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Non-adiabatic molecular dynamics methods have been developed for the calculation
of charge carrier dynamics, with a focus on large molecular and materials systems.
These methods move beyond the Born-Oppenheimer approximation to account for
transitions between electronic states. They are powerful companions to experimen-
tal measurements in elucidating chemical phenomena. In this dissertation we first
give an overview of two of the most popular methods for non-adiabatic molecular
dynamics: Ehrenfest dynamics and fewest switches surface hopping (FSSH). This is
followed by a description of our implementation of FSSH within a single determinant
framework. We showcase our implementation by examining the relaxation dynamics
in both a transition-metal-doped, semiconductor quantum dot and a set of monomer
units of conjugated polymers that serve as the electron donor phase of organic solar
cells. We conclude with our development of a novel non-adiabatic molecular dynam-
ics method, surface hopping with Ehrenfest excited potential (SHEEP). SHEEP was
inspired by the electronic structure of systems like our semiconductor examples and is
a combination of the non-adiabatic methods described in the opening chapter. It has
performed well on a series of model problems, and it has the potential for significant

computational savings over the FSSH method.
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GLOSSARY

MOLECULAR DYNAMICS: Numerical simulation of the motion of, generally, clas-

sical atoms.

ADIABATIC MOLECULAR DYNAMICS: Molecular dynamics confined to a single po-

tential energy surface with no transitions between surfaces

NON-ADIABATIC MOLECULAR DYNAMICS: Molecular dynamics where transitions

between potential energy surfaces are taken into account
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Chapter 1

INTRODUCTION

As chemists, the Born-Oppenheimer (BO) approximation [11] largely shapes how
we view the world around us. It provides backing for the ubiquitous ball and stick
representation of molecular structures and underlies the idea of a potential energy
surface (PES). The fundamental aspect of the BO approximation is the separation of
nuclear and electronic motions based upon the substantial difference in mass between
electrons and nuclei. Uncoupling these motions results in a great simplification of
the molecular problem. We first solve for the configuration of the electrons assum-
ing the nuclei are stationary. This step generates a PES that is a function of the
nuclear coordinates. It is upon this PES that we then propagate the nuclei. Often
additional computational savings are made by neglecting the quantum nature of the
nuclei and employing a classical description. Much can be learned through a dynami-
cal exploration of this PES, with simulated dynamics being a powerful companion to

experimental probing.

The BO approximation remains valid only if there is significant separation between
the electronic energy levels calculated in the first step mentioned above (here we
define a significant separation to be one where the difference in electronic energy
is much greater than the kinetic energy available to the system). However, even
when the BO approximation begins to breakdown, it still influences the description of
those phenomena which are beyond its range of rigorous applicability. Non-radiative
transitions in molecular systems are often thought of in terms of transitions between
BO electronic states, even though the BO approximation is not valid here. In these

cases a BO-based theory can be extended to account for these non-adiabatic effects



by including multiple electronic states and the coupling between them that is induced

via the nuclear motion.
1.1 Born-Oppenheimer molecular dynamics

Molecular dynamics is the numerical simulation of the motion of atoms and molecules.
The entirety of molecular dynamics is a vast field ranging from the coarse-grained
simulation of entire proteins to the fully quantum mechanical treatment of small
molecules. The focus here will remain on the small subset known as ab initio molecular
dynamics (AIMD). AIMD generally treats nuclei as classical point particles moving
on PESs calculated via quantum mechanics. The most well known method under this
heading is BO molecular dynamics (BOMD). For BOMD the nuclei of a molecule are
propagated along the ground electronic state of the system.

From a mathematical point-of-view this is accomplished by first solving the time-

independent Schrodinger equation,

Hea(r, R)Bo(r; R) = & (R)Dy(r; R) (1.1)
where r and R represent electronic and nuclear coordinates, respectively. The Hamil-

tonian in Eq. 1.1 is the electronic Hamiltonian for fixed nuclei and is given as,

. K2
Hel(r, R) = —2m

V& +V(r,R). (1.2)

The first term is the electronic kinetic energy operator with electron mass m,, the
second term is includes all particle-particle interactions. The adiabatic electronic
wave functions ®, are the solutions to the time-independent Schrodinger equation
given in Eq. 1.1, where we have restricted ourselves to only the ground state for now.
The eigenvalues corresponding to these eigenfunctions are the adiabatic PESs. For
BOMD we will only be concerned with that of the ground electronic state &,.

Once the electronic energy is found for the current nuclear configuration, its gra-

dient with respect to the nuclear coordinates is used to advance the positions of the



nuclei according to Newton’s equation of motion:

MR = —Vg&(R). (1.3)
This process is repeated until the desired simulation time has been reached. The
advantage of this approach is that a relatively large time step can be used for prop-
agation since the nuclear coordinates are the only ones being propagated in time.
The disadvantages consist of the necessity to converge the electronic wave function
at every time step and, more importantly, the restriction to motion on the ground
electronic state.

To explore some of the more interesting chemical phenomena, we will need to
be able to account for motion on other electronic states and for transitions between
states. Various methods have been introduced to move dynamics beyond the BO
approximation; [60, 73, 86, 67, 62, 41, 63, 65, 64, 82, 91, 59, 79, 75, 9, 55, 66, 19, 10,
95, 8] however, we will focus on those that retain the classical description of nuclear
motion that underlies the ability of such approaches to treat relatively large systems

in full dimensionality.
1.2 Ehrenfest dynamics

Conceptually straightforward and one of the earliest approaches for moving beyond
BOMD, Ehrenfest dynamics is based on a mean-field separation of nuclear and elec-
tronic motion. Physically, Ehrenfest dynamics involves propagating the nuclei on a
mean potential energy surface that is constructed from the expectation value of the
total electronic energy (see Fig. 1.1). Mathematically, the method can be derived as
a partial classical limit of the time-dependent self-consistent field (TDSCF) method
(see appendix for a derivation). [33, 84, 55] In the end we obtain a classical equation

of motion for the nuclei,

MR =~V (6(r ;R \ﬁemr, R)‘ O tR)) (1.4)

r



while the electronic degrees of freedom are governed by the time-dependent electronic
Schrédinger equation:

Zh%@(r,t; R) = f}:[el(r, R)@(I‘,t, R) (15)

In Egs. 1.4 and 1.5 the total electronic wave function is given by O, which has a
parametric dependence on the nuclear coordinates. Here and throughout, the brackets

indicate integration over the subscripted coordinates.

Potential Energy

Nuclear Coordinate

Figure 1.1: Schematic representation of the potential the nuclei ”see” under Ehrenfest
dynamics. The top panel shows all of the adiabatic potentials for the system. The
bottom panel represents the average potential on which the nuclei would move under

Ehrenfest dynamics.

The Ehrenfest method conserves total energy while allowing for energy transfer

between the nuclear and electronic subsystems. Additionally, the Ehrenfest approach



gives exact results for the expectation values of quantum observables when the poten-
tials are no more than quadratic functions of the coordinates. [52] Ehrenfest dynam-
ics also benefits from not requiring explicit computations of excited states. However,
explicit correlations between nuclear and electronic motions are absent, and the re-
striction to an average potential energy surface can lead to unphysical results after
the system leaves a region of coupling between the electronic states. [82, 33]
Another area where the Ehrenfest method falls short is obtaining correct equilib-
rium distributions for the quantum state populations. [70] To obtain quantum state
populations for Ehrenfest dynamics, we expand the total electronic wave function in
a basis and take the square of the expansion coefficients for each basis state. This
shortcoming of Ehrenfest can be understood by considering the ansatz for the total
wave function that was used in deriving the method. In order to obtain a relatively
simple set of equations for the dynamics of our system, we began by assuming that
the electronic wave function was independent of the nuclear coordinates. This as-
sumption will only be true if there is no coupling between states, or we are at high
temperatures. It is this high temperature behavior that is seen when looking at the
equilibrium populations of the quantum states with Ehrenfest dynamics; for all tem-

peratures Ehrenfest dynamics results in near equal population of all quantum states.
1.3 Trajectory surface hopping

Trajectory surface hopping is a method that was developed specifically to account
for correlations between nuclear and electronic motions. We focus on Tully’s fewest
switches version of trajectory surface hopping [82] as it is the most popular and
generally applicable. Fewest switches surface hopping (FSSH) propagates the nuclei
classically along the potential energy surface of a single electronic basis state but al-
lows for stochastic transitions between basis states any time the coupling is sufficient.
In a sense the nuclei experience the potentials of all the basis states as opposed to

Ehrenfest where there is only a single average potential for the nuclear propagation,



compare Figs. 1.1 and 1.2. The method can be derived as an approximation to the dy-
namics resulting from a multi-configuration expansion for the total wave function [83]

(see appendix for this derivation).

Potential Energy

Nuclear Coordinate

Figure 1.2: Schematic representation of the potentials experienced by the nuclei under
FSSH. Note, there is no difference between the top and bottom panels, i.e. the nuclei
have the full set of PESs of the system to explore.

A FSSH simulation proceeds by propagating the nuclei along the PES of one of

the basis states:

MR = —Vgr&(R) (1.6)

where k is the currently occupied basis state. At every time step, or every few
time steps, a decision is made whether to move the dynamics to the PES of another
basis state via comparison of a hopping probability with a random number. If a

transition is predicted, then subsequent motion will continue on the new basis state



and the nuclear kinetic energy is adjusted in order to compensate for the change in
electronic energy, so as to maintain total energy conservation. If there is insufficient
nuclear kinetic energy to accommodate the change in electronic energy, then the
transition is aborted and propagation continues along the previous state. Since the
transitions between states are random, the final results need to be averaged over
many surface hopping trajectories starting from the same initial conditions in order
to obtain meaningful results.

There are many possibilities for determining hopping probabilities between states;
FSSH makes use of the time-dependent electronic Schrodinger equation (Eq. 1.5) for

that task. We first need to expand the total electronic wave function in a basis,
O, 6R) = Y ¢;(H®,(rR) (17)
J

The basis can be either adiabatic or diabatic; however, various arguments have been
made in favor of the adiabatic basis. [83] Substituting this expansion into Eq. 1.5

leads to a set of equations for the time evolution of the expansion coefficients,

inex(t) = 3" ¢s(t) [ij(R) — ihR - di;(R) (1.8)

J
where the dot over the coefficient implies a time derivative and Hj; are the matrix
elements of the electronic Hamiltonian and dj; are the non-adiabatic couplings,

Hy(R) = <(I)k(r; R) ‘;Qd(r,R)( ¢j(r;R)> (1.9)

r

dij(R) = (@r(r;R) [Vr®;(r; R)), . (1.10)

Equation 1.8 can be recast in terms of elements of the density matrix by defining

arj = cxCj, thereby yielding

iy (t) =Y {a,j (1) [Hkl(R) _ihR - dkl(R)}

— an(t) [Hlj(R) _ iR - dlj(R)] } . (L11)



From Eq. 1.11 it can be shown that the diagonal elements of the density matrix

obey

k() = D bia(t) (1.12)

14k

bia(t) = %Im (i, (1) Hy(R)) — 2Re (a’,;l(t)R : dkl(R)> . (1.13)

The by, are the state-to-state transition probabilities and give rise to the hopping

probabilities:
_ Atbi(t)
akk(t) '

If a hopping probability is calculated to be negative, it is set to zero. At each time step,

Jkj (1.14)

the hopping probabilities for transitions from the current state k to all other states
7 are computed and compared with a number generated randomly from a uniform
distribution on the interval 0 < ( < 1. For example if the current state is 1, a switch
to state 2 will occur if ( < g12. A switch to state 3 will occur if g5 < ¢ < g12 + 913,
etc. If a switch is called for, the component of the nuclear momentum in the direction
of the non-adiabatic coupling vector is scaled so as to conserve total energy. If the
momentum is not sufficient to compensate for the change in electronic energy, then
the hop is aborted and the sign of the momentum along the non-adiabatic coupling
vector is changed. If no switch is called for (i.e. the random number is greater than all
the hopping probabilities), then the propagation continues unchanged. Note, a state
switch changes the identity of the basis state determining the forces on the nuclei
(Eq. 1.6) and the potential energy of the system but does not directly modify the
density matrix elements propagated with Eq. 1.11 and used in the determination of
hopping probabilities.

The FSSH method has been shown to be rather accurate in small model sys-
tems [82, 70] and has been applied to a wide variety of chemical system. [27, 28] The
method also has been shown to nearly satisfy detailed balance while the Ehrenfest

method lacks this attribute. [70] Computationally, FSSH is more demanding than



Ehrenfest dynamics. Explicit excited state wave functions are required, and addi-
tional averaging is necessary because of the stochastic nature of the algorithm. Also,
some work has shown the results of FSSH to be unreliable for problems involving long
interaction times or repeated entries into the interaction region. [52, 68] Still surface
hopping remains one of the most popular methods for the treatment of non-adiabatic

chemical dynamics and forms the basis for the developments that we will discuss here.
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Chapter 2

IMPLEMENTATION OF FSSH WITHIN A SINGLE
DETERMINANT FRAMEWORK

The first project we will discuss is the development of our own implementation of
FSSH. We have written our own FSSH code that interfaces with electronic structure
calculations, giving us the ability to study the charge carrier dynamics of various
chemical systems. This chapter details the theory behind the implementation, while
the next two chapters give brief demonstrations of the capabilities of our new method.

Following the work of Prezhdo and co-workers, [21, 49] we have implemented
FSSH within the framework of single determinant wave functions. This scheme has
been successfully applied to a variety of systems: semiconductor quantum dots, [49,
50] carbon nanotubes, [38] graphene nanoribbons, [37] and semiconductor/molecular

interfaces. [25, 27]
2.1 Theory

The time-dependent, electronic Schrodinger equation is the starting point for the

electronic dynamics:

zﬁ%@(r,t,R) = ﬁel(raRa t>®(r7ta R‘) (21)

In the above, we represent our electronic wave function in a basis of Slater determi-
nants constructed from molecular orbitals (MOs),
Or 6 R) = Y ¢;(1)0,(ri R), (22)
J
which are solutions to the Hartree-Fock (HF)/Kohn-Sham (KS) self-consistent field

equations. The Slater determinant is the simplest approximation to the electronic
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wave function that satisfies the anti-symmetry requirement for fermions. In HF theory
the use of a Slater determinant results in the motion of electrons of the same spin
being correlated, while there is no correlation between electrons of opposite spins.
The KS equations account for both the correlation between electrons of the same spin
(exchange energy) and the correlation between electrons of opposite spins (correlation
energy) in an approximate way. The Slater determinant will be a good approximation
to a given electronic wave function when a single electronic configuration dominates
for that state, e.g. no degeneracies and little correlation energy.

The ground state determinant (®g) is formed from the lowest energy MOs, while
the excited state determinants are formed via single substitutions from the ground
state determinant. In general our MOs will not be orthonormal; consequently, our
determinant wave functions will also not be orthonormal. We remedy this through a
Léwdin orthogonalization and normalization procedure. [57]

We can insert the expansion into the time-dependent equation to obtain the evo-

lution of the expansion coefficients:

Nad
iher(t) = > (1) (ijm)(skj _ iR - dkj(R)) , (2.3)
J
where the summation is truncated at N,; adiabatic states. The adiabatic state ener-

gies H;; = (®;|Ha|®,)x can be referenced to the ground state, allowing us to replace

H;; with MO energy differences,

Hjj(R) = ¢(R) — €a(R) = Hj;(R) — Hoo(R) (2.4)

where ¢, and ¢, represent the MOs substituted into and out of the reference determi-
nant in order to form the j-th excited state. The non-adiabatic couplings are non-zero

only if the Slater determinants differ in a single orbital:

djx(R) = (@;(r; R) [VR®4(r; R)),

= (@q(r; R) [VRos(r;R)), 0ap = (a(r; R) [VRO(1;R)), 06, (2.5)
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where 4, is the Kronecker delta. The hopping probabilities are calculated the like

before,

~2AtRe (et - dji(R))
e (t)ci (1)

These hopping probabilities are tested against a uniform random number to determine

grj = (2.6)

if a transition to another state will occur at a given time step.

2.2 Validation of single determinant approach

The use of single Slater determinants as the basis for our dynamics is a computation-
ally efficient choice but also a potentially severe approximation. [58, 80] In general,
excitation energies calculated via MO energy differences will not agree with the true
excitation energies of the system. This also means that the forces obtained from a
single determinant reference will not generally agree with the true forces. Implemen-
tation of surface hopping methods with more accurate electronic structure methods
is certainly possible and has been done by others. [80, 88, 72] However, increasing
the accuracy of your electronic structure method generally goes hand-in-hand with
decreasing the size of the system for which you can perform the calculation. Our
interests lie in studying large systems such as quantum dots, where correlated wave
function methods and even linear-response density functional methods become pro-
hibitively expense in terms of dynamical simulations.

Fortuitously, when working with these large systems the single determinant frame-
work becomes a reasonable approximation. We previously analyzed the performance
of the KS formalism of density functional theory (DFT) as compared with the re-
sults of linear-response, time-dependent DFT (LR-TDDFT). [28] We found that for
the systems in which we are interested in studying, the KS excitations provide a
good approximation with the LR-TDDFT values. This is demonstrated in Fig. 2.1
where we calculated excitation energies along a sample portion of MD trajectory for

a SiggHoy quantum dot. Given are both the excitation energies found via LR-TDDFT
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5.0 |
------------- KS excitation
— LR excitation

Energy (eV)
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Time (fs)

Figure 2.1: The first 19 excited state energies (referenced to the ground state) for a
SisggHoy quantum dot calculated with LR-TDDFT (red lines) and KS orbital energy
differences (blue dashes). The B3LYP exchange-correlation functional was used along
with the 6-31G(d,p) basis set for the hydrogens and valence Si electrons, while the
LANL2DZ pseudopotential was utilized for the core Si electrons. The energies were
calculated with Gaussian [32]

and via taking KS orbital energy differences. While there are differences between the
two approaches, overall there is good agreement. The KS excitations are after all
the starting point for the LR-TDDFT calculation. It has also been shown that KS
excitations are very good approximations to true excitation energies when the true
KS potential is used; [76] therefore, as approximate exchange-correlation functionals

are improved, the KS excitation energies should improve as well.

It should be noted here that although the formalism described above is applicable
to HF theory as well as DF'T, the single determinant framework for excited states
is expected to generally give better results for DFT rather than HF. This is a con-
sequence of the different ways in which the virtual MOs are evaluated in the two

theories. [24] In HF the virtual MO energies are calculated as if there were N + 1
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electrons in the system, where N is the actual number of electrons. In KS theory the
virtual MO energies are still representative of an N-electron system.

Besides the excited state energies and forces, the other major component that gov-
erns the dynamics is the non-adiabatic coupling. When single determinants are used
to represent the electronic states, the coupling is only going to be non-zero if the deter-
minants differ in a single MO. Therefore, we may underestimate some of the dynamics
with this approximation for the wave functions. We showed previously through a semi-
classical analysis of transition probabilities that the KS and LR-TDDFT approaches
were in good agreement for the Si quantum dot model. [28]. This is backed up by a
recent study that showed non-adiabatic couplings calculated from Slater determinant
wave functions will be in good agreement with the LR-TDDFT values anytime that
the orbital energy difference is a good approximation to the excitation energy. [42]
Overall, our method may not accurately capture low probability dynamics and minor

reaction pathways, but we should still account for the major reaction channels.
2.3 Computational savings through the classical path approximation

For the calculations discussed below, we made one additional cost saving approxi-
mation: the classical path approximation (CPA). Normally with FSSH, the nuclear
degrees of freedom are affected by the electronic degrees of freedom through state
switches (which change the force on the nuclei) and the accompanying momentum
rescaling. Under the CPA, changes in the electronic subsystem do not affect the nu-
clear evolution, i.e. the nuclear trajectory is pre-determined. This approximation will
be valid if electronic states differ little from each other, as is often the case with large
systems, or if the energy of the nuclei is sufficiently greater than that of the electrons.

Enormous computational savings can be reaped through the CPA. Because of
the stochastic nature of FSSH, hundreds if not thousands of trajectories need to be
averaged together per initial condition to obtain meaningful results. Even performing

calculations in a single determinant framework, that many unique trajectories would
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be computationally prohibitive. By invoking the CPA a single nuclear trajectory can
be pre-computed. This trajectory is then used to sample the electronic dynamics.

In order to account for the hop rejection that can occur in the full FSSH procedure,
we scale the hopping probabilities by a Boltzmann factor,

Bij = op <_%> My > H . (2.7)
1, H;; < Hy

This also ensures we head toward a realistic equilibrium population. With the CPA
we can also avoid having to calculate the non-adiabatic coupling vector, and instead
we can calculate the non-adiabatic coupling matrix elements via a finite difference
approach.

4R = (5,60 | S0 R))

r

~ 2LAt [{d(r; R); | (r; R)isar ), Oap — (Ba(r; R)isar |0n(r; R)i), 0gs] - (2.8)

The time subscripts in the above equation refer to the fact that the wave functions
depend implicitly on time through their parametric dependence on the nuclear co-
ordinates, and they indicate that the overlap is computed with wave functions from
neighboring time steps. The Prezhdo group has made extensive use of the CPA in
FSSH simulations and has found very good agreement between their simulations and
experimental results. [49, 50, 38, 37, 25, 27] We have included in the appendix the
Fortran source code for our program that computes the excitation energies, oscillator

strengths, and non-adiabatic couplings, as well as our FSSH program.
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Chapter 3

CHARGE TRANSFER STATE FORMATION IN A
MN-DOPED ZNO QUANTUM DOT

As a first test of our new implementation of FSSH, we examined the formation of
a metal-to-ligand charge transfer (MLcgCT) state in a Mn-doped ZnO quantum dot
(QD). Understanding the dynamics of the formation of this state, as well as the life-

time, is crucial for future applications involving these magnetically-doped materials.

3.1 DMotivation and set-up

Charge carrier dynamics in semiconductor nanocrystals, or QDs, are of interest for
their application in biomedical detection, [89, 54] biochemical imaging, [16, 44, 13,
94, 22] solar energy conversion [35, 56, 53, 48] and photocatalysis, [17, 18] and for use
in light emitting diodes. [35, 14, 90, 20, 77] Semiconductor QDs posses a unique band
structure that spans the gap between bulk materials and molecules. For example, the
onset of absorption/emission can be continuously changed by modifying the size of
the QD. [1, 36]

Beyond the ability to control electronic excitations by varying the QD’s diameter,
the incorporation of transition-metal dopants such as Co?* and Mn?* to form diluted
magnetic semiconductors (DMSs) introduce new levels which enhance the richness
of the absorption spectra. [7, 46, 45] Our group’s previous theoretical studies have
focused on elucidating the distribution of electronic states and on characterizing the
electronic transitions in Mn?*"—doped ZnO (Mn?":Zn0O) QDs. [5, 26, 3] However, no
comment was made on the relaxation time or pathways for the recombination of

the conduction-band (CB) electron (ecy) and valence-band (VB) hole (hig). Al-
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Figure 3.1: Structure of the Mn-doped ZnO QD. The Mn atom is represented by the
green sphere, the Zn atoms are represented by the blue segments, the O atoms are
represent by the red segments, and the pseudo-H atoms are give by the white spheres.

though studies have examined the dynamics of charge carrier relaxation in pure ZnO
nanowires/films [47, 96, 74] and Ds, [15] no known studies have examined the process
in Mn?*:ZnO QDs.

The unique electronic structure of Mn?*:ZnO gives rise to new spectral features
resulting from the appearance of mid-gap Mn?* 3d levels, which have been well char-
acterized both experimentally [69, 51] and theoretically. [26, 3] These new levels give
rise to photoionization excited states such as the MLcgCT state described by Eq. 3.1.

Mn?* M Mn®* + egy (3.1)
We recently reported on the observation of spin-dependent hole delocalization among
multiple dopant ions in Mn?*:Zn0O QDs upon excitation to this MLcgCT excited state
which favored parallel Mn?* spin alignment.[26] Crucial to the application of materials
that exhibit this form of photomagnetization is a characterization of the dynamics and
longevity of the charge carriers responsible for the formation of the MLcpCT excited
state. To address this we used the surface hopping approach outlined previously to
study the formation of the ML CT state following photoexcitation of the band-to-
band transition (see Fig. 3.2).
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Figure 3.2: Schematic representation of the charge transfer dynamics of interest. After
exciting a band-to-band transition in the ZnO QD, a metal-to-ligand charge transfer
occurs whereby the hole relaxes into the Mn?" 3d levels, creating a Mn®" species.

BOMD was used to determine the nuclear trajectory, from which we extracted
energies and non-adiabatic couplings to feed the electronic equation of motion. The
BOMD trajectory was computed using the development version of the Gaussian pack-
age. [30] The PBE1PBE functional along with the LANL2DZ basis set and effective
core potentials were employed for the calculations. Our model QD consisted of an
approximately spherical Zng;MnOgs cluster (diam. ~1.4 nm) with a wurtzite lat-
tice structure (Fig. 3.1). Pseudo-hydrogen atoms were used to passivate surface va-
lences. [4] Additionally, the mass of each pseudo-hydrogen atom was increased to
the mass of Zn or O, depending on the pseudo-hydrogen location, in order to avoid

unphysical, high-frequency vibrations.



19

The geometry of the QD was first optimized at 0 K. Then the structure was
brought up to 300 K via repeated velocity rescaling with 10 steps of energy-conserving
dynamics between each velocity adjustment. A 1 ps BOMD trajectory with a 1 fs
time step was then computed. The density matrix version of Eq. 2.3 was integrated
along the pre-computed nuclear trajectory using a fourth-order Runge-Kutta scheme
with a 1073 fs time step. Electronic energies and non-adiabatic couplings were linearly
interpolated between nuclear time steps. The initial electronic state for each run of
the surface hopping dynamics was chosen based on the state with the highest oscil-
lator strength within the energy window 6.2-6.5 eV. This energy corresponds to the
main excitonic peak in the calculated absorption spectrum, while the energy spread
corresponds to the experimental broadening of the absorption spectrum. Oscillator

strengths were calculated via the following:

. 2m, (Gq - 60) :uga
faq - 3h2 )

(3.2)

where MO a was replaced by MO ¢ in the ground state determinant and 4, is the
MO dipole matrix element for MOs a and q, {14 = (Pq || Pa), With i being the dipole
moment operator. Two hundred different initial conditions were sampled with 10,000
surface hopping trajectories of 800 fs launched for each initial condition, making the

final population results averaged over 2 million trajectories.
3.2 Relaxation dynamics

Displayed in Fig. 3.3 are representations of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The HOMO has signifi-
cant localization around the Mn atom, while the LUMO is delocalized across the core
of the QD. In the equilibrium geometry, the five lowest excited state are all MLcgCT
states, with the lowest three sitting inside the band gap of ZnO. At 300 K though, the
higher two MLcgCT states mix significantly with the ZnO excitonic transitions. The

lowest three excited states remain mostly separated from the rest of the excited states
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due to their location inside the normal ZnO band gap (see Fig. 3.4) and maintain their

MLcgCT character.

Figure 3.3: Isosurface plots of the HOMO and LUMO of our Mn?*ZnO QD in the
optimized ground state geometry. The HOMO shows significant localization around
the Mn atom, while the LUMO is delocalized across the QD core.

Shown in Fig. 3.5 is the calculated absorption spectrum. We have plotted both
the oscillator strengths that we calculated (see Eq. 3.2) and the curve resulting from
fitting Gaussian functions to each transition. We calculated the oscillator strengths
for the first 99 transitions at each of the first 200 nuclear configurations of our BOMD
trajectory, making our spectrum representative of an ensemble of QDs. Our absorp-
tion spectrum is in excellent agreement with experimental absorption spectra for
Mn-doped ZnO. [6]. The Mn-dopant creates a broad shoulder at the onset of absorp-

tion, while we also observe the small dip in absorption following the first excitonic
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Figure 3.4: Excitation energies as a function of time for the first 99 excited states.
The MLcgCT states are marked in blue.

peak, which is more pronounced in smaller QDs. [93] This excellent agreement is a

sign that our single determinant framework is a good approximation for this system.

Our main result is shown in Fig. 3.6, where we have plotted the ground state
and MLcgCT state populations as a function of time. The rise in the population of
the MLcpCT state occurs on an ultrafast time scale (see inset of Fig. 3.6). Within
approximately 20 fs, the MLcgCT state is almost fully populated: a good sign for the
prospect of photoinduced magnetization. Unfortunately, the state appears to have
a relatively short lifetime (~500 fs). The typical time scale for magnetic polaron
formation is 100s of ps. [23] So it would appear that the MLcgCT state does not live

long enough at room temperature in order to align the spins of the dopants.

At lower temperatures though, the lifetime of the MLcgCT state is significantly
extended. As an example of this, we have the relaxation dynamics for the same system
at 1 K. While this is not a physically realistic temperature for the system, it does

illustrate a point about the dynamics. When the QD is cooled down, the dynamics
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Figure 3.5: Calculated absorption spectrum for our QD. The red sticks are the calcu-
lated oscillator strengths for the first 99 excited states over the first 200 time steps of
the BOMD trajectory. The blue line was computed by fitting a Gaussian function to
each stick and summing the contributions at every energy. We used a width of 0.16
eV, which corresponds to the experimental broadening of the absorption spectrum.
The blue line has been scaled down in order to fit on the same plot as the oscillator
strengths.

are substantially slowed down. The formation of the MLcgCT state now occurs with
a time constant around 1 ps, while its non-radiative lifetime is estimated to be on
the order of a nanosecond. This dramatic slowing of the dynamics is caused by two
factors, which can be seen in Eq. 1.11. First, the lower temperature means slower
nuclei. The nuclear velocity appears as a pre-factor on the non-adiabatic coupling,
meaning that slower nuclei induce less exchange between states. Additionally, the
non-adiabatic coupling itself is expected to be smaller at lower temperatures for the
MLegCT state. The coupling for the MLcgCT state is related to the overlap of highly
localized Mn?* 3d MOs with delocalized ZnO MOs. Thermal fluctuations cause the
Mn?* 3d MOs to delocalize some and thereby increase their overlap with the ZnO

MOs. As thermal fluctuations die down with decreased temperature, the Mn?* 3d
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Figure 3.6: Relaxation dynamics of the Mn-doped ZnO QD at 300 K. Displayed are
the ground state population (red line) and MLcgCT state population (blue line). The
inset shows the early time dynamics of the MLcgCT state.

MOs will stay more localized, decreasing the non-adiabtic coupling to the MLcgCT
state.

Based on our dynamical simulations, the formation of an ordered spin state, fol-
lowing excitation of a Mn-doped ZnO QD and relaxation into the MLcgCT state,
does not seem likely at room temperature. While the MLcgCT state forms on an ul-
trafast time scale, its lifetime falls short of reported spin ordering times. The process
may be feasible at lower temperatures where the relaxation dynamics are dramatically

slowed.
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Figure 3.7: Relaxation dynamics of the Mn-doped ZnO QD at 1 K. Displayed are the
ground state population (red line) and MLcgCT state population (blue line).
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Chapter 4

EXCITON RELAXATION DYNAMICS OF A SERIES OF
CONJUGATED COPOLYMERS

The relaxation dynamics of the electron donor phase of organic photovoltaics
makes for an interesting second test of our FSSH implementation. There are many
open questions concerning exactly how to improve efficiencies in organic photovoltaics.
Advances in experimental techniques are beginning to unravel some of these myster-
ies, but there is a need for more theoretically modeling, specifically dynamical simu-
lations, to help interpret experimental results and offer insights into which directions

to explore next.

4.1 DMotivation and set-up

Organic solar cells comprise an exciting field where chemistry, physics, and materials
science all converge to address a problem that has the potential to impact the entire
planet. They hold the promise of a low-cost, light-weight alternative to traditional
inorganic solar cells. However, much work is still needed to achieve the stable de-
vices with high efficiencies that are needed to make organic solar cells economically
feasible. [81] Perhaps the most promising type of organic solar cell is the bulk het-
erojunction (BHJ). [39, 97] BHJ solar cells consist of an interpenetrating network
of donor and acceptor phases. The most common acceptor phases are derivatives
of fullerenes, with [6,6]-phenyl-Cg;-butyric acid methyl ester (PCgBM or PC7;BM)
proving to be almost ideal. Most research efforts then have focused on the design of
conjugated polymers for the electron donor phase.

Based on the electronic structure of PCBM and the solar spectrum, the ideal
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electron donor is often considered to have a LUMO level at 3.9 eV and a HOMO level
at 5.4 eV, relative to the vacuum level. [81] The LUMO level is chosen to create an
offset with the LUMO level of PCBM in order to create a driving force for exciton
dissociation. The Coulombic attraction between electron and hole in organic polymers
is typically estimated to be 0.4-0.5 eV, [2] so the LUMO offset needs to be such that
this attraction can be overcome. At the same time, studies have shown that excess
driving force does not improve efficiencies, but rather results in wasted energy. [12, 92]
A large electron mobility would also be a pre-requisite for an ideal electron donor.

The use of copolymers greatly enhances the possibilities for tuning donor proper-
ties in order to enhance BHJ solar cell efficiencies. One promising approach that was
recently put forth is coupling indacenodithiophene (IDT) units to the variations of
the electron deficient quinoxaline unit. [99] In particular IDT combined with phenan-
threnequinoxaline (phanQ) performed particularly well. A PIDT-phanQ/PC7;;BM
device showed a power conversion efficiency (PCE) of 6.24%. Another study found
that the addition of fluorine to a different IDT-based donor increased device perfor-
mance. Devices containing mono-fluorinated and di-fluorinated polymers gave PCEs
of 5.40% and 5.10%, respectively. For reference, the device with the un-fluorinated
polymer had a PCE of 5.02% under the same conditions. [9§]

The question now is can the same be achieved with the PIDT-phanQ polymer,
which already showed a PCE above 6%. Another interesting related question is why
the di-fluorinated polymer performed worse than the mono-fluorinated polymer. Our
newly implemented FSSH method seems to be well suited to provide some insight
into these questions. Shown in Fig. 4.1 are the structures of the monomer units that
we chose to study first. Future work will be concerned with alternate placements of
the fluorine atoms, as well as moving beyond an isolated monomer unit.

A development version of the Gaussian program was used to perform BOMD cal-
culations in order to obtain our nuclear trajectories along with our electronic energies

and non-adiabatic couplings. [31] This time we used the BSLYP exchange-correlation
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Figure 4.1: Structure of the three monomer units that were studied.

functional and the 6-31G(d) basis set. The geometry of each monomer was first op-
timized at 0 K before the structures were brought up to 300 K via repeated velocity
rescaling with 10 steps of energy-conserving dynamics between each velocity adjust-
ment. BOMD trajectories of 400 fs each with a 0.5 fs time step were then computed.
The density matrix version of Eq. 2.3 was integrated along the pre-computed nu-
clear trajectory using a fourth-order Runge-Kutta scheme with a 1072 fs time step.
Electronic energies and non-adiabatic couplings were linearly interpolated between
nuclear time steps.

For the first set of dynamics we discuss below, the initial state was simply taken
as the first excited state. For the second set of dynamics the initial electronic state
was chosen based on the state with the highest oscillator strength within the energy
window 3-4.25 eV, which corresponds to the second major peak in the absorption
spectra. Oscillator strengths were calculated again calculated according to Eq. 3.2.
Two hundred different initial conditions were sampled. We ran 10,000, 300-fs long
surface hopping trajectories for each initial condition, making the final population

results averaged over 2 million trajectories.
4.2 Relaxation dynamics

Figure 4.2 shows the HOMOs and LUMOs for each of the three monomers. For all
three the HOMO is spread across the monomer backbone while the LUMO is localized
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on the phan( units. This HOMO-LUMO arrangement makes the lowest excited state
an intra-molecular charge transfer state. Not only does this lower the band gap of the
polymer, but the delocalized nature of the excited state is potentially beneficial for
fast and efficient charge transfer across the polymer-fullerene interface. The addition
of the fluorine atoms to the phan(Q units do not significantly alter either the HOMOs
or LUMOs.

Figure 4.2: HOMOs and LUMOs for the studied monomers. The HOMOs are all
localized along the backbone of the monomer while the LUMOs are localized on the
phan(@) units.

Shown in Fig. 4.3 are excitation energies as a function of BOMD trajectory time
for the first 99 excited states of each monomer. Even at the level of a monomer of the
polymer, the excited state manifold is very dense. Again the addition of the fluorine

atoms does not appear to cause any significant changes. We have highlighted the
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lowest excited state as the charge transfer nature of this state makes it well suited
for efficient further charge transfer to an acceptor species and it represents the last
chance for the exciton to separate before recombination loss back to the ground state.

As such our simulation focuses on the dynamics in this state.
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Figure 4.3: Excitation energies over the course of the BOMD trajectories for the three
monomers. The lowest excited state is highlighted in blue.

We calculated ensemble averaged absorption spectra for each of the monomers
with the results displayed in Fig. 4.4. The absorption spectrum for each monomer is
a combination of 200 individual absorption spectra. It is here we can see the effect of
the fluorine atoms. The first peak in the absorption spectra corresponds to excitation
to the lowest excited state. The position of this peak red-shifts with added fluorine.
This is due to fluorine increasing the electron affinity of the phanQ unit, resulting in
a lowered LUMO energy. The position of the second peak in the absorption spectra
is less affect by the fluorine atoms. Additionally, there is a slight increase in the
intensity of absorbance with added fluorine due to the increase in the molecular dipole.

The absorption spectrum for the P1 monomer is in good qualitative agreement with
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previously published absorption spectra for the corresponding polymer. [99] Again

indicating that our dynamics simulation should provide some reliable insight.
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Figure 4.4: Calculated absorption spectra for our three monomers. The lines were
calculated in the same manner as before for the ZnO QD: a Gaussian function of
width 0.13 eV (estimated broadening from the experimental spectrum for P1) was fit
to each calculated oscillator strength (not shown), and the contributions were summed
at every energy. Absorption spectra from 200 different nuclear configurations were
sampled for each line. Monomer P1 is given by the solid, red line, P2 is the dotted,
blue line, and P3 is the dashed, green line.

Our first dynamical simulation began with the first excited state being occupied.
Figure 4.5 shows the relaxation dynamics of the first excited state population. All
three monomers relax very fast with all relaxations complete by approximately 200 fs.
The fluorine atoms appear to have the effect of enhancing relaxation to the ground
state. The P3 monomer with two fluorine atoms relaxes the fastest, and the P1
monomer without any fluorines has the slowest relaxation.

Recently studies have suggested that the formation of hot charge transfer states

(i.e. transferring the electron to the fullerene before the exciton relaxes on the poly-
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Figure 4.5: Relaxation dynamics for our three monomers. The starting electronic
state was the first excited state (highlighted region on the inset absorption spectra),
and displayed is the population of that state. Monomer P1 is given by the solid, red
line, P2 is the dotted, blue line, and P3 is the dashed, green line.

mer) are important for high efficiency in polymer solar cells. [34, 43] To examine the
feasibility of forming hot charge transfer states with these polymers, we performed a
second set of calculations where our initial electron state came from the second peak
in the absorption spectra. These results are shown in Fig. 4.6 where again we have
plotted the population dynamics of the first excited state. Relaxation into the first
excited state occurs on an ultrafast time scale; all three monomers complete relax-
ation to the first excited state within the first 20 fs of the simulation. Subsequent
relaxation to the ground state occurs very similar to what was seen when we began
the simulation in the first excited state.

Interestingly, the relaxation into the first excited state does not follow the same
trend that was seen for relaxation into the ground state. The monomer with a single
fluorine atom shows faster relaxation to the first excited state, followed by monomer

P3 then P1. Relaxation to ground state then proceeds in the same order as the
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Figure 4.6: First excited state population as a function of time for the three monomers.
The starting electronic state here was the state with the high oscillator strength under
the second peak in the absorption spectra (highlighted region on the inset absorption
spectra). Monomer P1 is given by the solid, red line, P2 is the dotted, blue line, and
P3 is the dashed, green line.

previous calculation with P3 relaxing the fastest even though P2 made it to the first
excited state first. The P2 monomer also achieves a slightly larger population of the

first excited state before beginning relaxation to the ground state.

The relaxation to the ground state is inversely proportional to the band gap of
the monomer (e.g. P1 has the largest band gap and the slowest relaxation); however,
the relaxation does not correlate perfectly with the average magnitude of the non-
adiabatic coupling between the first excited state and the ground state. In Fig. 4.7
we have plotted a running average of the magnitude of the coupling between the
first excited state and the ground state. For each initial condition we averaged the
magnitude of the non-adiabatic coupling over the first 100 fs of the trajectory that
began at that initial condition. For the first 80 initial conditions, monomer P2 shows

the largest average coupling. For the remaining initial conditions, monomer P3 has
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Figure 4.7: Average magnitude of the non-adiabatic coupling between the first excited
state and the ground state over the first 100 fs of the trajectories beginning from each
initial condition.

the largest average coupling, while P2 and P1 have approximately the same coupling.

Of course the non-adiabatic coupling is not the only factor determining the re-
laxation. The hopping probability also depends on the off-diagonal density matrix
element between the states in question. Additionally, since the hopping probability
is proportional to the product of non-adiabatic coupling and off-diagonal density ma-
trix element, there has to be a sort of resonance between the two in order to promote
transitions. The hopping probability will be zero if either the non-adiabatic coupling
or the off-diagonal density matrix element is zero, or if they are of the same sign
(see Egs. 1.14 and 1.13). The P3 monomer appears to best meet this condition. We
examined the average dynamics over just the first 50 initial conditions, where P2 has
higher average coupling than P3, and found the two monomers to show the same
relaxation time.

The addition of fluorines to the monomers has a two-fold effect on the system. The

fluorines lead to an enhancement of the absorbance of the monomer as the fluorines
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enhance the dipole moment of the monomer. This is advantageous from a solar
cell perspective as a high absorbance means more excitons that could potentially be
separated. The other effect is not as advantageous for solar cells; the fluorines appear
to speed up exciton relaxation.

Ideally, excitons would be separated and charge carriers extracted before any ther-
mal relaxation can occur. If the relaxation becomes too fast, then recombination to
the ground state will occur before there is a chance for charge transfer to the electron
acceptor. A recent study on another low band gap polymer/PCBM system found
the time scales for charge transfer from the polymer to the fullerene to be around 50
fs. [34] That is close to the time scale for relaxation seen for the fluorinated monomers,
and so there may be a competition between charge transfer and recombination to the

ground state, especially for the doubly fluorinated monomer.
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Chapter 5

SURFACE HOPPING WITH EHRENFEST EXCITED
POTENTIAL

Motivated by the electronic structure of systems like the previous examples, we
have developed a modification of the FSSH method that takes advantage of the differ-
ence in the energy spacing between the ground and excited states versus the energy
spacing between excited states. Termed surface hopping with Ehrenfest excited po-
tential (SHEEP), our method simplifies the representation of the excited states with
an Ehrenfest-like treatment while still utilizing a FSSH-like approach for determining
the population dynamics. The greatest draw of SHEEP is that it can be formulated

without any explicit reference to excited state wave functions.

5.1 SHEEP theory

The central idea behind SHEEP is to simplify FSSH via modifying the treatment of
the quantum back reaction, i.e. the effect changes in electronic state populations have
on the nuclear dynamics. Ehrenfest dynamics simplifies the quantum back reaction
via the use of a single PES for propagation; however, this approach is unable to
properly account for different reaction pathways and does not approach a realistic
equilibrium, expect in the high temperature limit. A common feature of the systems
in which we are often interested is a dense manifold of excited states along with a
substantial gap between the ground state and the excited states.

Averaging together all of the electronic states in such a system would seem not to
be ideal given the energetic gap between the ground state and the excited states. On

the other hand, explicitly accounting for all of those states and their interactions, as
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would be the case for FSSH, is a computationally daunting task without a handful of
approximations. Our solution is to combine these two approaches: treat the excited
states with an Ehrenfest-like approach while maintaining a distinct ground state and

making surface hops between the ground state and excited state manifold. This is

illustrated in Fig. 5.1.

Potential Energy

Nuclear Coordinate

Figure 5.1: Schematic representation of SHEEP. The ground state remains unaltered
while all of the excited states are folded into a single, average excited state.

In essence we create a two-state system for the nuclear subsystem, while still treat-
ing the electronic subsystem with the time-dependent electronic Schrodinger equation
(Eq. 1.11). This is accomplished by transforming the normal electronic basis into a

new basis anytime we need to modify the dynamics of the nuclear subsystem (e.g.
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applying forces or testing for a transition). Our new basis is given by

Te(r;R) = $o(r;R) (5.1)
Yo, t;R) =) c(t)@u(r;R). (5.2)
k>0
The first state is simply the adiabatic ground state, while the second is our mean-field
excited state, being a linear combination of the remaining adiabatic states. The forces
on the nuclei are now given by

<Tk|7_zel‘Tk>r

MR ==Vr | =5 1.

(5.3)

The normalization is needed for the new excited state. Evaluating the force expression
for the mean-field excited state directly would involve excited state energies and
couplings, which we would prefer to avoid having to calculate. We can accomplish
this in one way by computing the mean-field excited state force through a finite
difference of the mean-field excited state energy, which we can define in terms of the

full mean-field energy and the ground state energy:

(Te(r, t; R)|Ha(r,R)|Ta(r, t; R))r = (Ur, t; R)[Ha(r, R)|Qr, t; R)),
— age(®) (Te(r: R [Ha(r, R)| To(r: R))s.  (5.4)

While a finite difference scheme for the force is not ideal, it will be generally preferable
to having to calculate all of the excited state energies and couplings. The full mean-
field state can be obtained without explicit excited states through propagation of a
superposition state. [55]

Hopping probabilities are now also calculated without reference to excited state

quantities:
—Atagg(t)
=y 5.5
9GE aca(t) (5.5)
Ata t
9EG = 6e(f) (5.6)

1-— agg<t>7
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where agg = ago. This definition of hopping probabilities is consistent with the
original FSSH algorithm for the case of only two states (see Eqs. 1.12 - 1.14). Having
defined the new forces and hopping probabilities we can now outline the method.

Step 1. The initial positions and momenta of all the atoms, along with the initial
density matrix, are specified.

Step 2. The classical equations of motion (Eq. 5.3) are integrated a small time step
At on the PES of the currently occupied electronic state. Equation 1.11 is integrated
along this trajectory. Equivalently, Eq. 1.5 could be integrated along this trajectory,
and then the ground state projected onto the total wave function to determine the
ground state density matrix element after integration.

Step 3. The hopping probability from the current state to the other state is
computed according to Eq. 5.5 or 5.6. A random number on the interval (0,1) is
generated and compared to the hopping probability. If the hopping probability is
greater than the random number, then a switch to the other state is invoked. If the
hopping probability is less than the random number, then no transition occurs.

Step 4. If no transition was called for, then return to step 2. If a switch to
the other state is called for, the component of the momentum in the direction of
the non-adiabatic coupling vector is adjusted so as to conserve energy. If there is
insufficient kinetic energy to accommodate the change in potential energy, then the
state switch is aborted and the trajectory continues unaltered on the original PES.
This is opposed to the original formulation of the fewest switches algorithm where,
if a hop was rejected, the velocity along the non-adiabatic coupling vector changed
sign. [82, 40] A study by Miiller and Stock indicated that better accuracy could be
obtained by leaving the velocity unchanged if a hop is rejected. [68] After evaluating
the hop, return to step 2.

Not requiring excited state wave functions represents a large computational ad-
vantage for SHEEP. We no longer, necessarily, have to choose between accuracy and

efficiency for non-adiabatic dynamics calculations on large systems. Previous imple-
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mentations of surface hopping have called for either highly-correlated, wave function
based methods [88] for an accurate treatment of excited states at the cost of being lim-
ited to small molecules, or sacrificing some accuracy in the description of the excited
states while gaining the ability to treat larger system by implementing within the
Kohn-Sham [21] or linear-response [80] formalisms of time-dependent density func-
tional theory. With SHEEP the total electronic wave function can be represented as a
superposition state [55] and the ground state coefficient obtained through projection

of the ground state onto the superposition state.
5.2 DModel problems

SHEEP can be considered an approximation to FSSH when there are more than two
adiabatic states (the methods are the same when there are only two adiabats). As
such we explored model problems with a few adiabatic states to ones with many,
and compare our results to those of FSSH, as well as Ehrenfest, or mean-field (MF),
dynamics. [29] Our first model problem consists of three electronic states with multiple
avoided crossings.

The matrix elements of the electronic Hamiltonian in the diabatic representation

and atomic units are

Hy (R)=0.0 (5.7a

BN |
=3

Hyy(R) = 0.045 (5.
Hs3(R) = —0.10exp(—0.28 R?) + 0.05

Hi5(R) = Hy(R) = 0.0 5.7d
Hy5(R) = H3 (R) = 0.015exp(—0.06 R?) (5.7¢
Hy3(R) = H3e(R) = 0.035exp(—0.06 R?) (5.7f

The adiabatic potential energy curves for the model studied here are presented in

Fig. 5.2, along with the various non-adiabatic couplings for the system. The model
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is an extension of Tully’s second model problem [82], retaining the dual avoided
crossing that produces quantum interference effects in the excitation probabilities
while introducing a third state to test the sensitivity of the results with respect to

the exact nature of the forces on the nuclear coordinate.
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-10 -5 0 5 10
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Figure 5.2: Three states with multiple avoided crossings model. Top panel: Adiabatic
potential energy curves as a function of the nuclear coordinate. Bottom panel: Non-
adiabatic coupling strengths between adiabatic states as a function of the nuclear
coordinate.

The classical particle, of mass 2000 a.u., starts each trajectory in the asymptotic
negative R region on the ground electronic state with momentum k along the direction
of positive R. Each trajectory was integrated until the particle had completely left
the interaction region. For the SHEEP and FSSH results, 2000 trajectories were run
for each value of initial momentum, ranging from £ = 5 a.u. to kK = 40 a.u. The final
probabilities for both the SHEEP and FSSH methods were computed in the usual

way by simply considering the fraction of trajectories that achieved each outcome.
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For the MF method, the value of the appropriate density matrix element along the
diagonal at the time the integration was stopped is given as the final probability.

Shown in Fig. 5.3 are the various probabilities for transmission on the ground
state (Fig. 5.3a), reflection on the ground state (Fig. 5.3b), and transmission on
either excited state (Fig. 5.3c), all as a function of initial momentum. There is no
reflection on any excited state. The SHEEP and FSSH results are in near perfect
agreement over the entire momentum range considered. The MF method is only
capable of giving either reflection or transmission for a given initial momentum. The
potentials in this model are such that reflection is never seen from the MF method.
This result is the reason for maintaining at least two states for nuclear dynamics in
SHEEP.

To demonstrate that SHEEP can provide meaningful information about the pop-
ulations of the individual excited states, Fig. 5.4 shows the probabilities for transmis-
sion on the individual excited states. Again the SHEEP and FSSH results are in near
perfect agreement over the entire energy range. We do concede though that since
the excited state in SHEEP is treated in a mean-field manner, higher-lying excited
states could see some unphysical population much in the same way that MF dynam-
ics will populate states that are not energetically accessible. However, we feel that
this should be mediated somewhat by the energy conservation criteria of the surface
hopping. If a highly-excited basis state is predicted to have significant population,
it will contribute more to the energy of the mean-field excited state in SHEEP. This
added contribution will raise the energy of the mean-field excited state, forcing the
system to need more energy in order to transition out of the ground state.

The results of all three methods converge at higher momenta, which is to be ex-
pected since with increasing momentum, the amount of time the particle spends in the
interaction region is accordingly decreased and will therefore be less sensitive to the
exact manner in which it traverses that region. The results at lower momentum illus-

trate some advantages surface hopping based methods possess over the MF approach.
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Figure 5.3: Three states with multiple avoided crossings model. (a) Probability of
transmission on the ground adiabatic state. (b) Probability of reflection on the ground
adiabatic state. (c¢) Probability of transmission on the excited adiabatic states. Blue
circles are the SHEEP results, FSSH is given by red squares, and MF is given by
black triangles.

For the current model problem, the lower excited state is not energetically accessible
in the asymptotic region until £ > 13.4 a.u. (the point at which the SHEEP and FSSH

probabilities become non-zero, as seen in Fig. 5.3¢). The MF method, however, gives
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Figure 5.4: Three states with multiple avoided crossings model. (a) Probability of
transmission on the first excited adiabatic state. (b) Probability of transmission on
the second excited adiabatic state.

significant population in the excited states below this barrier, which stems from the
wave function being restricted to a single Hartree product. [33] The other advantage is
the previously mentioned ability to describe divergent reaction pathways. FSSH and
SHEEP show both reflection and transmission at initial energies below the barrier to

the excited states, while MF can only describe one result or the other at a time.

The second model problem we studied consists of a light particle coupled by a
spring to a heavy particle sitting in a harmonic potential. This particular problem
has been shown to be troublesome for surface hopping approaches while well suited
for MF dynamics because there is constant coupling between states for all times. [52]
Explicit details of the problem can be found in ref. [52] Figure 5.5 shows the potential

energy curves for the model. The heavy particle has a mass of 10 a.u., and the light
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particle has a mass of unity. The potential energy curves are given by

ValB) = LK B+ (n 4 D) Eo]m. (5.8)

where K. is the spring constant for the external potential felt by the heavy particle
(Ks. = 15 a.u.), n is the state index starting at zero, k. is the spring constant for
the coupling between the light and heavy particles (ks. = 5 a.u.), and m is the mass
of the light particle. All trajectories were started on the ground state at R = —0.75
a.u. with zero initial momentum (the position of the circle in Fig. 5.5). This gives the
particle a maximum kinetic energy of %15(—0.75)2 = 4.21875 a.u., while the spacing
between states is v/5 & 2.23607 a.u., slightly more than half the maximum kinetic
energy. Again, 2000 trajectories were averaged together for the surface hopping based

approaches, and 10 adiabatic states were included in the calculation.
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Figure 5.5: Harmonic oscillator with equally spaced excited states model. Adiabatic
potential energy curves as a function of the nuclear coordinate. The circle shows the
initial position for the trajectories.
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Time evolution of the ground state population is displayed in Fig. 5.6. In general
SHEEP is in good agreement with FSSH; however, SHEEP does show an increased
dampening of the oscillations in the population. Even with the dampening, the
SHEEP population oscillations remain mostly in phase with the FSSH oscillations.
The dampening of the population oscillation for the surface hopping methods as
compared to the MF dynamics is due to a loss of coherence between the members of
the ensemble that constitute the surface hopping results. [52] The loss of coherence
occurs more quickly with SHEEP in this case due to the dependence of the mean-
field excited state PES on the history of the trajectory. Therefore, in addition to each
trajectory having a different history of random hops, each trajectory also experience

a slightly different PES for the excited state.
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Figure 5.6: Harmonic oscillator with equally spaced excited states model. Time
evolution of the ground state population. Loss of coherence between members of the
ensembles causes the dampening of the oscillations for the surface hopping results.

The loss of coherence can also be seen in Fig. 5.7 where we have plotted the



46

average position and momentum of the heavy particle as functions of time. Through
approximately the first half oscillation, all three methods agree. After that the surface
hopping methods begin to become out of phase with the MF results, in addition to
decreasing the amplitude of the oscillation. The average position and momentum from
the surface hopping methods are approaching zero as the independent trajectories of
the ensembles spread in phase space. SHEEP approaches zero more quickly because

of the addition of the variances in the excited PES for each trajectory.
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Figure 5.7: Harmonic oscillator with equally spaced excited states model. Time
evolution of the average momentum (top panel) and position (bottom panel) of the
heavy particle. Spreading of the trajectories in phase space causes the approach of
the averages towards zero for SHEEP and FSSH.

Overall, the performance of SHEEP for this problem is rather encouraging. It
has already been established that surface hopping methods are not well suited for a
problem with non-vanishing coupling between states. [52] This problem also provides

no justification for the separation ansatz that SHEEP applies to the electronic wave
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function when it comes to nuclear dynamics. While SHEEP cannot reproduce the

FSSH result here, it provides a good approximation.

To illustrate that SHEEP performs even better as compared to FSSH when there
is some physical motivation for the separation ansatz, we modified the previous model
to cluster the excited states closer together. A chemical analog of such system is a
harmonic vibration with electronic excited states broadened by solvents. Specially we
have decreased the excited state separation to one tenth of the separation between
the ground state and first excited state as shown in Fig. 5.8. The remaining details of
the problem were left unchanged (i.e. same non-adiabatic couplings, masses, initial
conditions, and number of trajectories); although, we did include 15 states in these
calculations to be sure we obtained a converged result with respect to the number of

states.

Energy (a.u.)

T T T T T
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Figure 5.8: Harmonic oscillator with a dense manifold of excited states model. Adia-
batic potential energy curves as a function of the nuclear coordinate. The circle shows
the initial position for the trajectories.
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Ground state population evolutions are shown in Fig. 5.9. Grouping the excited
states together has led to the FSSH and SHEEP results agreeing with each other to a
higher degree. There still exists the damped oscillation relative to the MF dynamics
due to the loss of coherence, but now SHEEP and FSSH show similar dampening and
fluctuations. The loss of coherence is again illustrated by the average position and
momentum approaching zero as seen in Fig. 5.10. Modifying the excited state spacing
has resulted in the SHEEP and FSSH phase space dynamics becoming more similar.
The ensembles lose coherence at approximately the same rate now. While neither
surface hopping based method does a particularly good job describing the dynamics
of this model, the important item to note for us is that SHEEP performs no worse

than FSSH here.
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Figure 5.9: Harmonic oscillator with a dense manifold of excited states model. Time
evolution of the ground state population. Bringing the excited states closer together
brings the SHEEP and FSSH results closer together.

The final model problem we have examined was created with atom /surface inter-



49

Lo b b b i b b b b b
104 FSSH SHEEP L

Momentum (a.u.)

Position (a.u.)

Time (a.u.)

Figure 5.10: Harmonic oscillator with a dense manifold of excited states model. Time
evolution of the average momentum (top panel) and position (bottom panel) of the
heavy particle.

actions in mind. It consists of a ground state separated from 29 closely spaced and
nearly parallel excited states. Figure 5.11 displays the diabatic and adiabatic poten-
tial energy curves for this problem. The matrix elements of the electronic Hamiltonian

in the diabatic representation are

Hi1(R) = 0.38(1 — exp(—(1 — R)))? (5.9a)
H,n(R) = exp(—2R) + ”17_02 (5.9b)
Hi,(R) = Hy1(R) = 0.05exp(—(R — z,,)?) (5.9¢)
Hpm(R) = Hypn(R) = 0.0 (5.9d)

where x,, is the crossing point of Hy; and H,,. For this problem the classical particle
had a mass of 2000 a.u. and started at R = 1 a.u. on the ground state. The initial

momentum of the particle ranged from 20 to 50 a.u., and 1000 trajectories were
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sampled for the FSSH and SHEEP results.
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Figure 5.11: Thirty states with avoided crossings model. (a) Diabatic potential energy
curves as a function of nuclear coordinate. (b) Adiabatic potential energy curves as
a function of the nuclear coordinate.

In Fig. 5.12 are the probabilities for ending up on the ground adiabatic state in the
asymptotic positive R region as a function of the initial momentum. Similar to the
first model problem, the three methods generally agree at higher energies. At lower
energies there are substantial differences between MF and SHEEP /FSSH, while the
two surface hopping approaches are in qualitative agreement across the energy range.
SHEEP appears to favor the ground state at lower energies. This most likely is due
to the mean-field excited state energy being raised by contributions from higher-lying
adiabatic states. This could result in hops being rejected due to a lack of kinetic
energy, while FSSH predicts hops to low-lying excited states that are energetically
allowed.

Testing SHEEP on a series of model problems has shown that the method can
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Figure 5.12: Thirty states with avoided crossings model. Probability of transmission
on the ground adiabatic state as a function of initial momentum.

accurately reproduce the FSSH result without having to explicitly consider each ex-
cited state, particularly when there is some physical motivation for the separation
ansatz. As seen with the last model problem, there will be situations where SHEEP
will artificially favor the ground state. This short coming of SHEEP will be explored

more in the next section.

5.3 Boltzmann equilibrium populations

With the previous model problems we analyzed the ability of SHEEP to reproduce
the short time and scattering results of FSSH. Another area where FSSH has been
shown to perform well is in obtaining nearly Boltzmann equilibrium populations of
the electronic states. [70, 78] Specifically, it was found that FSSH exactly reproduces

the Boltzmann populations in the limit of small adiabatic state splitting and in the
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limit of large non-adiabatic coupling. In contrast, Ehrenfest dynamics only achieves
Boltzmann populations in the high temperature limit and does very poor at lower
temperatures. [70] Given that SHEEP is a combination of these two methods, it is
important to determine where the performance of SHEEP lies.

To address this, we have devised our own version of the model problem used to
test FSSH and Ehrenfest. This model consists of a linear chain of classical particles
connected by anharmonic springs to each other. These particles act as a heat bath for
the end particle, which is coupled to our multilevel quantum system. We designed our
quantum energy levels to resemble what one might find in a semiconductor: relatively
large energy gap between ground and excited states with significantly smaller energy
gaps between excited states.

We followed the work of Tully and co-workers [70] and used a linear chain of 20
classical particles interacting via a nearest-neighbor potential energy function,

20

V(R) => Vi(Ri — Ris1), (5.10)
k=1
where
Vi(R) = Vo (°R* — @’R® + 0.58¢°R*) (5.11)

with Rs; being a fixed position and R; being the coordinate corresponding to the
classical particle coupled to the quantum system. In addition to the purely classical
particles as a heat bath, we applied a Langevin friction and random force to the 20th
particle in the chain. The random force term is a Gaussian random variable with zero

mean and a width given by
o=/ 2kTyM, (5.12)

where 7 is the friction coefficient and M is the mass of the classical particle. We
used the same parameters for the classical subsystem as Tully, [70] which are listed
in Table 5.3 along with the parameters for our quantum subsystem. The classical

equations of motion were integrated using the second-order method of Vanden-Eijnden
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and Ciccotti [87], which reduces to the velocity Verlet algorithm if there is no friction
or random force.

The quantum system consisted of 10 adiabatic states whose energies are given by

1 [k
Hnn = (TL + 5) h Ene + Eoffu(n — 2) (513)

where n runs from 0 to 9, k, is a state-dependent force constant, E,¢; is an energy
offset, and u(n — 2) is the Heaviside function. The quantum system was inspired
by the electronic structure of a semiconductor where there is a substantial energy
gap between ground and excited states (~ 1 eV) with significantly smaller energy
gaps between excited states (~ 25 meV). The quantum potentials are independent of
the classical coordinate, and all excited states are equally spaced. The non-adiabatic
couplings for this harmonic system are given by

2 (m 4+ 1)1t m2™ Y (m — 1)1

21/ 2 Q) /2 I Qo )

, (5.14)

nm

4 mekmaz(n,'m)

7 The density matrix equation of motion was inte-

where apaz(nm) =
grated using a fourth-order Runge-Kutta method. Because Runge-Kutta methods
are non-symplectic integrators, they don’t maintain the idempotency of the density
matrix without a very small time step. To circumvent this, we applied a McWeeny
purification scheme [61] to maintain the idempotency of the density matrix. Both the
classical and quantum propagations utilized a 1072 fs time step. For this problem 200
trajectories were computed, each 800 ps in length with the first 500 ps discarded for
equilibration.

Shown in Fig. 5.13 are the ground state populations as a function of system tem-
perature. SHEEP shows reasonable agreement with the Boltzmann populations across
the whole temperature range. We should note that SHEEP will not continue to show
such good agreement as more excited states are added to the problem. This is a dif-

ferent manifestation of the problem that plauges the Ehrenfest method when looking

at equilibrium populations.
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Figure 5.13: Ground state population as a function of temperature. The red line is the
Boltzmann result, the black squares are the FSSH results, and the blue circles are the
SHEEP results. The error bars represent the standard deviations of the population
averages.

For Ehrenfest dynamics, all states have nearly equal population at all temper-
atures. As a consequence of this population behavior, the mean quantum energy

in Ehrenfest dynamics scales linearly with the number of states. [71] In regards to
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SHEEP this means that as more states are added, our mean-field excited state will
increase in energy and trap our population in the ground state as the difference in
potential energy between the ground state and mean-field excited state exceeds the
kinetic energy of the classical particles. If we are only interested in the relaxation to
the ground state at low temperatures (i.e. room temperature), then this drawback
should only be a minor concern. In this type of calculation, the excited state is typi-
cally the starting point, and at these temperatures the system would lack the kinetic
energy to overcome the fundamental band gap to repopulate the excited state after

relaxation to the ground state.

One surprising result of the calculation is the poor performance of FSSH. It has
been demonstrated previously, through both simulation and analytical expressions,
that FSSH should at least be capable of a good approximation to the Boltzmann
populations. [70, 78, 85] Upon further examination, we determined that the failing of
FSSH in this problem relates to the structure of the energy levels for this particular
problem and one aspect of the hopping algorithm. In the previous tests of FSSH with
respect to Boltzmann populations, the model problems were either two level systems
or multilevel systems where there was equal spacing of all the quantum states. The
excited states in our problem are two orders of magnitude closer to each other than
they are to the ground state. This causes problems for FSSH because the hopping
algorithm that adds hopping probabilities together and tests for hops in an ascending

manner.

For example if we are in the first excited state, we hop to the ground state if the
hopping probability for a transition from the first excited state to the ground state
is larger than the random number. If the random number is larger, we then look
to hop to the second excited state. We will hop to the second excited state if the
hopping probability for a transition from the first excited state to the second excited
state plus the hopping probability for a transition from the first excited state to the

ground state is greater than the random number, and so on. For the previous model
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problems this posed no problem since hopping probabilities are typically very small,
and thus you would need to add several together before the total hopping probability
would be greater than the random number. By the time several were added together,
you would be looking at hopping to a state several above the one currently occupied,
which if the energy levels are equally space, meant that the potential energy change

would be much larger than the kinetic energy.
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Figure 5.14: Ground state population as a function of temperature. The red line is
the Boltzmann result, the black squares are the FSSH results, the blue circles are
the SHEEP results, and the gray diamonds are the modified FSSH results. The error
bars represent the standard deviations of the population averages.

In our model problem, however, the temperatures required to see significant equi-
librium population in states other than the ground state are extremely high temper-
atures for the excited state energy spacing. Therefore, these hops that would have
been rejected based on energy conservation in the previous model problems are accept
in our model problem. In essence the hopping algorithm is trapping the population
in the excited state, and we see lower than expected population in the ground state,

especially as the temperature increases.
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To verify this line of reasoning, we performed another set of FSSH calculations
where we randomly decided at every time step the first state to which we would
attempt to hop. We then cycled up from that state until all states were tested, or a
hop was called predicted. As an example, if our randomly chosen first state to test
was the fourth state out of five, we would test in the order 4, 5, 1, 2, 3. These results
are shown in Fig. 5.14, labeled as FSSH*. This modification immediately improves
the results, and they are now essentially the same as the results of SHEEP, if not
slightly better. This shortcoming of FSSH was not anticipated and warrants further
investigation as to the extent of the problem on the accuracy of results for other

problems and the best remedy for the problem.
5.4 Approximations for SHEEP

SHEEP was developed in an attempt to lower the cost of surface hopping calcula-
tions, with application to a specific class of systems in mind. In developing and
testing SHEEP, we have discovered that the structure of SHEEP lends itself to a few
additional approximations that could potentially save a significant amount of com-
putational time while at the same time having minimal impact on the accuracy. The
first of these is similar in spirit to the classical path approximation that we made in
implementing FSSH with electronic structure calculations.

For most applications of SHEEP, we would be concerned with simulating the re-
laxation of an excited electron back to the ground state. In most of these simulations,
the initial excitation is not simulated; the system is simply started in the excited
state of interest. Additionally, most of these simulations are performed around room
temperature. For a semiconductor with a band gap of 1 eV, the Boltzmann factor
at room temperature for population of the excited state is on the order of 10717,
This means that once the system relaxes to the ground state, it will essentially never
repopulate the excited state based solely on thermal energy.

SHEEP can take full advantage of this situation. Instead of needing to com-
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pute hundreds of trajectories to simulate the relaxation dynamics in a system with
a substantial band gap (i.e. the systems for which SHEEP was designed), we can
pre-compute a single trajectory on which we can then sample the hopping dynam-
ics and obtain the relaxation rate. While this would still not be on the same level
of computational savings as the classical path approximation used earlier, we would
still obtain significant savings over the standard surface hopping procedure. Note,
this would not be possible with FSSH. Excited state energy spacings are typically
the same order of magnitude as thermal energy fluctuations at room temperature in
semiconductors; therefore, we would still need to compute individual trajectories in
order to keep track of the excited state dynamics in FSSH.

Additionally, this would be a very well controlled approximation in SHEEP. By
neglecting any transitions out of the ground state, we know a priori that our calculated
relaxation rate will be an upper limit on the rate that would be computed with the
full SHEEP procedure. The Boltzmann factor also provides a convenient measure of
how well we can expect the approximation to perform as we either decrease the band
gap or increase the system temperature.

A second tactic that could make for easier implementation and save some com-
putational time is to approximate the excited mean-field state by the full mean-field
state. The direct expression for the excited mean-field state force (Eq. 5.3) would
involve excited state properties, the calculation of which we would like to avoid. The
alternative offered above was a finite difference approach. While this avoids the ex-
cited state properties, it would still significantly increase computational costs.

By making use of the full mean-field state (for which we already have an analytical
expression of the force in terms of a superposition state [55]) instead of the excited
mean-field state, we would simplify the calculation of the force without significantly
changing the dynamics provided that there are a large number of states. The ground
state contribution to the full mean-field state will be inversely proportional to the

number of states, on average. Assuming we do not start in a state that is strongly
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coupled to the ground state, the dynamics of the full mean-field state and the excited

mean-field state will be approximately the same when the number of states is large.

1.0 ‘ -

—— Boltzmann
® SHEEP
A SHEEP*

0.8 4 —

0.6 4 —

0.2 T T T T T ;

2 4 6 8 10 12 14x10°
Temperature (K)
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Figure 5.15: Ground state population as a function of temperature. The red line is
the Boltzmann result, the blue circles are the SHEEP results, and the green triangles
are the modified SHEEP results. The error bars represent the standard deviations of
the population averages.

As a demonstration of the accuracy of this approximation, we have repeated the
calculation of the previous section. Given in Fig. 5.15 are the ground state populations
as a function of temperature for the original version of SHEEP and using the full mean-
field state instead of the excited mean-field state (labeled SHEEP*). The results are
in very good agreement for every temperature even for this model where there are
only 10 states.

SHEEP is a very promising method for the simulation of the non-adiabatic dynam-
ics of large systems. Making use of the approximation discussed here would reduce
the computational burden of non-adiabatic dynamics even further. Whereas before
we were forced to utilize a single determinant framework along with the classical path

approximation in order to carry out surface hopping simulations, we now have the
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potential to do essentially the same calculation on the excited state PES with a more

complete description of the electronic structure.
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Appendix A
DERIVATION OF EHRENFEST DYNAMICS

The following derivation follows that of Tully [83] Our starting point is the full

time-dependent Schrodinger equation and a product ansatz for the total wave func-

tion:
ih%ﬁ/(r, R,t) = H(r,R)¥(r,R, 1) (A.1)
U(r,R,t) = O(r,t)Q(R,t) exp {7% / Er(t’)dt’} (A.2)

where E,.(t) is a phase factor inserted to simplify the final appearance of the equations

and taken to be

E.(t) = <@(r,t)Q(R, 1) "Hel(r,R)) o(r, )R, t)> . (A.3)

R

The angle brackets refer to integration over the variable(s) given as a subscript. The

Hamiltonian governing the system is given by

ﬁ——h—2v2—h—2v2+w R) (A.4a)

TUOM YRT g e VD -
h2 X

= —WV% + Hel(r,R) (A4b)

where M is the mass of the nucleus and m is the mass of the electron. An equation
of motion for the electronic subsystem can be obtained by substituting Eq. A.2 into

Eq. A.1, multiplying from the left by 2*, and integrating over R:

0 R, K,
ih=O(r. 1) = —2—V2O(r 1) + <Q(R, ) ‘—WVR +V(r, R)’ Q(R, t)>R o(r, 1)

+ B, (H)O(r,t) — ik <Q(R, ) ‘w >R@(r,t). (A.5)
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The process can be repeated analogously to obtain an effective equation for the nuclear

subsystem:
ith(R t) = —h—QVQ QR,t) + <@(r t) | He(r R)’ O(r t)> Q(R, 1)
8t ) IM R ; y el\l, ) . y

+Er(t)Q(R,t)—ih<@(r,t)'a@é§’t)> QR,1). (A.6)

The time derivative factors on the right hand side of Eqs. A.5 and A.6 can be
chosen arbitrarily as long as they satisfy the equation for the total energy obtained
via multiplying Eq. A.5 from the left by ©*(r, ) and integrating over r (or multiplying
Eq. A.6 from the left by Q*(R, ) and integrating over R),

ih <@(r,t) ‘% >r +ih <Q(R, t) ‘w >R — E.(t)=

<@(r, HOR, 1) \fﬁz(r, R)’ o(r, )R, t)>r’R —E. (A7)

As we have not made a symmetric choice in separating variables, it will be advanta-

geous to make an asymmetric choice in phase factors. We define them as follows:

ih <Q(R, ) '% >R _E, (A.8)
in <@(r,t) 'a@é‘;t) > _ E.(1). (A.9)

By making use of Eqs. A.7, A.8, and A.9 in Egs. A.5 and A.6, we arrive at the final
equations that specify the TDSCF method:

20 1) =~ 1001 + O VR QR ) 00, (A0

L0 R _, .
i QR.1) = —o = VEQ(R.) + <@(r,t) ‘Hel(r, R)] @(r,t)>r QR ). (A.11)
The Ehrenfest method is obtained by taking the classical limit of Eq. A.11. This

can be accomplished by writing the nuclear wave function in terms of an amplitude

and a phase factor,
QR ¢) = A(R, t) exp l%S(R, t)} . (A.12)
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In the above, A(R,t) and S(R,t) are both real-valued. Insertion of Eq. A.12 into

Eq. A.11, followed by separating into real and imaginary parts, results in

OS(R,t) 1

5 T oy (VRS(R.1)” + <@(r,t) \%(r, R)\ @(r,t>>r
_ B? VRAR,t)
- 2M Z(R, t) (A.13)
OAR.1) | VeAR.) VeS®R,1) AR s gp (A.14)

ot M 2M

Taking the classical limit by setting A — 0, we obtain a Hamilton-Jacobi equation:

OS(R.f) | 1
ot oM

VSR, 1)’ + (O 1) [Ha(r, R)| O(r,0)) =0 (A15)

r

Equations A.14 and A.15 are now equivalent to Newton’s equations of motion with a

force derived from the expectation value of the electronic Hamiltonian,

MR =~V (O(r,1) \ﬁemr, R)‘ o(r.1)) (A.16)

r

The last step in obtaining the Ehrenfest method is to replace the nuclear wave function

in Eq. A.10 with a delta function at the classical trajectory position:

ih%@(r,t; R) = Ha(r;R)O(r,;R) (A.17)

where now the electronic wave function contains a parametric dependence on the

nuclear coordinates. These last two equations define the Ehrenfest method.
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Appendix B
DERIVATION OF FSSH

This derivation follows that of Tully [84] and parallels the Ehrenfest dynamics
derivation. Instead of making use of a single product ansatz for the total wave func-
tion, as we did to derive Ehrenfest dynamics, we begin with a multi-configuration
description:

U(r,R,t) =Y &(r; R)Q(R, 1) (B.1)

Here ®; are orthonormal basis functions for the electrons, which can be adiabatic or
diabatic. Insertion of Eq. B.1 into the time-dependent Schrédinger equation, followed
by multiplication from the left by ®7 and integration over r leads to a set of coupled

equations for the nuclear wave functions,

.0 h?

h? 12
In the above, Hj; are matrix elements of the electronic Hamiltonian and d;; and D;

are the first and second derivative couplings, respectively:

Hi(R) = (@;(r;R) [Hu(r; R)| @:(ciR) ) (B.3)
d;s(R) = (@;(r; R) [ Vr®i(r; R)), (B4)
D;i(R) = — (®;(r; R) [VA®,(r; R) ), (B.5)

With a full expansion in Eq. B.1, Eq. B.2 is an exact solution to the time-dependent

Schrodinger equation.
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FSSH is a classical analogue of Eq. B.2 that seeks to capture the essential physics
in a much more computationally friendly manner. This can be seen by treating
Eq. B.2 similar to the way in which we treated the nuclear half of the time-dependent
self-consistent field equations in the Ehrenfest derivation. First, we rewrite the the
nuclear wave functions as

?

Q;(R,t) = Aj(R,t) exp {h

Si(R, t)} . (B.6)

Substituting this into Eq. B.2 will yield

05,(R,1) 1
]at + 537 (VrS;(R,1)* + Hj;(R)

B VRA4;(R,1) _Z n? A (R, t)
- 2M AR, )

27 1R gy B e {%(Si(R, 1) - 5(R, t)}

i

+ % Ei:dji(R) (%}({R{)t}) exp {%(Si(R, t) — S;(R, t)} (B.7)

A (R, 1) 1 1
# + MVRA]-(R, t) - VrS;(R, 1) + WAJ-(R, t)V&S;(R,t)
1
+ ; Ai(R, 1) { [Mdﬁ(R) - VrS;(R,t)
(]

+%Hj-(R)} exp L%(Si(Ra t) — S;(R, t)] } =0. (B3)

We have purposely separated the diagonal term of the electronic Hamiltonian matrix
from the off-diagonal terms. In doing so, we can take the classical limit of Eq. B.7 to

obtain
0S;(R,1t) 1
o Tanr

This equation is very reminiscent of the equation we obtained after taking the classical

VrS;(R,1))* + H;;(R) = 0. (B.9)

limit in the Ehrenfest derivation. The physics described by Eqgs. B.9 and B.8 consists
of motion on each PES with the amplitudes on each surface being modulated by the
last term in Eq. B.8, which couples the surfaces together. This last term in Eq. B.8

closely resembles the equation of motion for the electronic wave function expansion
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coefficients that we obtained in Chapter 1. FSSH then approximates the above equa-
tions through motion on individual PESs as suggested by Eq. B.9 and incorporates
transitions between states via hopping between surfaces with probabilities generated

from Eq. 1.8, which is justified by its similarity to Eq. B.S.
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Appendix C
FORTRAN SOURCE CODE

MO Orthonormalization, Excitation Energy, Oscillator Strength, Non-adiabatic

Coupling Calculation Routine

MODULE Params
IMPLICIT NONE
SAVE

INTEGER,PARAMETER :: DBI=SELECTED_REALKIND(p=13)
INTEGER :: basis, steps, occ, states, icon, tots
REAL(kind=DBL) :: excite, width, upper, lower
REAL(kind=DBL) :: ts, maxen

END MODULE Params

PROGRAM SH _prep
USE Params
IMPLICIT NONE

INTEGER :: i, j, k, I, m
INTEGER :: nl, n2

INTEGER, ALLOCATABLE :: MOi(:)
INTEGER, ALLOCATABLE :: MOf(:)
INTEGER, ALLOCATABLE :: IS (:)



INTEGER ::

REAL(kind:DBL)
AL( kind=DBL
(kind=DBL
(kind=DBL
(kind=DBL
(kind=DBL
(
(
(
(

CELEECEEC

(
(
(
(
(110 .
(
(
(
(

CLOSE(110)

kind=DBL
kind=DBL
kind=DBL
kind=DBL

maxMO

basis
occ
steps
ts
excite
width
icon
tots

maxen

ALLOCATABLE :
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::
), ALLOCATABLE ::

states=occx(basis—occ)

upper=excite+width

lower=excite —width

ALLOCATE(MOen( basis ) )

MOen ( :)
MOco ( :

MOco2 ( :
AOdip (:

DC(:)
CDC(: ,:

MOdip ( :

OS(:)
KSex ()
NAC(:

)

)

7:)
)

7:)

7:)

UNIT=110,FILE="input_params.dat > ACTION="READ’)



ALLOCATE(MOco( basis , basis ))
ALLOCATE(MOco2( basis , basis))
ALLOCATE(AOdip ( basis , basis))

=
:
E

DC(basis))
(basis , basis))

KSex(states))
MOi(states))
ALLOCATE(MOf( states ))
IS(steps))

(

(

(

(

(CDC

(
ALLOCATE(OS(states ) )

(

(

(

(

(NAC( basis , basis))

OPEN(UNIT=120,FILE="AEvals’
OPEN(UNIT=130,FILE="AEvecs’

MOdip (occ+1:basis ,occ))

,ACTION="READ")
, ACTION="READ’ )
OPEN(UNIT=140,FILE="A0 _dipole ’

,ACTION="READ’)

OPEN(UNIT=210,FILE="KS _abs.dat ’ ,ACTION="WRITE" )

OPEN(UNIT=230,FILE="KS _ex_el .dat >  ACTION="WRITE" )
OPEN(UNIT=240,FILE="KS_ex_hole.dat ’ ,ACTION="WRITE’ )
OPEN(UNIT=250,FILE="KS_init_state.dat’ ,ACTION="WRITE’)
OPEN(UNIT=260,FILE="MO _nacs.dat > ,ACTION="WRITE" )

(
(
(
(
OPEN(UNIT=220,FILE="KS _ex_en . dat ’ ,ACTION="WRITE’ )
(
(
(

'Loop over time steps
DO i=1,steps
READ(120,%) MOen(:)

'k corresponds to the column in the input file

!'j corresponds to the row in the input file
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'READ statement without loops would transpose
'the matrix, as compared with the input file

IF (i==1) THEN

READ(130,%) ((MOco(j,k),k=1,basis),j=1,basis)
ELSE

MOco(:,:)=MOco2(: ,:)
END IF
READ(130,%) ((MOco2(j,k),k=1,basis),j=1,basis)
CALL ORTHO(i ,MOco,MOco2)
'Loop over three components of dipole matrix

IF (i<=icon) THEN

MOdip=0.D0

DO j=1,3

READ(140,%) ((AOdip(k,1),1=1,basis), k=1,basis)
'We have the AO dipole matrix and need to MO one
'We have to calculate C+.D.C

CDC=MATMUL( TRANSPOSE (MOco ) ,MATMUL( AOdip ,MOco) )

MOdip=MOdip+(CDC(occ+1:basis ,1:0cc)*x2)

END DO!AO dipole component loop
END IF
'In atomic units OS is f_{kl}=(2/3)*(E_{k}—E_{1})*mu{kl}"2
f_{kl} is for transition from MO 1 to MO k
IMOdip(k, 1)=mu_{kl}"2

m=1
DO k=occ+1,basis
DO 1=1,o0cc

IF ((MOen(k)—MOen(1))>maxen) CYCLE



81

IF (i<=icon) THEN
OS(m)=(2.D0/3.D0) % (MOen(k)—MOen(1))+«MOdip(k, 1)
END IF
KSex (m)=MOen (k)—MOen( 1)
MOi (m)=1
MOf(m)=k
m=mH-1
END DO
END DO
-1
I'Sort results according to excitation energy
CALL SORT(i ,m, KSex,0S,MOi,MOf, IS)
I'Calculate non—adiabatic coupling via
LAk b= (1/(2t8))*[<Y {3 }(6) | Y} (tts)> — <Y {3} (s )| Y-{k}(t)>]
'in atomic units, where ts is the time step and Y are the MOs
NAC=(1.D0/(2.D0xts ))* (MATMUL(TRANSPOSE(MOco) ,MOco2)— &
MATMUL(TRANSPOSE (MOco2) ,MOco) )
'Print results
IF (i<=icon) THEN
WRITE(250 ,%) IS(1)

END IF
' DO j=1,states
DO j=1,tots

IF (i<=icon) THEN

WRITE (210, (2ES14.5) ") KSex(j), OS(j)
END IF

WRITE (220, (ES19.10) ’) KSex(j)
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WRITE(230,7(14) ) MOf(j)
WRITE(240,°(14) ) MOi(j)
END DO
IF (MAXVAL(MOf(1:tots))>maxMO) THEN
maxMO=MAXVAL(MOf(1: tots))
END IF
IF (i==steps) THEN
WRITE (* , %) maxMO
END IF
IF (i<=icon) THEN
WRITE (210, %)
END IF
DO j=1,basis
DO k=1,basis
WRITE(260, " ((ES19.10),$) ) NAC(j k)
END DO
WRITE (260 , %)
END DO
END DO!step loop
CLOSE(120)
CLOSE(130)
CLOSE(140)
CLOSE(210)
CLOSE(220)
CLOSE(230)
CLOSE (240)
CLOSE(250)



CLOSE(260)
END PROGRAM SH _prep

SUBROUTINE SORT(spot ,num,A,B,C,D,E)
USE Params
IMPLICIT NONE

INTEGER :: i, j, itemp

INTEGER, INTENT(IN) :: spot, num

REAL( kind=DBL) , DIMENSION(states), INTENT(IN OUT) :: A
REAL(kind=DBL), DIMENSION(states ), INTENT(IN OUT) :: B
INTEGER, DIMENSION(states), INTENT(IN OUT) :: C
INTEGER, DIMENSION(states), INTENT(IN OUT) :: D
INTEGER, DIMENSION(steps), INTENT(IN OUT) :: E
REAL(kind=DBL) :: temp, temp2

Y
I

temp2=0.D0

DO i=1,num—1

DO j=i+1,num
IF (A(j)<A(i)) THEN
temp=A (] )
A(§)=A()
A(i)=temp
temp=B(j )
B(j)=B(1)
B(i)=temp
temp=C(j )

83
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C(j)=C(1)
C(i)=temp
temp=D( )
D(j)=D(1)
D(i)=temp
END IF
END DO
IF (spot<=icon) THEN
IF (A(i)>=lower .AND. A(i)<=upper) THEN
IF (B(i)>temp2) THEN
temp2=B(1i)
itemp=i
END IF
END IF
END IF
END DO
IF (spot<=icon) THEN
E(spot)=itemp
END IF

END SUBROUTINE SORT
SUBROUTINE ORTHO( spot ,M1,M2)
USE Params

IMPLICIT NONE

INTEGER :: LDA
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INTEGER :: LWORK

CHARACTER, PARAMEIER :: JOBZ = 'V’

CHARACTER, PARAMEIER :: UPLO = U’

INTEGER :: i, j, INFO

INTEGER, INTENT(IN) :: spot

REAL(kind=DBL) , DIMENSION (3% basis —1) :: WORK

REAL(kind=DBL), DIMENSION(basis) :: WI, W2

REAL(kind=DBL), DIMENSION(basis , basis), INTENT(IN OUT) :: MI, M2
REAL(kind=DBL) , DIMENSION(basis , basis) :: S1, S2, El, E2

LDA=basis
LWORK=3+basis —1
IF (spot==1) THEN
S1=MATMUL(TRANSPOSE(M1) ,M1)
CALL DSYEV(JOBZ,UPLO, basis ,S1,LDA, W1,WORK, LWORK, INFO)
E1=0.D0
DO i=1,basis
E1(i,1)=1.D0/SQRT(W1(1i))
END DO
MI=MATMUL(M1,MATMUL( S1 ,MATMUL( E1 , TRANSPOSE(S1))))
DO i=1,basis
MI(:,1)=M1(:,1i)/SQRT(DOTPRODUCT(M1(:,i),Ml(:,1)))
END DO
END IF
S2=MATMUL(TRANSPOSE (M2) ,M2)
CALL DSYEV(JOBZ,UPLO, basis , S2,LDA, W2, WORK,LWORK, INFO )
E2=0.D0
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DO i=1,basis

E2(i,1)=1.D0/SQRT(W2(1i))
END DO
M2=MATMUL(M2,MATMUL( S2 ,MATMUL( E2 , TRANSPOSE(S2) ) ) )
DO i=1,basis
M2(:,i)=M2(:,1)/SQRT(DOTPRODUCT(M2(:,i),M2(:,1)))
END DO

END SUBROUTINE ORTHO

Surface Hopping Routine

MODULE stats

IMPLICIT NONE

INTEGER, PARAMETER :: DBL = SELECTED REAL KIND(p=13)
INTEGER :: states, sh_time, m_flag, num_traj

INTEGER :: init_cond , high, steps, conds, init_state
INTEGER :: basis, inactive

REAL(kind=DBL) :: e_step, n_step, temper
REAL(kind=DBL), ALLOCATABLE :: epi(:,:,:), nac(:,:,:)
END MODULE stats

PROGRAM SH _slater
USE stats
IMPLICIT NONE

Declare Variables/Constants
INTEGER :: state_now, state_prev , ntime, etime, mark

INTEGER :: traj, i, j, k, I, h_test, ratio, current



CHARACTER(7) :: file_name

REAL(kind=DBL) :: zeta, trace, beta
REAL(kind=DBL) :: boltz

COMPLEX(kind=DBL), PARAMETER :: eye = (0.D0, 1.D0)
REAL(kind=DBL) , PARAMETER :: hbar = 6.58211928D-1
REAL(kind=DBL), DIMENSION(3) :: prefac
REAL(kind=DBL), DIMENSION(4) :: pref2

INTEGER, ALLOCATABLE :: state (:)

REAL(kind=DBL), ALLOCATABLE :: hop(:), hp_f(:,:), pops(:,:)
REAL(kind=DBL), ALLOCATABLE :: eslope(:,:), nslope(:,:)
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COMPLEX( kind=DBL) , ALLOCATABLE :: den_now (:,:), den_next (:,:)

COMPLEX( kind=DBL) , ALLOCATABLE :: den_temp (:,:), kd(:,:)

REAL(kind=DBL) , ALLOCATABLE :: int_a (:,:)

CALL get_size ()

prefac(1)=0.5D0

prefac(2)=0.5D0

prefac(3)=1.D0

pref2(l)=e_step /6.D0
pref2(2)=e_step /3.D0
pref2(3)=e_step /3.D0
pref2(4)=e_step /6.D0
steps=INT(REAL(sh_time)/n_step)
ratio=INT((n_step)/e_step)—1
beta=1.D0/(8.6173324D—5«temper )
ALLOCATE(nac(states ,states ,steps—+1))
ALLOCATE( epi(states ,states ,steps—+1))
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ALLOCATE( state (num_traj))
ALLOCATE(hop (states))

ALLOCATE( pops (states , steps+1))
ALLOCATE( hp _f(states ,states))
ALLOCATE(nslope (states ,states)
ALLOCATE

ALLOCATE(den_now (states , states))

(
(
(p
(h
( )
(eslope (states ,states))
( )
ALLOCATE( den_next (states ,states))
ALLOCATE(den_temp (states , states))
ALLOCATE(kd (states , states))
ALLOCATE(int_a (states ,states))
mark=0

IF (MODULO(REAL(sh_time),n_step)/=0.D0) THEN

WRITE(* ,%) ’Trajectory time and nuclear step size are not compatable!’

STOP
END IF
OPEN(UNIT=9,FILE="KS _ex_en . dat ’ ,STATUS="OLD’ , ACTION="READ")
OPEN(UNIT=19,FILE="MO _nacs . dat > ,STATUS="OLD’ , ACTION="READ’)
OPEN(UNIT=39,FILE="KS_init_state .dat ’ ,STATUS="OLD’ ,ACTION="READ” )
OPEN(UNIT=59,FILE="KS _ex_hole.dat’ ,STATUS='OLD’ , ACTION="READ")
OPEN(UNIT=69,FILE="KS _ex_el .dat ’ ,STATUS="OLD’ ,ACTION="READ" )

DO i=1,init_cond —1

DO j=1,states+inactive —1
READ(9 ,x)
READ(59 %)
READ(69 , %)
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END DO
DO j=1,basis
READ(19 ,x)
END DO
END DO
Master:DO i = init_cond , conds+init_cond —1
WRITE( file_name , "(A;13.3)7) ’out.’,i
OPEN(UNIT=109,FILE=file_name ,STATUS="NEW’ ACTION="WRITE")
pops=0.D0
REWIND(39)
DO j=init_cond ,i—1
READ(39 ,x%)
END DO
READ(39,%) init_state
CALL ennac (i)

den_now=(0.D0,0.D0)
den_now (init_state+1,init_state+1)=(1.D0,0.DO0)
den_next=den_now

state=init_state-+1

pops(init_state+1,1)=pops(init_state+1,1)+(1.DO+REAL(num_traj ,DBL))

'Begin Calculation
NProp:DO ntime = 1, steps
EProp:DO etime = 0, ratio
IF (etime==0) THEN
int_a=—2.D0+«REAL(den_now ,DBL)*nac (: ,:,ntime)
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END IF

trace=0.D0
den_temp=den_now
eslope=(REAL(etime ,DBL)/ &
REAL(ratio ,DBL))x(epi(:,:,ntime+1)—epi(:,:,ntime))
nslope=(REAL(etime ,DBL)/ &

REAL(ratio ,DBL))x*(nac (:,

RK4:DO j=1,4

:,ntime+1)—nac (:,:,ntime))

RK4 slopes for the density matrix
kd=MATMUL(( —(eye /hbar )« (epi (:,: ,ntime)+eslope)— &
(nac (:,:,ntime)+nslope)),den_temp)— &
MATMUL( den_temp ,(—(eye/hbar)*(epi(:,:,ntime)+eslope)— &
(nac (:,:,ntime)+nslope)))
IF (j<4) THEN
den_temp=den_now+e_stepxprefac (j)xkd
END IF
den_next=den_next+pref2 (j)=xkd
kd=(0.D0,0.D0)
END DO RK4
DO j=1,states
trace=trace+ABS(den_next(j,j))
END DO
IF (etime==((ratio+1)/2)) THEN
int_a=int_a+4.D0x(—2.D0*REAL(den_next ,DBL)x &
((nac (:,:,ntime)+nac (:,:,ntime+1))/2.D0))
END IF
IF (etime==ratio) THEN
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int_a=int_a —2.D0*REAL(den_next ,DBL)%nac (:,: ,ntime+1)
END IF

den_now=den_next

END DO EProp

I' Calculate hopping probabilities for each state

IF (m_flag==2) THEN
DO j=1, states
DO k=1, states
IF (k>j) THEN
boltz=exp(—betax(epi(k,k,ntime+1)—epi(j,j,ntime+1)))
ELSE
boltz=1.D0
END IF
hp_f(j,k)=MAX(0.DO0, boltz «((REAL(n_step ,DBL)/6.D0)x(int_a(k,j)))/ &
ABS(den_next(j,j)))
END DO
hp_f(j,j)=0.D0
END DO
END IF
DO traj = 1, num_traj
I' Test for a hop against random number
IF (m_flag==2) THEN
CALL RANDOMNUMBER( zeta )
hop=0.D0
h_test=0
current=state(traj)

hop_prob2:DO j = 1, states
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DOk = 1, j
hop (j)=hop(j)+hp_-f(current k)
END DO
IF (h_test==1) EXIT hop_prob2
IF (hop(j)>zeta) THEN
h_test=1
state(traj)=j
END IF
END DO hop_prob2
h_test=0
END IF
IF (m_flag==3) THEN
DO j =1, states
pops(j,ntime+1)=pops(j,ntime+1)+ABS(den_next(j,j))
END DO
ELSE
pops(state(traj),ntime+1)=pops(state(traj),ntime+1)+1.D0
END IF
END DO

END DO NProp ! nuclear propagation loop

WRITE(109,’(A,I5.5)7) ’init_state=", init_state+l
WRITE(109,7(A,15.5)7) '#traj=’, num_traj
WRITE(109 %) )
WRITE(109,"((A),$)’) 't(fs) ’

DO j =1, states
WRITE(109,"((A,13.3,A),$)") ’s«xPop(’,j, ) *x ’



END DO

WRITE(109 %)

DO j =1, steps+l1

WRITE(109, " ((F5.1),%)’) REAL(j—1)xn_step

DO k = 1, states

WRITE(109,"((ES15.6) ,%)’) pops(k,j)/REAL(num_traj ,DBL)

END DO

WRITE(109 , %)

END DO

CLOSE(UNIT=109)
END DO Master
CLOSE(UNIT=39)
CLOSE (UNIT=9)
CLOSE(UNIT=19)
CLOSE(UNIT=59)
CLOSE (UNIT=69)
CLOSE (UNIT=209)

END PROGRAM SH_slater

SUBROUTINE get _size

USE stats

OPEN(UNIT=8,FILE="input . dat ’ ,STATUS="OLD’ , ACTION="READ’ )
READ(8 ,%) m_flag
(8,%) states
(8,+) inactive
(8,%)

high

S Ee

, %
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basis
init_cond

conds

(8,%)
(8,%)
(8,%)
(8,%) num _traj
(8,%) sh_time
(8,%) n_step
(8,%x) e_step
(8,%) temper

END SUBROUTINE get_size

SUBROUTINE ennac (ns)

USE stats

IMPLICIT NONE

CHARACTER(9) :: filename

INTEGER, INTENT(IN) :: ns

INTEGER :: i, j, k, stat

INTEGER, DIMENSION(states —1) :: ksl , ks2
REAL(kind=DBL), DIMENSION(states —1) :: etempl
REAL(kind=DBL) , DIMENSION(high ,high) :: vtempl

IF (ns==init_cond) THEN
DO i=1,steps+1
READ(9 ,%) etempl
DO j=1,inactive
READ(9 ,x*)
END DO



epi(1,1,i)=0.D0
DO j=2,states
epi(j,j,1)=2.71165D1xetempl (j—1)
END DO
END DO
ELSE
DO i=1,steps
epi (+,:,i)=epi (:,: ,i+1)
END DO
READ(9,%) etempl
DO j=1,inactive
READ(9 ,x)
END DO
epi(1,1,steps+1)=0.D0
DO j=2,states

epi(j,j,steps+1)=2.71165D1xetempl (j—1)

END DO
END IF

I[F (ns=init_cond) THEN
DO i=1,steps+1
DO j=1,high
READ(19,%) (vtempl(j,k),k=1,high)
END DO
DO j=1,basis—high
READ(19 %)
END DO
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READ(59 ,%) ksl
READ(69 ,%) ks2
DO j=1,inactive
READ(59 ,x)
READ(69 ,x)
END DO
DO j=2,states
nac(1,j,i)=vtempl(ksl(j—1),ks2(j—1))
nac(j,l,i)=vtempl(ks2(j—1),ksl(j—1))
DO k = 2, states
IF (ksl(j—1)==ksl(k—1) .AND. ks2(j—1)/=ks2(k—1)) THEN
nac(j,k,i)=vtempl(ks2(j—1),ks2(k—1))
ELSE IF (ksl(j—1)/=ksl(k—1) .AND. ks2(j—1)==ks2(k—1)) THEN
nac(j,k,i)=—vtempl(ksl(j—1),ksl(k—1))
ELSE
nac(j,k,1)=0.D0
END IF
END DO
END DO
END DO
ELSE
DO i=1,steps

nac (:,:,i)=nac(:,:,i+1)
END DO
DO j=1,high

READ(19,%) (vtempl(j,k),k=1,high)
END DO
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DO j=1,basis—high
READ(19 ,x%)
END DO
READ(59,%) ksl
READ(69,%) ks2
DO j=1,inactive
READ(59 ,x%)
READ(69 ,x)
END DO
DO j = 2, states
nac(1,j,steps+1)=vtempl (ksl(j—1),ks2(j—1))
nac(j,l,steps+1)=vtempl (ks2(j—1),ksl(j—1))
DO k = 2, states
IF (ksl(j—1)==ksl(k—1) .AND. ks2(j—1)/=ks2(k—1)) THEN
nac(j,k,steps+1l)=vtempl (ks2(j—1),ks2(k—1))
ELSE IF (ksl(j—1)/=ksl(k—1) .AND. ks2(j—1)==ks2(k—1)) THEN
nac(j,k,steps+l)=—vtempl (ksl(j—1),ksl(k—1))
ELSE
nac(j,k,steps+1)=0.D0
END IF
END DO
END DO
END IF

END SUBROUTINE ennac



