interaction for the reactants and products contribute to differences in the chemical potentials
for each chemical species and demonstrates how a change in the composition from the initial
to final state A&, results in a change in the molecular modes of motion and intermolecular

interactions.

Phase Change Example

A diagrammatic example illustrating how these principles are applied can be illustrated with

the vaporization of water given by

H,0(1) — Hy0(g), (5.25)
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Figure 5.2: Molecular modes of motion that contribute the the chemical potentials of the
reactants, Hy and O, include the bond stretching modes and rotational modes of Hy molecules
and O molecules. Molecular modes of motion that contribute the the chemical potential of
the product, HyO include the bond stretching modes, rotational modes, and angle bending
modes of HyO molecules (not all bond stretching modes are displayed.). Depending on
the extent of the reaction &, different intermolecular forces of attraction contribute the the
chemical potentials, as summarized in the table.
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when the phase change is irreversible at the given temperature and pressure conditions, and

H,O(1) = H,0(g), (5.26)

when the phase change is reversible at the given temperature and pressure.

For this vaporization of water, wenem can be written in the form of equation 5.22 as

product component

Wehem = (B0  —  Mmow )AL (5.27)

reactant component

The change in the structure of liquid water and water vapor is given in Fig 5.3, where the
hydrogen bonding in liquid water is more extensive than that of water vapor. At a various
temperature and pressure conditions, the different interactions that water molecules have
with each other in the liquid and vapor phases have varying contributions to the chemical

potential.

When the conditions under which the phase change occurs at a temperature and pressure
condition along the vaporization curve (Fig 5.4), the chemical potential of liquid water and

water vapor, o) and fi,o(g), respectively are equal (i.e. pm,00) = HH,0(g))-

It follows that wenem along the vaporization curve (Fig 5.4) would be

HH50(g)

—
Wehem = (,U/HQO(I) —MHQO(Z))Aﬁ' =0. (5.28)

When the phase change occurs at any other temperature and pressure in the gas region (Fig
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5.4), the phase change constitutes work done by the chemical system resulting in

Wehem < 0. (5.29)

This example can be used to make the connection between reversibility in a chemical system
can be made by explaining that the relevant phase change is reversible at a given temperature
and pressure that exists along the lines of the phase diagram, where both phases coexist. A
phase change is not reversible when it takes place at a given temperature and pressure that

exists in the region of the phase diagram corresponding to the final state of the system.

[HgO(l)]HH:HQO(g):H

or

/ \ [HQO(I)]#‘HQO(.G)\

2\

£

e

L

v

E Vreactantsreactants — HH,O(1)
reactants

e

»

E Vproductsproducts — HH2O(g)

products

E Vproducts,ulproducts - E Vreactants Hreactants

products reactants

= HH,0(g) — MHL0(1)

Figure 5.3: Liquid water HoO(l) (in blue) has more extensive hydrogen bonding between
water molecules than water vapor HyO(g) (in orange). The chemical potential for the re-
actants side of the equations and the product side of the equation is pm,00) and pm,0(g)
respectively. Depending on whether the phase change is reversible or spontaneous at the
given temperature and pressure conditions, a double arrow or a single arrow is used to sep-
arate the reactant and product in the chemical equation.
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Figure 5.4: The vaporization of water occurs when liquid water HyO({) is placed at a tem-
perature and pressure that lies along the vaporization curve (orange line) or within the gas
region (shaded orange region). When along the vaporization curve, the chemical potential
of liquid water and water vapour are equal.

5.4 Connecting Spontaneity and Sign Conventions for

Work in Chemistry

The definition of a spontaneous process as one that has a natural tendency to occur [96, 98,
100, 101], without the need for work to be done on the system [95, 96], or without the need

for an external force to be applied [100] sufficiently introduces the idea of spontaneity.

Restating the definition of spontaneity in terms of chemical systems, we can make the fol-
lowing statements. When no chemical work is done by a chemical system, the system is at
equilibrium since work is not done by or on the system. When chemical work is done by a

chemical system, the reaction is spontaneous since no external force is required to drive the
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chemical reaction.

Combining this with the sign conventions for work in Chemistry where work done is positive
when work is done by the surroundings on the system, and negative when work is done by
the system on the surroundings, we can restate the above statements about spontaneity in

terms of the maximum chemical work wepem, as

Wenem = 0 (5.30)

for chemical equilibrium, and

Wchem < 0 (531)

for spontaneous chemical reactions.

Combining the definition of AG at constant 7" and P in terms of chemical work (Equation
5.14) with the the criteria for equilibrium (Equation 5.30) and spontaneity (Equation 5.31)
in terms of Wepem, the criteria for equilibrium (Equation 5.2) and spontaneity (Equation 5.3)

in terms of AG are recovered.

This helps students connect the capacity for a forward chemical reaction or phase change
to drive work, as a result of changes in the potential energy of the chemical system, with

spontaneity, the basis for the study of electrochemistry, and reaction coupling in Biology.
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5.5 Chemical Potential and the Standard Molar Gibbs

Free Energy

The relationship between the chemical potential of a chemical species under standard con-

ditions ¢, uy and the standard molar Gibbs free energy of a chemical species 7,
G = i, (5.32)

can also be shown to students by simple comparison.

Combining equation 5.14 with equation 5.22, under standard constant 7" and P conditions,

we obtain the standard Gibbs free energy change of reaction AG;,, when A¢ =1,

o § : o § : o
Aern - Vpl‘OdllCtS:U’products - VreactantsMreactants* (533>

products reactants

In current General Chemistry [97-101] and Physical Chemistry textbooks [95, 96], the stan-

dard Gibbs free energy change of reaction AGy _, is often given in terms of the standard

n

molar Gibbs free energies of formation G}, as

) § : § :
Aern - VPTOdUCtb m products - Vreactants m,reactants- (534)

products reactants

Comparing equations 5.33 and 5.34, it follows that the relation in equation 5.32 holds.
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5.6 Conclusions

Presenting a molecular mechanics perspective of chemical potential provides students with
a diagrammatic view and qualitative understanding of how the chemical potential arises
from molecular motion and intermolecular interactions. This helps them appreciate how the
changes in chemical composition that arise from chemical reactions or phase changes would
contribute to a change in the total chemical potential energy, and as a result the maximum
amount of ‘useful’ work or chemical work that can be extracted from the chemical system
at constant temperature and pressure. This prompts students to think about what occurs
on a molecular level, while sidestepping the need for multivariate calculus and statistical

mechanics.

Since Gibbs free energy change is the maximum ‘useful” work [93] or chemical work [85] at
constant temperature and pressure, combined with the conventions for work in chemistry
allows an intuitive understanding of the criteria of spontaneity as the chemical system doing
‘useful” non-expansion work, and the criteria of equilibrium as the chemical system not doing
any ‘useful’ non-expansion work. This emphasizes the idea that a chemical reaction or phase
change can drive work, one that would aid in their understanding of electrochemistry or

coupled reactions in Biology.

The relation of the standard molar Gibbs free energy to the standard chemical potential of

a species can also be explained to students.
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Appendix A

Approximate Diabatic Density Matrix
for Dual Avoided Crossing Model

We consider a two state model of two localized nonadiabatic transitions, assuming that the
transitions occur in a localized region where the population transfer is complete. We analyze
the case where the system starts on the lower adiabatic surface and experiences an electronic
transition to the upper adiabatic surface that is accompanied by nuclear dynamics. The
system then continues on the upper adiabatic surface before experiencing a second electronic

transition to the lower adiabatic surface.

In one-dimension, the Dual Avoided Crossing model depicted by Figure 2.8 is a simple

example of this.

The initial adiabatic density matrix for the process depicted by Figure 2.8 is of the form

0 0
pa(to) = ; (A1)
0 p(to)

with all probability on the lower state V_(q) until the first electronic transition takes place
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at t =17, and the intermediate density matrix is
A
po(1) = : (A.2)

with complete population transfer to the upper state V. (q) where the population remains
for 7 € (t},t5). A second electronic transfer takes place at ¢ = t3, giving the final density

matrix

ph(tr) = : (A.3)
0 p(tr)

with complete population transfer to the lower state V_(q).

In the diabatic representation, pP(¢) can be written throughout the process as

allowing us to write the approximate adiabatic density matrix

1(1—cos Lgin
5 ( (1)) 5 sino(t) o(0). (A5)
3 sin (1) (1 + cosd(t))

padia (tf) —

In the diabatic representation, pP () can be written throughout the process as
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allowing us to write the approximate adiabatic density matrix

pA(tf) _ 5(1 — Cos gb(t)) 5 sin ¢(t) o(0).
ising(t)  3(1+coso(t))
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Appendix B

Details of the Wigner-Moyal

Transformation

B.1 Wigner Distribution

For the two-state system as described in Equation 1.20, in terms of the star product as given

in Equation 3.1, the elements of the Wigner distribution in the adiabatic representation

p*(q,p,t) in terms of elements of pP(q, p,t) are given by

o(q)
2

¢(q)

—|—COS? *aP (g, p,t) *sin

¢(q)
2

+sin =7 p(g, P, t) x sin ¢(2q)

(/5(2(1) —&—sin(ﬁg(l)*aD(q,p,t)*cos(bgq)

¢(2‘I) (B.1)

* pP (g, p, t) % cos

Py (q,p,t) = cos ‘f’(Q‘I) ()

— isinT *ﬂD(q,p,t) * COS

~+i cos * [3’D(q, P, t) *sin

¢(q) ¢(q)
2
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pt_(a,p,t)

pé+(q7 p7 t)

p*_(q,p,1t)

represented as p;;(q, p,t), with sines and cosines of half the transformation angle =%

¢(q)
2

COs

* pij(q, p,t) * cos 5

?(q)
2

9(q)

+COST *xaP(q,p,t) * cos

~+i cos gb(Qq) * 6D(q,p, t) % cos

) s By, . 1)  cos

— cos ——= % pry (g, p, t) *sin

o(q)
2
¢(q)

— sin *xaP(q,p,t) *SinT

2
olq) .. &(q)
2 2

&)

p3a(q, p,t) * sin

—sin - % pPi (g, p, t) * cos

N

o(q)
2
¢(q)

—sin? *xaP(q,p,t) % sin

¢(q)

—isin 5 * 6D(q, P, t) *sin

9(q) 9(q) 9(q)
9 + cos ——= % 5

2
¢(2q) + cos Lq) *aP(q,p,t) % cos (b(2q)

¢(2‘I) (B.3)

2
¢(2q) — 108 ¢(2q) * ﬂD(q, D, 1) x cos

?(q)
2

* P11 (g, p, 1) % sin ¢>(2q) + cos ¢(2Q)

¢(q) (@) b (
2

o(q
* (g, p, t) *008(2)

¢(q)
2

sin

— COS — *x«

. 9(q)
2 2

—sin
—isin ¢(2q) * BP(q, p,t) * cos qb(2q) + i cos ¢(2q) * BP(q, p,t) x sin gb(2q).(B.4)

*xaP(q,p,t) * cos q,p,t) *sin

B.1.1 Star Products with Sines and Cosines

In this section we present the star products of the elements of the Wigner distribution [74, 75],

#(a)
5

The corresponding functions are given by

ola) _ (chw)pmq,p,t)

+—d*(q)V;pij(q,p,t) + O(R?), (B.5)
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o(q) sin ¢(q)

sin ¢(2q) * pij (@, p,t) * cos 5 = 5 pij(q,p,t)
h2
+5 Vad(q) cos $(q)Vapij(q,p, t)
h
—~i5d(aQ)Vppij(a.p.t) + O(1?), (B.6)
cos ¢(2q) * pij(g,p,t) *sin ¢(2q) = s1ng2i)(q) pij(q,p,1)
h2
+5 Vad(g) cos 6(@)Vypis(a, i)
h
+i5d(a)Vppis(a.p.t) + O(1?), (B.7)
sin ¢(2q) * pij(g,p,t) *sin qb(2q) = <1_CC;S¢M)) pij(a,p;t)
h?
+5 Vad(q) sin 6(a) Vi (g, P, 1)
h2
+ 4 (@) Vppis(a.p.t) + O(F). (B-8)

Working out the star products of each element of the adiabatic Wigner distribution, and
substituting Eqns B.5-B.8 into Eqns B.1-B.4, gives the diabatic-to-adiabatic transformed
equations for the Wigner distribution given by Eqns 3.4-3.6 reported in Section 3.2.1 of
Chapter 3.
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Appendix C

Adiabatic Forces on Trajectory in

Dual Avoided Crossing System

We now present a simple derivation of the adiabatic forces - both the quantum and classical
- in terms of the diabatic potentials at five timepoints, the time of the first instantaneous
electronic transition ¢ = ¢j, the instant e before the first electronic transition t = t7 — ¢, and
the instant € after the first electronic transition ¢ = ¢]+¢, the time of the second instantaneous
electronic transition ¢ = t3, the time between the instant after the first electronic transition
and before the second electronic transition ¢ = 7, and the instant after the second electronic

transition t = 5 + €.

Similar to the process depicted in Fig 2.4, the process outlined above for the dual avoided
crossing system in the diabatic representation only involves dynamics only on the diabatic

state Va(q).

This resulted in the generalized expression for o (t) and F2_ . (t) being the same as Eqn

quant

4.12 and Eqn 4.13, respectively.
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For the process depicted in Fig 2.8, in generalized coordinates g(t), the first population
transfer taking place is localized and complete at the nuclear coordinate q(t7) = —1.57,
where qf = q(t7). This corresponds to the first vertical step in Fig 4.3. We took ¢(qf) = §
to be the midpoint of the step at qf. The second population transfer is also complete and
localized at the nuclear coordinate g(t5) = 1.57, where g5 = q(t5). This corresponds to the

second vertical step in Fig 4.3.

At the instant e before the first transition, the time between the instant after the first
transition and before the second transition, and the instant after the second transition in
the adiabatic representation, the coordinates were q(t; —€), q(7), and q(t5+ ¢€), respectively.
The corresponding non-adiabatic mixing angles were ¢(q(t’1‘ — e)) =0, gb(q(T)) = m, and

¢(q(t3 + €)) = 0, respectively.

The total force F2. ,(t) in the adiabatic representation consists of the sum of a classical

(t) and a quantum component F2

A
component F, quant

class

(t) as given in Eqn 4.13.

(t) and quantum forces F2_(t), in the limit C — 0 for the

quant

We proceed to compute F2

five timepoints.

At the instant before the first electronic transition, where t = ] — €, the classical force

involves only one adiabatic state, the lower adiabatic state V_(q).

Given that ¢ (q(t] —€)) =0,

cos ¢ (q(ty —€)) =1, (C.1)

and

sine (q(t5 —€)) = 0. (C.2)
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Substituting Eqns C.1-C.2 into the expression for the classical force in the adiabatic repre-

sentation (Eqn 4.2), the classical force was found to be

Fh(t;—€) = FAt; —€) = =V Va(q(t] — €)). (C.3)

class

Performing the same procedure for the quantum force, given by Eqn 4.13 for the process
occurring in the dual avoided crossing system [1] in the adiabatic representation (Fig 2.8),
the quantum force at the instant before the first electronic transition in the adiabatic repre-

sentation F2

quant(t’{ —¢) was found to be

Fihu(ti—e¢) =0. (C.4)
The classical force for each system at ¢ = ¢7 — € given by Eqn C.3 combines with the

corresponding quantum force (Eqn C.4) to give the total force in the adiabatic representation

for the process occuring in the dual avoided crossing system [1].

The total force was found to be

‘F‘tﬁtal(f{ - 6) = _qu2 (q(ti< - 6)) = ‘F‘(:Il)auss,Q(t%l< - 6)7 . (C5>

At an instant before the first transition ¢ = t* — €, the corresponding process in the diabatic
representation (Fig 2.9) involves the evolution of the localized wavepacket /trajectory along

diabatic surface V5(q). The classical force acting to evolve the localized wavepacket /trajectory
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was Fclljass,Q(tT - 6)'

In deriving Eqn C.5, we found that the total force in the adiabatic representation F2, ,(tf—e¢)

is equivalent to F _,(tt—¢), accurately portraying the evolution of the localized wavepacket /trajectory

class,2

along diabatic surface V5(q) before the first electronic transition takes place in the adiabatic

representation.

We derived the forces during the first instantaneous electronic transition at ¢ = ¢}, where

the nuclear coordinate is ¢j = —1.57.

Given that ¢(t]) = 7,
cos (t]) = 0, (C.6)
and

sino(t]) = 1. (C.7)

The localized wavepacket/trajectory experiences both the upper and lower adiabatic po-
tentials V, (q7) and V_(q}) equally at the instant of the first transition ¢j. The classical

adiabatic force was found to be given by the expression

VaVi(ai) + VeV (gi)
2

_ Valai) + VeVa(ei) (C.8)
i . .

Fi.(t) =

class

Substituting Eqns C.6-C.7 into the expression of the quantum force given by Eqn 4.13 for

the process (Fig 2.8), the quantum force at the instant of first — — 4+ transition ¢} in the
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. . . A
adiabatic representation Fy ...

(q*) was found to be

. VVilgr) — ViVa(q)
F (1) = V) - Valalai) o)

Combining FA

quant

(t1) (Eqn C.9) with F

class

(t7) (Eqn C.8), the total force in the adiabatic

representation at the instant of first transition ¢; was found to be
A * * D *
Eotal(tl) = _vq%(ql) = Fclass,Q(t1)7 (C10>

the classical force acting to evolve the localized wavepacket/trajectory on the diabatic po-

tential energy surface V5(g;7) = 0, as depicted in Fig 2.9.

We now derive the forces at the time interval between the instant after the first transition

and before the second transition t = 7, where 7 € [t} + €,t5 — €.

Given that ¢ (q(7)) =,

cos ¢ (q(7)) = —1, (C.11)

and

sin¢ (g(7)) = 0. (C.12)

Substituting Eqns C.11-C.12 into Eqn 4.2, the expression for the classical force (Eqn 4.2)

was found to be

Fi. (1) = F (1) = =V4Va(q(7)). (C.13)
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Substituting Eqns C.11-C.12 into the expression of the quantum force, Eqn 4.13 for the
system (Fig 2.8), the quantum force at during the time interval between instant after the first
electronic transition and the instant before the second electronic transition in the adiabatic

representation F2

hant (7) was found to be

FA

quant

(1) =0. (C.14)

The classical force at t = 7 represented by Eqn C.13 for the system, combines with the
corresponding quantum force (Eqn C.14) to give the total force for each system in the

adiabatic representation.

The total force in the adiabatic representation at 7 is

Fa(T) = =VVi(a(7)) = Fiu (1), (C.15)

otal class,2

the classical force acting on the localized wavepacket/trajectory on the diabatic potential

energy surface V5(g*) = 0, as depicted by Fig 2.9 in the diabatic representation.

Since ¢(t7) = ¢(t5) = 7, at the time of the second instantaneous localized 4+ — — transition
in the adiabatic representation t = 5, the expressions for sin ¢(¢5) and cos ¢(t5) are equivalent
to that for the first instantaneous localized — — + transition given by Eqns C.6-C.7, giving
an expression for the classical force in the adiabatic representation that is similar to Eqn

C.8,

_ VqVi(g3) + V4V_(g3)
2
~ VVi(g3) + VeVa(g3)

— 5 . (C.16)

Fi.(ty) =

class
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The quantum force in the adiabatic representation when the second electronic transition

takes place takes the same form as that for the first electronic transition given by Eqn C.9,

Vi) = VoValg:
F oty = V1B Valald), ©17)

Combining F2

quant

(t5) (Eqn C.17) with F3

class

(t3) (Eqn C.16), the total force in the adiabatic

representation at the instant of second transition ¢5 was found to be

anﬁtal(t;) = _vq%(q;) = Fc]IDass,Q(qT% (018)

the classical force acting on the localized wavepacket/trajectory evolving along the diabatic

potential energy surface V5(q3), as depicted in Fig 2.9.

At the instant of the second + — — transition, ¢ = t} in the adiabatic representation (Fig
2.8), the localized wavepacket/trajectory evolving along the diabatic surface V5(q) is driven

by the classical force F? (t;‘) in the corresponding process in the diabatic representation

class,2

(Fig 2.9).

In deriving Eqn C.18, we found that the total force in the adiabatic representation Fy,, (¢3)
is equivalent to the classical force experienced along the diabatic surface Va(q) Flo(t5),
accurately portraying the evolution of the localized wavepacket/trajectory along diabatic
surface V2(q) while the second electronic transition takes place in the adiabatic representa-

tion.
Finally, we derive the forces at the instant after the second transition ¢ = 5 + €.

Given that ¢ (g(t5 +¢)) =0,

cos ¢ (q(t;+¢€)) =1, (C.19)
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and

sing (q(t; +¢)) = 0. (C.20)

Substituting Eqns C.19-C.20 into Eqn 4.2, the expression for the classical force was found

to be

Fi(ts +¢) = F2(t; +¢) = =Vola(a(t; + €)). (C.21)

Substituting Eqns C.19-C.20 into the expression of the quantum force, Eqn 4.13 for the sys-
tem, the quantum force at the instant after the second electronic transition in the adiabatic

representation Fia,  (t3 + €) was found to be

quant

F(ﬁmnt(t; +¢€)=0. (C.22)

The classical force for the process at t = t5 + € (Eqn C.21) for the system, combines with
the corresponding quantum force (Eqn C.22) to give the total force for each system in the

adiabatic representation.

The total force in the adiabatic representation at t3 + € is

‘chétal(t; + E) = _quQ (q(t; + E)) = Fcll)ass,2 (t; + 6)7 (C23)

the classical force acting on the localized wavepacket /trajectory along the diabatic potential

energy surface V5(q5), as depicted in Fig 2.9.
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