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Abstract

Quantum mechanical effects play an important role in dynamics of condensed phases. It is also well known
that the difficulty of solving the full Schrédinger equation grows exponentially with time. One approach to
cope up with this difficulty is to restrict quantum treatment to a few particles (system) and treat the dynamics
of the rest of particles (bath) using classical trajectories. Path integral methods due to their trajectory like
nature provide excellent tool to develop quantum-classical methods, but to capture long time dynamics, the

number of classical trajectories grow exponentially.

A part of this work focuses on improving Quantum-Classical Path Integral (QCPI) treatments that allow
for larger path integral time step by building “smarter” propagators. These improved solvent-driven
reference propagators is developed by incorporating physically motivated approximations to the solvent.
When used in QCPI expression they allow convergence with larger time steps leading to an exponential
reduction of the number of trajectories required. Further advantages of these propagators include
improvements in path filtering techniques, smaller number of path integral steps for achieving the memory
decoherence time, and smoothing of the integrand which leads to convergence with fewer Monte Carlo

sample points.

These ideas have been validated on the spin boson model - a prototypical model to study condensed phase
dynamics, which consists of a two-level system coupled to a harmonic bath. The new approach of building
the reference propagators combined with their iterative evaluation and filtering is validated using
parameters that mimic the first electron transfer in wild-type photosynthetic reaction centres. A real-world
dynamical simulation contains various anharmonic effects, Ferrocene (donor) - Ferrocenium (acceptor)
system in liquid Benzene was studied where the anharmonic effects of the bath of liquid Benzene on the

dynamics of the system were treated using Ensemble Averaged Classical Path.

The process of electron or proton transfer occurs between two species having different charges and
fluctuations in the solvent plays a key role in determining the rates of such reaction dynamics. To correctly
account for the effects of initial distribution of the solvent on the dynamics of the quantum system, the
concept of equilibrating the bath to the donor state of the system is used. Two different approaches have

been used within the influence functional framework.
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Chapter 1. Introduction and Background

Most of the macroscopic objects around us, the relatively “large” and “heavy” ones obey the laws of
classical mechanics. Classical mechanics is an extremely well developed field, and is still used in majority
of dynamical simulations, because the most of the universe (the way we see it), lie in the classical domain.
It is applicable for performing atomistic simulations of fluids, proteins, and polymers. To solve classical
mechanics one needs to evaluate Hamilton’s equations of motions, i.e. solve a set of 2N coupled first order
differential equations, for N degrees of freedom - thus classical mechanics is linearly growing. Classical
mechanics is also the basis of understanding chaotic motions, and it provides insights and foundations for

developing many concepts of quantum mechanics.

Quantum effects, on the other hand, are seen in “smaller” and “lighter” particles and grow exponentially
with the number of particles. This is because, the exact formulation of quantum mechanics requires
specifying grid points that scales exponentially with the number of degrees of freedom. On this grid a
particular function is evaluated, that needs to be integrated to obtain the probability of the particles at that
point. The process of chemistry which involves bond formation and bond breaking cannot occur without
the transfer of the electrons, protons or energy. All of these fundamental particles demonstrate certain
dynamical effects which cannot be explained using classical mechanics. Few of such effects are
interference, zero-point energy and tunneling. To explain quantum tunneling let us consider a heavy ball
dropped along the wall of the left well in Fig 1. If the ball has enough energy then it will overcome the
tunneling barrier and cross to the right side, as shown by the curved arrow. If not, then it will lose its
remaining potential energy and come to a stop in the left side, when all of its energy is absorbed by the
surroundings. Now let’s imagine a light ball in the left side of the well, and assume that it does not have
enough energy to cross the barrier. The ball still has a probability to be found in the other well, because it
can “tunnel” its way to the other side, as shown by the wiggly arrow. Also, the ball will never stop its
motion, owing to the zero-point energy it possess. Quantum tunneling is a very fundamental quantum
phenomena and is seen in metallic hydrides, ammonia, is responsible for spontaneous DNA mutations, cold
emissions, and lays down the principle for construction of Josephson’s Junctions and scanning tunneling

electron microscopes [1-5]. Tunneling is often represented using a two state basis for the transferring
guantum particle, i.e. the “right” |r>and the “left” ||> basis, as represented using the double wells in the

potential diagram. The following Hamiltonian defines the energy and the state of the quantum system,

H, =—-7Qo,



Which is characterized by the tunneling splitting 27, and &, is the standard 2x2 Pauli spin matrix. Such

systems would coherently tunnel from one well to the other with a tunnelling frequency of €. However,
in reality, a bare quantum particle can never be realised. Thus we assume that it is often coupled to other
particles which would bring about dissipative effects in the coherent, i.e. oscillatory dynamics. This gives
rise to the concept of partitioning all the degrees of freedom of the ensemble into system and bath, much
like introductory thermodynamics. The system is often the quantum degrees of freedom, whose dynamics
we are interested in solving, and the rest of the degrees of freedom can be referred to as the bath as shown
in Figure 2. Most often, we partition it so that the bath contains heavier particles which can be treated using
classical mechanics. This helps restrict the exponential scaling to only the relevant degrees of freedom and

majority of the rest of the degrees of freedom are treated using a linear theory.

Traditional quantum dynamical methods involve solving Schrodinger’s equation using wave-based
methods. Extracting the probability for the few interesting degrees of freedom from such an approach is not
an easy task if the total correlation between the system-bath has to be considered. To achieve the system-
bath partitioning in a very natural way, the path integral formulation [6, 7] of quantum mechanics is very
insightful. In the path integral formulation, the probability amplitude of a particle going from an initial time
point, t;, to a final time point, t;, is given by the sum of probability over all possible paths connecting the
two time points. The weight of each path is given by the exponential of the corresponding Lagrangian
action. In this formulation we start with the initial probability distribution that is defined in the full system-
bath Hilbert space. To achieve the system-bath partitioning, we simply need to integrate out the degrees of
freedom associated with the bath. Once we have accomplished that we obtain a probability density which
exists only in the system-subspace. We started with an exponentially growing grid in the system-bath space,
but we restricted the exponential growth to only the system degrees of freedom. Thus starting from an
exponential growing problem, we ended up with a quasi-exponential growth. This had been analytically

derived in the framework of a quantum system bi-linearly coupled to a harmonic bath. [7]
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contains all the interactions of the bath on the system. This influence functional is non local in time, and
this means Markovian property of the multidimensional density matrix will not hold. The computational
power of evaluating such integrals will grow exponentially as the system is propagated forward in time, i.e
as the number of integration variables grows. In order to tackle such problems, Makarov and Makri [8-11]
observed that although the dynamics is clearly non-Markovian, the dissipative effects from the bath
guenches quantum oscillations, as a result of which the range of non-Markovian nature, i.e. the memory is
lost after a finite length of time. Using this physical motivation, they propagated the system in presence of
a bath to achieve long time dynamics, systematically converging the memory or the length of non-locality.
Since the initial conceptualization of iterative dynamics, lots of variants and further developments [12-15]
of the method have been reported in literature. Few methods formulated recently in our group, [16, 17] have
also obviated the need for such iterative decomposition, by exploiting other physical phenomena relevant
to the bath. One such method, namely the path-integral renormalization technique was formulated for a
bath which contained distinct high frequency and low frequency modes. The high frequency modes required
a shorter time step but lower memory, while the low frequency modes required larger time steps but longer
memory. By “renormalizing” the propagator, a part of the most the significant or numerically important
short-time interactions are taken inside the propagator, which then allows for a longer time step propagation
for the renormalized propagators, thus allowing shorter time steps for the high frequencies, but longer length
of propagation required for the low frequency modes.[16]. On the other hand, the blip decomposition of the
path integral was motivated for a very slow bath strongly coupled to the system. In this case, the system is
near the incoherent, exponentially decaying regime, where the dissipative nature of the surroundings
guenches most of the oscillations. Thus instead of starting with the bare propagators that contain all the
coherences, it is more insightful to start with the fully incoherent regime, i.e. the zero-blip regime, and

carefully adding the coherences arising from higher order blip terms. [17]

However, all of the above methods, aim at solving the system-bath problem for a Gaussian bath linearly
coupled to a system. Clearly the above methods will not be valid for a generalized bath which contains
anharmonic effects. The various methods mentioned below have been summarized in introduction of Ref
[18] and has been mentioned in this part as well. Many such system-bath formalisms exist in literature that
try to tackle the problem of anharmonicity in a rather ad hoc fashion. The simplest and the most approximate
would be the classical path model, or the ‘no back-reaction model’. This is often called the unperturbed
reference, where in terms of wave-based quantum mechanics, the quantum mechanical wavefunction of the
guantum mechanical system is allowed to propagate along the solvent trajectory and this solvent trajectory
does not feel the quantum system. However, it is an absolute necessity to take into account the nature of
the effects of the system on the trajectories of the bath, i.e. “back reaction”. The easiest way to accomplish



this task is to incorporate the back reaction via the Ehrenfest model [19] which is very related variant of the
time dependent self-consistent approximation [21, 22]. There is also Pechukas’ self-consistently determined
semiclassical approximation, which is evaluated simultaneously along with the quantum mechanical wave
function between the initial and final time points. Although the procedure is rigorous, with controlled
approximations, and accurate, it is extremely computationally demanding, and often cannot be computed

for large-scale systems and/or longer times. [23]

Surface hopping methods, that try to circumvent the averaging problem of Ehrenfest dynamics, is a very
widely used branch of mixed quantum-classical approximations, and have been very successful in dealing
with larger systems for longer dynamics. It was first proposed by Tully [20, 24], and is based on “hops”
that the quantum trajectory is allowed to take, between different quantum or electronic states. The likelihood
of this jump is determined by the strength of the non-adiabatic coupling strength of the states, which is a
very explanation. Instead of being propagated in a single average branch, like in Ehrenfest dynamics,
surface hopping allows for population or trajectory branching [25] and has been applied very widely to
proton transfer reactions, [26] multiple proton transfer and proton-coupled electron transfer.[27] There are
variants of surface hopping methods that evaluates the mean-field or the self-consistently determined
Pechukas force for shorter time integrals [28-31] and can lead to capture of the back reaction in a more
rigorous manner. Instead of dynamical or exponentially growing basis set methods, trajectory spawning
methods, or multiple spawning methods determines the quantum mechanical transition amplitudes using
local basis set in the vicinity of the classical trajectories [32]. There are reported methods in literature which
use Bohm’s quantum trajectories to simulate approximate non-adiabatic dynamics [33-35]. Another
approximate treatment using an alternate formalism for dynamics, i.e. the quantum-classical Liouville
equation is based on different low-order expansions of the same according to the ratio masses of the
concerned quantum classical particles. [36, 37] An idea that avoids the system-bath partitioning and is
capable of treating all particles in the same footing was first proposed by Meyer and Miller [38] and
developed later by Stock and Thoss [39]. This allows classical trajectories to propagate in more than one
Born-Oppenheimer state and that is achieved by mapping each electronic state on a pair of action-angle
variables. So each discrete quantum state is now represented by continuous degrees of freedom and this can

be now treated using classical or semiclassical trajectory methods on a single potential surface. [40]

Again, the path integral formulation of quantum mechanics [41] comes to rescue here and offers a great
tool for the development of quantum-classical propagation methods, because the local, trajectory-like
character of the quantum paths circumvents many of the above approximations. However, simulation of a

dynamical process typically requires hundreds or thousands of path integral steps. Chapter 2 deals with the

4



various ways the number of time steps required for such path integral based quantum-classical treatments
to converge can be reduced. We have validated the improvements against existing methods using the
cherished spin-boson model which is a prototypical model to study tunneling dynamics of a quantum system

in a dissipative bath.

For a real-world problem, that involves atoms of the solvent, or a protein backbone, or a chromatophore,
the bath is generally solved using traditional molecular dynamics software. The potential in such case, is
given by the sum of bonded and non-bonded interactions and include,
D) bond 2 I 2
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These potentials are far from Gaussian and in fact the non-bonded interactions contain very long-range
interactions. However, if a statistically significant number of degrees of freedom are perturbed, the central
limit theorem can be invoked and irrespective of the nature of the initial distribution of the potentials, the
final distribution will be Gaussian. This equivalence forms the basis of Marcus’ electron-transfer theory.
Marcus’s theory often also rely on other ad-hoc approximations: the solvent modes are purely classical; the
potential is essentially diabatic with very low diabatic-coupling terms, and the rates are obtained using
second order perturbative treatments. To move beyond Marcus’s theory and even the linear approximation,
we have studied the full-atom simulations of solvent-solute interactions including charge and non-bonding
interactions in the Ferrocene - Ferrocenium system in a bath of Benzene molecules in Chapter 3. We have
guantitatively proved how to systematically map the inherently anharmonic bath to produce a Gaussian

bath with the closest resemblance to initial distribution.

The process of electron or proton transfer occurs between two species that have different charges. As a
result the solvent molecules, depending on its polarity will distribute itself quite differently around these
species. This is pictorially represented in Figure 3. The fluctuations in the solvent or the bath plays a critical
role in determining the dynamics of the charge transfer. Two cases may arise in such situations: in the first
case, the timescale of the bath is much faster than that of the dynamics of the charge transfer. In such a

scenario, the bath or the solvent molecules may reorient itself quickly, and the initial distribution does not



affect the nature of such electron transfer reactions. On the other hand, if the bath is sluggish and is slower
or in comparable time scales of the electron transfer reaction, the initial distribution of the bath or the solvent
molecules become very important. In Chapter 4 we discuss two equivalent procedures for generalizing the
influence functional approach to situations where the bath is initially in equilibrium with the localized state
of the system. The first approach [41] involves evaluation of the influence functional with a shifted bath.
The alternative, second approach consists of shifting the coordinate of the system to bring its initial state in
equilibrium with the unshifted bath. This approach requires no modification of the influence functional

and has already been used in earlier work by our group. [42]

Another important quantum mechanical phenomenon is vibrational energy relaxation as depicted using the
toy model in Figure 4. To switch from tunneling to vibrational energy relaxation experimentally, one needs
to change from a H-NMR to a Time Resolved 2D-IR. Theoretically, we can just take a canonical
transformation of the system-bath Hamiltonian and use the same methods developed for studying quantum
tunneling. Now the system, unlike the case of tunneling is expressed in terms of the excited and ground
states. Since these states are Eigenstate of the system, if prepared in the excited state, an isolated system
would continue to be in that state. The dynamics in this case is completely driven by the dissipative nature
of the bath. The dynamics of such a bath is studied in Chapter 5 demonstrating the diffused nature of the
coherent to incoherent transitions with changes in system-bath coupling, bath frequency modes and

temperature.



1.1 Figures:

Figure 1.1: The double well indicates the right and the left states in a quantum tunneling system. The curved
arrow shows “classically allowed transitions” while the wiggly arrow represents “classically forbidden

tunneling transition” The difference of energies levels is related to the tunneling frequency, 2 by the
relation E* —E~ = A =2hQ

4 ) )

Bath oy

\_ J \_ J

Figure 1.2: A model picture to show the system-bath partitioning of the total degrees of freedom
of the ensemble (the circular area). The entire ensemble is placed in the surroundings, which act as

the heat bath (denoted by the outer square)
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Figure 1.3: A toy model depicting the orientation of a non-polar solvent organized around a
charged and uncharged species. This depicts the difference of interaction of the solvent with the
donor and the acceptor species.




Figure 1.4 : A simple model picture to depict vibrational energy transfer with the excited and the gorund
state. The wiggly arrow shows dissipation to the bath degrees of freedom while the arrow represents decay
to the ground state.
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Chapter 2. Quantum-Classical Path Integral with Solvent-
Driven Reference Propagators

2.1 Introduction:

Sections 2.1to0 2.4 and 2.7 is based on the paper [Banerjee, Tuseeta, and Nancy Makri. "Quantum-Classical
Path Integral with Self-Consistent Solvent-Driven Reference Propagators.” The Journal of Physical
Chemistry B 117.42 (2013): 13357-13366].

Since the solution of full Schrédinger equation becomes very difficult with increase in the number of
degrees of freedom that are coupled to one another, one often relies on making simplifications, or
assumptions to account for quantum mechanical effects in dynamics of condensed phase processes. One of
such approximations is to treat a few degrees of freedom using quantum mechanical treatments, and use
classical trajectories to capture the nature of the dynamics of the rest of the degrees of freedom. Owing to
the fundamental differences between the trajectory-based classical mechanical formalism and the wave-
based solutions of Schrddinger equation this task becomes extremely difficult.

Fortunately, path integral formulation, like classical mechanics is also based on trajectories, and these
quantum paths are local, and can be a great tool for developing quantum-classical methods. Unfortunately,
simulating such dynamics for practical purposes might require a great number of path integral time steps.
There is a proliferation in the number of quantum paths, with the number of time steps and these calculations
become computationally very challenging. In this chapter, we discuss a method to overcome this problem
and accelerate the path integral calculations to make them feasible for practical applications. Simple
trajectory-based mixed formalisms, like the classical path approximation (which needs to be adequately
averaged over many solvent trajectories or many classical paths, so as to get a non-varying density matrix
for the solvent) or Ehrenfest model, i.e. the self-consistent model are quite exact within short time scales.
Knowing this, we can use this approximation within a single time step of the total path integral calculation.
This effectively leads to the system being perturbed by a time dependent reference (here the reference of
the approximate solvent trajectory) to build the propagators themselves. We can capture very important
physical aspects of the dynamics, i.e. include classical decoherence when using the averaged classical path
approximation or capturing the averaged- “back reaction” in Ehrenfest approximation) in the single-step of

path integral propagation which can increase the time step allowed for the system propagation. The
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complete “back reaction” when classical path approximation is considered or the remainder of the “back
reaction” when Ehrenfest is considered can be captured through full summation over system paths. The
self-consistent field (or the Ehrenfest) model can allow for path integral time steps approximately as large
as the “solvent-induced decoherence time”. These are two candidates which are considered here, but in
general this scheme can be extended to global system-independent trajectories. These system independent
trajectories can be evaluated from any of the methods described in literature for mixed quantum-classical
methods and be used to construct the solvent-driven propagators. These propagators when constructed from
any of these approximations will allow for larger time step convergence and hence exponential reduction
in the computational time, allowing less trajectory proliferation, promising a new method for condensed
phase and biological applications. Using the QCPI framework, we have also devised a method to make
corrections for these approximate theories.

In Section 2.2 we review the QCPI formulation and describe the construction of propagators from a
generalized solvent reference. In section 2.3 we discuss two excellent candidates for such a reference, the
unperturbed solvent and the TDSCF or Ehrenfest models. In section 2.4, these ideas are illustrated with
applications on a two-level system coupled to a harmonic bath, for which accurate results for comparison
are available. [3,4] Section 2.5 and 2.6 describes the application of the iterative and filtering algorithm to

model electron transfer in challenging regimes while Section 2.7 presents some concluding remarks.

2.2 Quantum-Classical Path Integral with Time-Dependent Reference:

The total Hamiltonian comprises of the system Hamiltonian, the bath Hamiltonian and their coupling. The
system part is fully described using the coordinate S and momentum p, . The bath Hamiltonian which we
have decided to treat via classical mechanics, is defined using the vectors X, P which consists of the
positions and the momenta of the coordinates of the bath or the solvent particle(s) with the mass m, (note

the masses can be different or same depending on the solvent)

H = Ho (8, B.) + Ty (B) + V4 (%) + Vi (8, %) (2.1)
where H, is the Hamiltonian of the quantum system, T, is the kinetic energy of the bath or environment,

V, is the potential of the bare solvent, and V,, is the potential for interaction between the solvent and the

int
quantum system. The time evolution of the system’s reduced density matrix is given by,

Prea (5508t =T, (s [ 5(0)e"™" |57 ), (2.2)
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where ot is an elementary time step that is maximally allowed after convergence. We had already decided
for a classical or semiclassical prescription for the solvent dynamics. In such cases, the reduced density

matrix given in Eqn 2.2 is expressed the form [5-8]
Pred (sﬁ;né‘t) = J.dXoJ.dpo P(Xy, Po)Q(Xo, po;sﬁ) (2.3)

+
n

where P(x,, p,) is the solvent phase space density and Q(xo, Po;S ) is the “quantum influence function” .

Q describes the effects that the quantum system has on the dynamics of the solvent. It is expressed in terms
of a sum with respect to all (forward and backward) system paths, and as a product of all exponential terms
formed by splitting the time integral and also a phase whose implication is discussed immediately later. Q

is given according to the expression

XO! pO' n J.dso J.dS < sn 1> <ler +>pred(sg;o)

X<Sa ‘engbt/h *>_ . '<S|:_l ‘elHoﬁt/h ‘ Sr:>e|(1‘)(X0,p0;56'517"”y5;)/h

—|H Stin —iHyot/n

e

(2.4)

@ is the trapezoid-discretized action integral which is computed for each of exponentially growing system

paths formed and evaluated along the classical trajectory emanating from the initial condition x,, p,

according to the force which is determined by the instantaneous coordinate of the system along the

particular path. Here ot is the path integral time step which is a convergence parameter and depends on

the particular system - bath parameters. Each of the terms, P, Q, ® and even the method of evaluation of
the solvent trajectory depends on what formalism we decide to use for QCPI. A brief introduction of the
formalisms are given in Ref[7] and any of them can be adapted and the concepts discussed in this chapter
can be extended to it. If we consider a classical or linearized path integral (LPI) treatment[8-11], the process
of linearization, avoids the propagation of the classical trajectory explicitly in forward and backward in
time, like the system, but instead it leads to classical trajectories experiencing the average of the forces
exerted by the system at its instantaneous forward and backward configurations,

00k = =2V 00+ L V(500 + Vi (5.9 | (25)

The forward-backward semiclassical treatment of the solvent dynamics (FBSD) [3,4], on the other hand,
will lead to separate forward and backward trajectories along the system forward and backward
configurations, and is more accurate. The linearization of semiclassical formalism leading to quasi-classical
treatments can also be considered as a potential candidate. All these different formalisms can be adapted
depending on the desired level of accuracy and available resources. Let us now focus on just one of these
formalisms, say the LPI treatment, where phase space density is given by the Wigner transform [12] of the
initial density operator,

P (%, Po) = (277) [ dAx, (X, +3A%, | 5(0)| x, —3 Ax, ) e /" | (2.6)
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and the action is given by

n-1

(X, Po;Sg S 1-++157) =(%Vim(53,xo) + D Vi (8¢ %) + 2V, (57, %,)
k=t 2.7)

n-1
_%Vint (56 ' XO) - Zvint (312, Xk ) - %Vint (sr: ' Xn)]gt
k=1

where x, = x(kst) . The solvent potential Vy is the same as the forward and the backward trajectory and

thus cancels, leaving just the bath interaction terms in Eq.(2.7) This term expressed Eqg. (2.7) is a product

when for very short time (n &t — 0) or very low magnitudes of Vin, i.e. in the weak system-bath coupling.

Since we are interested in the quantum-classical formulation, we need to evaluate the propagators using full
guantum mechanics. The quantum part of the system can also be treated using semiclassical theory where
we could have evaluated semiclassical propagators and then we would have had to evaluate the classical
trajectories for both the system and the bath. [13-14] Although such methods would avoid the proliferation
of trajectories with system propagation, i.e not have the exponential growth the main difficulty in mixed
semiclassical-classical system is the convergence of highly oscillatory Monte-Carlo phase space integrals.
In QCPI the phase space integrals are much less oscillatory and after the treatments we have done in this

chapter, the phase-space integrals are further smoothed out.

Unlike the semi-classical treatments the main difficulty in quantum-classical treatments is the exponential
growth in the number of terms in the system path sum, as the number of steps of propagation of the system
increases. To illustrate this difficulty let us consider that the quantum system is represented in terms of M
states or sites. If we incorporate the concept of discrete variable representation [15] of the system coordinate
then we can replace the system integrals in Eq. (2.4) by discrete sum over the M system states. The DVR
states are local and have position operator like characteristics, as a result the system-bath interaction

potential can be very conveniently represented in these states. [16] If we consider a system propagation of

n steps and there are separate forward-backward paths, then we could have to evaluate M*" classical
trajectories. Just like harmonic influence functional treatments of “memory” [7], each time point was
connected to the other time points via correlation functions, in QCPI the classical trajectories become
dependent on system. This memory or the non-Markovian character prevent the iterative evaluation of the
path sum into single-step decompositions. Also, due to the exponential proliferation, the full path sum can

only be evaluated if n is small.
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As we had discussed before, we aim at incorporating a part of the system-bath interaction inside the system-

propagators. We had also decided that this system bath interaction will not be dependent on the system

trajectories explicitly. To achieve this we consider that the action @ can be divided into two separate
components. The first component comprises of “explicit dependence” [33] of the reference Lagrangian
which is based on local trajectories, i.e. trajectories which are not dependent on system coordinates. The
second part of the action consists of “implicit dependence” [33], i.e.this chunk of the action arises from the
part of the trajectories that depend on system coordinates. Observing this, we can separate the action into

two parts

+

D (X o385 +St e sSn ) = Preg (83,5010 803 X (%o, Po) )+ AD(X,, Poi S5, 57 -5y ) (2.8)
The reference part has only explicit dependence, and the “reference trajectory” xf (t") is the same for a

particular initial condition. Similar to calculation of the action, the reference action is calculated from the

reference trajectory, where x'" = x™ (k 5t), k =0,...,n, and the reference action is

n—

(Dref (Sélslt' 1 n' re)f(xo pO)) [2 |nt(SO'X(r)9f)+zV|nt(Sk’ ref) Vlnt( rJlr' rzef>

5V (5 ) S 600 0 5 )j

k=1

(2.9)

To motivate the use of larger time steps, we need to observe that the interaction with the system changes

the solvent trajectory very less for times up to At=n_, st. As a result AQ along a path {s(f,sf,...,s,fref }is

ref
small and thus be replaced by its trapezoid rule approximation,

AD(Xy, PgiSp St 1---1Sy, )

1 N

1 . (2.10)
T I:Avmt (SO ’XO) +AViy (Sn 18, ) AV, (So ) Xo) Ath (R n, ):'At
where AV, (s&, %) =Vin (St %) — Vi (2, x*") . With this assumption, Eq. (2.4) becomes
—iVi, (S;re ;erg )ot/2n + _id.stin | o+ VA (S;re . 'X;er; )Stih
Q XO,DO, '[dso IdS € 1t Unper  Xnres <Snref g 1Hodt/A Sref 1>e it (Snper 1 Xnpgr -1
+ ref . . 4 ref
Xe*'Vint(51 X )otlh <si*' —iHpot/n a—>e*IVim(So ) )&/thred (s(‘)tlo)
@ Vin (50 X5 ) 5t/ 21 <36 ‘ gifodt/n ‘ Sl—>eivim(s;,x{“ in (2.11)
iv; e )Stih [ iHoot/h | om v,  )otizn
xe I int (S”ref‘1 X“ref‘l) < . g ‘e|H0()t/h Snref >e| int (Sﬂref nref)

xe [Avlm (SO Xo )+Avln\ (Sﬂref Nref )_Avim (56'X0 )_%Avim (S;ref ’anef )]At/Zh

So the next step would be to insert the reference trajectory phase factors into the short time propagators.
(we had all the way planned to do this step, and hence motivated the discussion on the reference). Also it

should be noted that the reference trajectory values x* are independent of the path integral variables s,
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because of the construction (that was the criteria we set for constructing the reference). Thus now the system
Hamiltonian is given by the following “reference Hamiltonian” comprising of the original system

Hamiltonian and also the reference interaction.
Hier (1) = Ho + Vi (X (1)) (2.12)

and the quantum influence function will be given as the product of the propagators constructed from the

above Hamiltonian and the difference in action because of the remaining interaction,

Q%o Poisi, ) = [ ds5 (S, [Urer (AL0: X, Po) |85 ) Prea (55300 (g |U e (0, AL X5, o)
iAt

x e_Th[Ath (Sg X0 )+Avlnt (S;ref Xn ref )_Avint (SE X0 )_%Avlnt (Sl;ref Yanef ):I

S > (2.13)

where U __. is the time evolution operator corresponding to the time-dependent “reference Hamiltonian”,

ref

Eq. (2.12). The matrix elements of the time evolution operator is evaluated by solving the time-dependent

Schrddinger equation in the system basis,
H a ! 1 " ! N 1 . . "
'ha<5 |U et (tt05 %, Po )[8") = (8| Hier (DU et (L33 %o, P )[S") 4 (2.14)

The other way of obtaining it would be to iteratively evaluate Eq. (2.11) by M 2 x M ? short-time propagator

matrix multiplication n_. times. As we had pointed out before that the reference trajectory is different for

ref

each initial condition as a result the reference propagators need to be re-evaluated for each (x,, p,) pair.

To evaluate the advantage of these propagators, let us consider that At is small, (i.e., n,; ~1). In this case
Eg. (2.13) is equivalent to the original expression and we are not taking the full utilization of the
propagators. As At increases, we see the exponential gain in the computational costs. It may so happen
that the system-bath interaction become very strong and the single step approximation of (2.10) will break
down, and we need to take larger time steps. Even then, this method of constructing the propagators in its

single step evaluation of path integrals captures the qualitative nature of the dynamics for the complete

time.

Now let us consider the scenario when the above approximation will not hold true, say when temperature
is lowered, time of propagation is large, and/or the system-bath coupling is increased. In such cases the

above approximation will be valid only for short times. Now all variables from time 0 ton_, are contained

ref

in the long-time propagator and the variables sf,...,srfref _; lose their significance. Since we can take larger

time step, At using this propagator, we can say that the system position at the end of this time At is s;.

Thus Eg. (2.13) is written as
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) Prea (55300 (35 |U L (0,86 %, Po)|sy)

B AV (55 1% )+ AV (57 1% )~ AV (S5 X0~ AVige (57 3) |

XOa po=31 J-dso < ret (AL, 0, X5, Py

(2.15)

x @ 2)‘
Once the single step propagation fails, we can use these reference propagators as we had decided before in
full QCPI expressions to make the corrections that arise of the system-bath coupling. This would allow
propagation of the density matrix to longer times without compromising the accuracy of results. It is
possible because the reference propagators being constructed from a physically motivated reference will
allow much larger time steps than conventional propagators. This implies that the final time is obtained in
fewer number of path integral time splitting and if it so happens that the allowed time step is larger than the

guantum memory, iterative evaluation [17] should become very cheap.

We can now put together all the separate parts, i.e. the larger time-step propagators, the corrections to these

approximations evaluated in terms of the actions, to obtain the quantum influence function
Q(XOa Po: Sk ) = J.dsg“"l.dsﬁ—l <SK| J ot (NAL, (N ~DAE X, po)‘sﬁ—1>“'
X< 4 Aref (ALO; Xo: po) Sg>pred (Sg,O)<Sg ‘Urzf (0’ At Xy, po)‘31_> (216)
7Ad>(x0,p0;s§,...,sﬁ)

X<SN 1‘ fef((N —1)At, NAt; XO’po)‘5N> eh

where A is given by Eq. (2.8) but is discretized with the new time step At. In order to implement Eq.

(2.16), first we need to propagate the solvent trajectory for a single initial condition, x,, p, following the

approximation we take into consideration. Next using the system-bath interaction along this trajectory, and
the other parameters in the system Hamiltonian, we can solve the time-dependent Schrédinger equation to
obtain the system propagators. For each of the set of forward-backward system path combination, we find
the system-bath interaction for each of these trajectories experiencing the average of the unigque

combination fo the forward-backward system path combination. The difference between the system bath

interaction of the reference and the system-force driven trajectory gives the net action A® . This phase

obtained from this action difference captures the corrections to the reference approximation, Eq. (2.13).

2.3 Unperturbed Solvent and Self-Consistent Reference:

In this chapter we have considered two different approximation schemes for construction of different
propagators. The first is the ensemble-averaged classical path (EACP) approximation, where the reference
trajectory constructed from each initial condition is given by the motion of the pure solvent which neglects
the system-bath interactions. Recent work in the group [7,17] has revealed that the EACP approximation is

almost exact in the limit of high temperature and/or weak system-bath coupling. It has been shown that the
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EACP approximation when integrated over phase space for a harmonic bath will result in the real part of
the influence functional [7] and this becomes highly important in high-temperature/weak-coupling regimes.
This is because the quantum effects of the system on most the bath trajectories is almost negligible at this
extremes. If we are not at these parameter regimes, then the error from this approximation starts
accumulating over time and as a result it will not give rise to the correct population dynamics. In such cases
we can take advantage of the fact that the unperturbed solvent ansatz will still produce time steps that are

larger than the conventional bare propagators.

To choose a better reference than the unperturbed ansatz, or the EACP approximation we need to take into
account some part of the neglected “back-reaction” i.e. the system-bath interaction. On the other hand the
constraint for choosing the reference trajectory is that it should not have the instantaneous system path
dependence. Perhaps the best choice here would be to follow the average system path. This is known as
the Ehrenfest model which is closely related to the time-dependent self-consistent field (TDSCF)
approximation [25, 26] if the solvent is described in terms of classical trajectories. To obtain the TDSCF
approximation, one needs to use the ansatz consisting of the product of wavefunctions and then use the
time-dependent variational principle [27]. This leads to energy minimized single-particle wavefunctions.

The TDSCF approximation provides a qualitative description of energy transfer, [25, 26], but it cannot
account for probability splitting on two surfaces. [28] In the quantum-classical Ehrenfest version [29, 30]
the solvent is considered classical and hence the when determining the driving position of the quantum
particle, the average position of the solvents are not considered. This version of Ehrenfest prescription
solves some of the problems of fully quantum TDSCF. Even so, Ehrenfest model leads to improper
branching and equilibrium populations and cannot accurately describe proton transfer events or electronic
transitions. Still, there is no harm in using it as a candidate for constructing the reference propagator, so

that it can allow for larger time steps than possible by bare system.

Once we have an initial condition x,, p, sampled from the Wigner distribution using Metropolis Monte

Carlo, using the Ehrenfest model, the classical trajectory will be subject to the following force

0 ~
_a(\/b (Xt)+<vint (vat») (2.17)

where (v, (8, %)) is given by the instantaneous average of the system-bath interaction
<Vint (§’ Xt)> = Trsys (ﬁsys (t) Vint (§’ Xt)) (218)
where Pays (1) is the “density matrix of the system in the Ehrenfest approximation” and it is propagated

according to the von Neumann equation
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od . A ~ -
Ihapsys (t) = |:H0 +Vint (Sa Xt)a Psys (t):| : (219)

2.4 Application to Model Systems:

We have applied the ideas developed in the previous section and validated answers on the symmetric “spin-
boson” model for which numerically exact answers already exist. The Hamiltonian consists of a two-level

system (TLS) coupled to a harmonic bath [31] and the quantum system is given by
H, =-71Qao,, (2.20)

It is mainly characterized by the tunneling frequency €2 and it is coupled to a dissipative bath bilenarly in

the coordinate space,

PP, X
H, :Z[ﬁJ“Emwaf} Vint =—GZZC,-X,- : (2.21)
J j

where o, and o, are the standard 2x2 Pauli spin matrices. Depending on the initial conditions we chose,

the Hamiltonian of Equations (3.4)-(3.5) can serve as an excellent model for studying the dynamics of
electron transfer or the energy transfer in vibrational relaxation. In the calculations presented below we
assume that the system is initially in the right-localized TLS state and that the bath is at thermal equilibrium

at the temperature k,T = g*. The bath frequencies and coupling coefficients are described collectively by
the spectral density function [32]

o2
J@)=2Y L S(w-w,). (2.22)
@ zij:mja)j O — ;

In particular, we choose the common Ohmic form, [31]
J(w) = %;mgw el (2.23)

where the dimensionless Kondo parameter ¢ provides a measure of the dissipation strength (i.e., the
magnitude of the system-bath coupling) and «_ gives the maximum of the spectral density. In order to

apply the QCPI methodology, we approximate the bath by a sum of 60 harmonic oscillators whose
frequencies and coupling coefficients are evaluated using a logarithmic discretization of the spectral

density® with a maximum frequency given by w,_,, = 4w, .

[

In order to assess the performance of the reference trajectory schemes described in the previous section, we

show in Figure 1 the average TLS position (o, (t)) obtained via a single path integral propagation step.
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The diagonal form of the initial density matrix of the system implies s; — s;, while the trace operation

imposes the condition s! =s; . Since both endpoints of the forward and backward system paths are the

same, these paths are identical within the single step treatment and A® =0. In this case the two single-
step QCPI schemes discussed in the previous section are equivalent to the corresponding approximations,

i.e., the EACP approximation given by Eqg. (2.11)-(2.14) and the self-consistent (Ehrenfest) approximation.

The calculations presented in Figure 1 compare results obtained with the two (unperturbed bath and
Ehrenfest-based) time-dependent reference propagators, as well as the conventional propagator splitting
based on the bare system Hamiltonian, for a symmetric TLS. The single-step QCPI results are compared
to numerically exact results obtained with the iterative path integral methodology developed earlier in our
group, [33,34] which is based on the analytical Feynman-Vernon influence functional. In all cases, the
results obtained using the single-step system propagator derived from the bare TLS Hamiltonian are

accurate only for a small fraction of the TLS period and are qualitatively wrong after t+ ~ 0.5Q* or (in the

case of Fig. 1a) even earlier.

Figure 1a shows the average TLS position in a high-temperature, overdamped regime, characterized by
QL =02, o, =250 and £ =1.2. Inthis regime the behavior of the bath is almost completely classical,
and the Wigner function may be replaced by the Boltzmann density. Because of the large system-bath
coupling strength, the bare system propagator fails after about 0.2 . This is in agreement with earlier
QCPI calculations, where a time step At =0.1250 was necessary to converge the path integral. [7] By
contrast, the EACP approximation yields reasonable results over the entire propagation time. (The small
deviations in the EACP approximation can be attributed to high-frequency bath oscillators in the tail of the
spectral density, for which the bath trajectories are significantly perturbed by the system.) With these
parameters, the Ehrenfest approximation yields results indistinguishable from those of the full path integral

treatment.

In Fig. 1b we show results at a lower temperature, 2.Q5 =2.5, and intermediate coupling strength
characterized by &=0.6. Even though the bath has the same frequency distribution, (@, =2.50Q2), it
exhibits more pronounced quantum mechanical effects at this lower temperature. The unperturbed solvent
approximation leads to accurate results for Qt ~1, after which it is seen to exaggerate the oscillatory nature

of the TLS dynamics. In this case the Ehrenfest model reproduces the underdamped oscillation of the TLS

average position nearly quantitatively for all times.
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A strongly quantum mechanical, high-frequency, low-temperature bath, characterized by o, =5Q,
nQ B =5 and intermediate coupling strength (& =0.3), is used in the calculations presented in Figure 1c.

In this case the majority of the oscillators are practically at zero temperature. In this regime neither the
EACP approximation nor the Ehrenfest approximation can reproduce the exact quantum mechanical results
in a quantitative fashion. Specifically, the unperturbed solvent approximation exaggerates the oscillatory
character of the motion because it neglects decoherence associated with quantum mechanical memory. On
the other hand, the Ehrenfest approximation leads to faster damping of the TLS dynamics. Thus full QCPI
calculations are necessary in this regime. Because both approximations seem adequate for times up to
t —~ Q™ either one seems an excellent candidate for constructing a reference propagator that should allow

large path integral time steps.

To explain the improvement offered by the mean field (Ehrenfest) approximation, we have studied the bath
trajectories for a single bath degree of freedom experiencing a particular set of system forces along one
particular forward-backward system paths. In Figure 2 we see such trajectories in the case of a single bath
degree of freedom coupled to the TLS. (The system-bath coupling used to obtain the trajectories in Fig. 2
has been increased substantially compared to the values employed in the calculations of Fig. 1. so that the
effects are more pronounced and we can draw the conclusions well.) The momentum of these trajectories
displays discontinuities where the force from the quantum system changes. These changes are more
prominent in lower-energy trajectories, whose dynamics can be changed more by the interaction of the bath
with the system. This observation is the physical reason for the less significant role of the “back reaction”

under high temperature conditions.

In figure 2 we have also compared the trajectory of the various approximations. The Ehrenfest reference
follow closely the exact system propagation in shorter times. The trajectories are almost exact for a
significant portion of the time but then finally fails. It is really beneficial at early times, and this can be used
to construct larger time step propagators. However eventually, towards the end of the system propagation,
the trajectories are significantly different and Ehrenfest trajectories over compensate for the classical path

discrepancies.

In Figure 3 we present full QCPI calculations using propagators derived with the unperturbed solvent or
the self-consistent (Ehrenfest) model as the reference Hamiltonian. The parameters are those employed in
the calculations of Fig. 1. As can be seen in Fig. 3, the use of improved time-dependent reference
propagators yields converged results with large time steps. As is expected, the most notable gain is again

observed in the high-temperature case shown in Fig. 3a, where the Ehrenfest reference produces results that
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are practically exact with a single time step. Thus, a single trajectory is required for each initial condition
in this case. The propagator based on the unperturbed solvent reference leads to converged QCPI results
with At =™, Asseen in the figure, this time step is by far too large for the standard propagator splitting,

which requires a step size At=0.1250" for convergence. Propagation to the same final time with the

time-independent system propagator would require 40 path integral steps and 2% trajectories for each initial

condition leading to a lot of computational savings.

Under the more challenging conditions of Figures 3b and 3c, the QCPI calculations with the two time-

dependent reference models converged with At=0.6250" and At=0.750"" respectively. For
comparison, the time step required with the standard propagator discretization was At = 0.250. Perhaps
the most significant consequence of a threefold gain in step size is that the important features of the system

dynamics was captured with only 5 path integral time steps (i.e., 2'° trajectories from each initial condition),

and hence an iterative decomposition of the path sum was not required.

As the reference part of the total action, @, , is taken into the system propagation, there is a reduction in

phase of the Monte-Carlo integrand, i.e. we are now left with a phase factor of e*® . Thus the spread of the
quantum influence functional is reduced as is evident from Figure 4. Figure 4a shows the spread of the
quantum influence functional for the bare, the EACP and the TDSCF propagators for the high temperature
case. The TDSCF propagators do not require full QCPI calculations as a result the corresponding quantum
influence functional is restricted only to the magnitude between 0 and 1, i.e. the magnitude of the
propagators. The quantum influence functional corresponding to classical propagators on the other hand
spread to -0.25 to 1.25, while for the bare propagators it moves further to the negative regions from -0.75
to 1.75. Though the number of points spanning these inaccessible regions are low, there is still a wider
spread than the TDSCF and the EACP propagators. Next we present the most challenging regime, when
the spread of the Monte-Carlo integrand is considered. This is the most quantum mechanical case, or the
low temperature regime. In this regime, the bare, quantum influence functional from the EACP and the
TDSCF propagators is much more spread, and extended from -1.75 to 0.75. Here there is significant number

of occurrences in the most extreme interval only for the bare propagators.
A direct consequence of the above observation is the reduced number of Monte Carlo samples required for

convergence. The number of Monte Carlo samples was adjusted to produce statistical error bars comparable

to or smaller than the size of the markers shown in Figure 3. This precision was achieved with 40,000
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Monte Carlo points in the case of the bare (time-independent) system propagator, and 10,000-20,000 points

when the time dependent reference propagators were used.

2.5 Iterative Evaluation of Quantum Classical Path Integral with Solvent

Driven Propagators:

The iterative methodology for QCPI has been developed in previous publication [17], and has been adapted
with the solvent-driven propagators in this work. Since there is an exponential growth in the number of
trajectories with the system states, i.e. M*" trajectories are created when the system is represented in terms
of M states, the direct summation or full path sum is feasible for a 2 or 3 state system only for N<8 time
steps. So if we have captured the major dynamics within ~8 path integral time steps as we have seen in the
above sections, that should be fine. But for slower baths, if the dynamics requires long time propagation,

we need to move to an iterative approach.

Makri et. al [3,4] had observed earlier that the correlation or the response function of the quantum memory
is short lived and decays to zero beyond a certain time interval, 7., = MAt . This in turn implies in the

QCPI picture that the dynamics of the system is governed by the forces that depends only on the m recent
path time steps. In this section we discuss the implication of this idea and how it can be used in the QCPI
framework with the improved propagators. Thus the classical trajectories now do not depend on all time
points from evaluation time, but the force only extends to a pre-decided time length, which is equal to the

decoherence time for that particular system- bath parameters.

We take the idea of memory (or decoherence) time to be same as that from the influence functional

approach, z_.. =mAt and proceed using the method described in Ref [17]. Like in full step QCPI the first

step is similar: we need to sample the function P (here the Wigner distribution) using Metropolis Monte

Carlo procedures to obtain the initial phase space points. Unlike full QCPI, we create all trajectories that

result from the different system forces along the M ™ system paths only to define the rank-2m path

tensor with the improved propagators,
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An important aspect to note that each of these propagators and the tensors, are different and unique to each
trajectory, unlike the influence functional approach. Though symmetry in the harmonic system can be
utilized to find out each non-unique combinations, but this is not a general method and cannot be extended
to anharmonic bath. This means that the evaluation of such propagators must be done at each step of the

propagation and for each initial condition in the Monte Carlo loop.

Next we construct the propagator tensor of rank 2(m +2),

Tm(xo,po;sg,sf,...,s;)=<sm J o (MAL, (M —1)At; xO,po)‘ >

7A®(XO I (2.25)
< ‘Uref ((m—1)At, mAt; Xy, Py ‘s >

This propagator is used to propagate the tensor made in Eqn. 2.24 one step by simple matrix-vector
multiplication as suggested in ref [17]. It is also different in different time step of propagation, and is given

by the integration (i.e. the summation) of the product of the tensor (vector) and the propagator (matrix),
Ry (8510008050 Bo ) = [ 05 T (85487 10803 %01 P )Ry 1 (S5 485 -S43 %0, Py ) (2.26)

To propagate this further in time, say one step at a time, the classical trajectories should be calculated for
the next step. This would lead to an increase in the number of trajectories by a factor of M?, which is not
desired. To avoid this problem, we propagate only one of these trajectories, chosen randomly, by one time
step to the time (m-+1)At, thus still maintaining the number of trajectories to M *™?" This is how we
avoid the exponential proliferation of the number of paths. Constructing the propagator tensor for the next

step.
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leads to the following propagated result,
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We repeat the procedure described above till we reach the final time point. At each propagation step we
obtain the quantum influence function as well as the reduced density matrix, by taking the Monte Carlo
average of the quantum influence function, (this is done by repeating the above algorithm for all initial

conditions)

Q(Sﬁ 1 Xg1 Pos NAt) = J‘dsﬁﬂ—m”'J‘dsﬁ—l RN (Sﬁﬂ—m""’sﬁ 1 Xo1 po)a (2-29)

Prea (s NAE) = [dx, [dp, Q(sy . X5, Py NAL), N =m,m+1,... (2.30)

The memory length M is a convergence parameter. Using the solvent-driven propagators this memory
length is achieved in much lower number of path integral slices. This has a two-way benefit, first there is
exponential reduction in the number of terms required to obtain the desired memory length. Also, owing to
the reduced number of terms, the dimension of the tensors and the propagators are highly reduced, requiring
less storage requirements. This coupled advantage of using the solvent driven propagators make iterative

evaluation possible for extremely slow and sluggish baths.

In Figure 6 we present iterative calculations using propagators derived with the unperturbed solvent as the
reference Hamiltonian. The parameters are those employed in the calculations of Fig. 1. As we had seen
in Fig. 3, the use of improved time-dependent reference propagators yields converged results with large

time steps. The most notable gain is again observed in the high-temperature case shown in Fig. 4a, where
the memory T, = 0.625Q7" s practically achieved in a single time step of propagation At =Q*. This

is the simplest version of the iterative QCPI scheme and it involves the storage of just M* trajectories
from the forces corresponding to the forward-backward coordinates of each pair of adjacent time points.

The tensors R, have rank 2 and the propagator tensors T, have rank 4. This becomes almost as
computationally inexpensive as calculating the EACP approximation. On the other hand, for QCPI with

bare propagators, in order to reach the desired memory ofz, =0.625Q", it required a memory span of

m =5 ; thus requiring tensors R, have rank 10 and the propagator tensors T, have rank 12[7]. Even under

more challenging regimes of Figure 6b. and 6¢. we have achieved the required memory of 7, =1.25Q™"
by using just 3 and 2 steps respectively. The tensors R, have rank 6 and 4 and the propagator tensors T,

have rank 8 and 6 respectively. As is seen in the figure the time step used with the solvent driven propagators

are too large for the standard QCPI to converge. In comparison, for QCPI with bare propagators required
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M =6 to achieve the required memory length, thus implying that it needed tensors R, have rank 10 and

the propagator tensors T, have rank 12 [7, 17].

2.6 Applications of Iterative Evaluation with Filtering to Challenging Regimes:
To move to more challenging regime we illustrate the iterative QCPI methodology with calculations on
asymmetric dissipative two-level systems (TLS). The quantum system is described by the Hamiltonian
H, =-1Qo, - ¢o, (2.31)
where o, and o, are the standard 2x2 Pauli spin matrices. If the absence of an energy bias (& =0 the

bare TLS is characterized by the tunneling splitting 2/Q. The TLS is coupled to a harmonic bath as

described in the previous sections.

First we present results for an asymmetric TLS with & =7, strongly coupled (& =1.2) to a bath

(@, = 2.502) at an intermediate temperature (7243 =1). This is a particularly challenging regime with
the naive QCPI evaluation. In order to obtain the total quantum non-locality the iterative QCPI scheme
required m=10 using a path integral time step At=0.125. This is particularly challenging and
computationally not feasible, because it requires a total of 2% possible such segments. Thus it required
filtering schemes to retain 1.25x10° system path segments to obtain converged results [17]. In Fig 7a. for

the same parameters, in the single step propagation, we see that the bare propagators fails to capture the

dynamics beyond a time step of 0.2 . This confirms with earlier QCPI calculations, where a time step
At=0.125Q"" was necessary to converge the path integral. However we see that the EACP
approximation is valid till a time of ¢-* while the TDSCF reference is accurate till 1.5 ¢2~*. Neither the
EACP approximation nor the TDSCF reference in its single step, can correctly predict the equilibrium
population, because they cannot account for the quantum decoherence in a quantitative fashion. To correct
for that, we incorporate the EACP approximation in the iterative scheme of QCPI. In Fig 7b. we have
accounted for the quantum non-locality by using m=5 and a path integral time step At=0.25. We just
required 2%° paths, which can be easily done using modern computers thus obviating the need for filtering

in this regime. QCPI with naive propagators do not achieve the accurate results using such high time steps

as is quite evident from the curve.

For very slow and sluggish baths, the solvent-induced memory spans many path integral time steps. In such

cases, the computational cost of the iterative QCPI methodology becomes rather high. and we need to use
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the scheme of filtering. To properly use the concept of filtering, consider two physically motivating
aspects[17]: First, for a generalized Hamiltonian represented in continuous coordinates, if we construct
propagators using energy filtered procedures, (e.g. discrete variable representation), the propagators will
decay to zero if there is a difference in the starting and end system configuration. Thus the propagators
which show a lot of system transitions will have very small magnitude and can be easily ignored. Second,
the propagators whose weight is dependent on the classical particle, can take advantage of some dynamical
information related to solvent reorganization. If the transition from one quantum state to another, requires
a lot of energy in terms of solvent reorganization, then such processes will be unfavorable and hence the
propagator which is dependent on the classical coordinates of the solvent will be of very low magnitude
and can be ignored. Also, these propagators will avoid the region where the coupling between two quantum
systems is low. The concept of filtering was first developed in our group in the influence functional or the
harmonic bath framework [18-20]. Either a stochastic [18, 19] or a deterministic [20] criteria was used to
throw away paths. This method of filtering depended on the weight of traditional propagators. Filtering
with bare propagators utilized only the first criteria mentioned above. On the other hand, both of these
physical phenomena are captured in the EACP propagators, which are constructed in the DVR
representation and take some weight of the classical trajectories. It can be argued that the EACP propagators
take into account fully the reorganization energy associated with the classical frequencies and should be
ideal for filtering in case of very high temperatures where filtering schemes are most effective. The selection
procedure for a path is kept very simple: The weight of the path is given by the weight of the solvent-driven
propagator till the propagation time, if this weight is greater than the threshold § then it is accepted
otherwise it is rejected. The procedure is deterministic, and often results in elimination of majority of the
non-important paths. All paths within the memory m, which is greater than the threshold are selected, and
all of these segments are used for further propagation.
To demonstrate the ideas of filtering with iterative evaluation using EACP propagators, we apply the
methodology to the TLS-Ohmic bath model presented in Ref. [18], where the parameters were chosen to
resemble those in the early dynamics of bacterial photosynthesis. The system Hamiltonian takes the form
H, = { “ Vlz] (2.32)
Vie &
Where ¢ =0 cm™, g =400 cm™, v,, = 22 cm™. The spectral density has the Ohmic form with =150

cm™ and the reorganization energy as 21, =500 cm™. The asymmetry in this case is very challenging

and is almost 5 time the tunneling splitting. This presents a very difficult scenario for the convergence using
naive QCPI. Also, it has very high reorganization energy and the filtering scheme will help throw out most

of the statistically insignificant paths.
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Figure 8c shows the single step propagation with the bare and the EACP propagators. While the bare
propagators cannot capture any dynamics of the electron transfer system, either quantitatively or
qualitatively, the EACP propagators captures it at least qualitatively. It is accurate to the first 0.5 ps after
which it starts to deviate and reaches the equilibrium population of 0, which is predicted by the classical
limit. Owing to the high asymmetry present in the system, the equilibrium population predicted by the
guantum mechanical treatment is significantly different as predicted from the classical limit, thus posing a
major challenge for convergence. However, when we use the EACP approximation as a reference to
construct propagators for iterative QCPI it converges using a time step of 10 fs. In comparison, naive
propagators required a time step of 5 fs. In order to converge the total quantum non-locality QCPI with
EACP propagators we required m=10. Exploiting the concept of filtering as described above we could
throw away majority of the paths, and required a cut off threshold of #, which retained approximately 3000
paths. This is a dramatic save as compared to 22°, this making this computation feasible. Figure 8d shows
the convergence of the iterative QCPI with filtering with different number of oscillators. Owing to the
ohmic nature of the spectral density, majority of the reorganization energy originates from the low
frequency modes. Due to large reorganization energies, there is a high importance of including enough low
frequency mode oscillators to converge at longer times. This is very well-explained in Figure 7b, where we

have seen we require 200 oscillators to converge.

2.7 Concluding Remarks:

In this chapter we have taken the method of QCPI and have used a very simple, physically motivated idea
to accelerate the evaluation of QCPI. QCPI itself is a very rigorous theory and can be used to benchmark
calculations for electron and proton transfer reactions. Thus by incorporating the developments we have
proposed here, we have made sure that such calculations become feasible. Two physically motivated
approximations were considered to be incorporated in the propagator for the quantum system, one was the
classical path, or the unperturbed solvent and the other was the time dependent self consistent field or the
Ehrenfest model. Although they are incapable of capturing the exact nature of the dynamics, they provide
excellent references to construct propagators which allow for larger time steps than conventional bare
system, propagators. They lead to the accurate capture of the interplay between classical and quantum
mechanics, smoother integrand because of a smaller phase and exponential reduction in the number of

terms.
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We have extended the method to include the iterative and filtering algorithms with the solvent-driven
propagators. These propagators when used with the iterative scheme the decoherence time is achieved in
far less number of path integral slices than the bare propagators, leading to further decrease in the number
of trajectories in the quasi-Markovian scheme of propagation. The solvent-reference propagators (EACP
and TDSCF) which have their weights depend on the position of the classical solvent particle, and would
prohibit quantum transitions from taking place in areas of high solvent reorganization, and additionally the
TDSCF propagators would prevent these transitions where there is low system-bath coupling. This in turn
would lead to an even larger reduction of the weight of the propagator elements leading to a more efficient
filtering technique.
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Figure. 2.1: Average position of a symmetric TLS from single-step calculations. Green hollow triangles: propagator for the bare
TLS. Blue solid circles: time-dependent reference propagator obtained from unperturbed solvent trajectories (EACP
approximation). Red solid squares: time-dependent reference propagator obtained from Ehrenfest trajectories. Black line: exact
results obtained via the iterative path integral methodology based on the analytical Feynman-Vernon influence functional. (a)

0, =250, Q=02 =12 (b) w, =250, IQP=25, £=06. (¢) w, =50, IQP=5, =03
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Figure. 2.2: Classical trajectories along arbitrarily chosen forward-backward system paths for a single-oscillator bath with

o = 2.5Q) strongly coupled to the TLS. Blue line: free bath trajectory. Red line: trajectory following the Ehrenfest system force.

Black line: full trajectory, following the actual force exerted by the TLS.
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Figure. 2.3: Average position of a symmetric TLS from QCPI calculations. Green hollow triangles: propagator for the bare TLS.
Blue solid circles: time-dependent reference propagator obtained from unperturbed solvent trajectories (EACP approximation).

Red solid squares: time-dependent reference propagator obtained from Ehrenfest trajectories. Black line: exact results obtained via

the iterative path integral methodology based on the analytical Feynman-Vernon influence functional. (a) . = 2.5Q, #Qf = 0.2,

£=12, OM=1.(b) o, - 250, HQB =25, =06, QAt=0625. () o —50, hQB=5, =03, QAt=075.
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Figure 2.4: Frequency distribution of the Quantum influence functional for different Monte Carlo points sampled. Green section:
propagator for the bare TLS. Blue section: time-dependent reference propagator obtained from unperturbed solvent trajectories

(EACP approximation). Red section: time-dependent reference propagator obtained from Ehrenfest trajectories. (a) w, = 2.5Q2,

hQp=02, =12, OM=1.(b) w, =50, KB =5, £=03, QAt=0.75.
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Figure 2.5: Flowchart 1: QCPI Algorithm for computing density matrix for a general system-bath.
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Figure. 2.6: Average position of a symmetric TLS from QCPI calculations. Green hollow triangles: propagator for the bare TLS.
Blue solid circles: time-dependent reference propagator obtained from unperturbed solvent trajectories (EACP approximation).
Black line: exact results obtained via the iterative path integral methodology based on the analytical Feynman-Vernon influence
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Figure. 2.8: Photosynthetic reaction center containing the protein backbone and the bacteriochlorophylls (b) The 6
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EACP-full QCPI with At =10fs, m =10; Use of filtering results in survival of approx. 3000 paths from 22° paths.
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Chapter 3. Quantifying Anharmonic Effects Using

Ensemble Averaged Classical Path Treatment

3.1 Introduction:

Electron transfer reactions are very important in chemistry, biology and physics. These reactions are
fundamental in many catalytic, environmental, solution phase, surface and interface phenomena [1-10].
Thus a detailed theoretical understanding of these reactions at the very molecular level is required. The first
of the theoretical descriptions of electron transfer was introduced by Landau-Zener where the non-adiabatic
electron transfer between the donor (D) and the acceptor (A) is treated by the Fermi’s golden rule [11] and
is related to the Franck-Condon factor, FC, that corresponds to the probability of approaching the curve-

crossing region.

_2aV°FC
Lz —T

The next improvement was made by Marcus, where the rate constants can be described using a small set of

k

parameters quantified from the molecular — level interactions. According to Marcus’s model [12-16], which
is based on linear approximation theory, the energy distributions are given by identical Gaussians for the
donor, acceptor and the uncharged species. Marcus’s theory is also based on other approximations: the
solvent modes are purely classical; the potential is essentially diabatic with very low diabatic-coupling

terms, and the rates are obtained using second order perturbative treatments.

To move beyond Marcus’s theory and even the linear approximation, we need to study full-atom
simulations of solvent-solute interactions including charge and non-bonding interactions. To exemplify
such comparisons, we chose one of the most studied electron transfer reactions. Electron transfer reactions
in Fe*? to Fe*® has been studied in the theoretical community over the last few decades [17-21]. We have
modeled such electron transfer reaction in its Metallocene framework. Ferrocene is atypical Metallocene
complex with the cyclo-pentadienyl rings surrounding the ions on both sides. Ferrocene and its derivatives
are widely used as a catalysts, anti-knocking agents and in pharamaceutical industries, among their various
other applications. In fact, the electron transfer reaction between Ferrocene and Ferrocenium is so widely
studied experimentally, that it is often used as a standard for calibrating reactions in non-aqueous solvents.
We have considered the dynamics of such electron transfer reactions in one such solvent, Benzene, because

of its high solubility in Benzene.
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In the case of such reactions, the quantum mechanical description is restricted to only a few degrees of
freedom, thus necessitating the use of mixed quantum-classical treatments. However, since quantum and
classical treatments are inherently different, development of rigorous theories are quite challenging. The
oldest of these treatments is the Ehrenfest model, [22] where the trajectories of the heavier, hence classical
nuclei are subject to average forces from the quantum particles. Pechukas further used the idea of self-
consistent determination of the classical trajectory, [23] which is quite rigorous and accurate, but very
demanding for large-scale applications. Since the first proposal by Tully in 1970’s a lot of surface-hopping
techniques have been developed and used for multidimensional systems. [24-30]. However most of these
treatments do not correctly account for the accurate interplay between classical and quantum decoherence.
Recently, our group have reported rigorous, yet practical quantum-classical path integral techniques to
provide a faithful dynamics of highly quantum systems [31-33]. In this chapter, we consider the Ensemble
Averaged Classical treatment of this method, to quantify the effects of anharmonicity. By doing so we
achieved the following: first, we systematically quantified the anharmonic effects and demonstrated its
effect on the dynamics of the system; second, we did a quantitative check on accuracy of Marcus’ theory.
Using the Ensemble Averaged Classical Path treatment we have analyzed the differences in the dynamics
of the same system in the explicit anharmonic bath or the mapped harmonic bath and have also commented

on the accurate way of accounting for anharmonicity.

In section 3.2. we include correlation functions and spectral density calculations, while Section 3.3
discusses the energy gap components, and section 3.4. demonstrates their effect on dynamics. Section 3.5.

compares rates obtained from different theories and finally we conclude in section 3.6.
3.2 Correlation Functions and Spectral Density Mapping:

The parameterization of the ferrocene - ferrocenium pair was obtained by Peter L. Walters [J. Phys. Chem.
Lett. 2015, in press] using the CHARMM General Force Field (CGenFF). These calculations produced
geometries in excellent agreement with experimental results [36]. The ferrocene - ferrocenium molecules
were held fixed during the simulation with the Fe-Fe distance of 7.0 A. The diabatic coupling of 32 cm™
was adopted from Friesner et al.[37] We used three different charge configurations for the electron transfer
complex: the donor, the acceptor and the mean, where the mean charge configuration is the average of the
donor and acceptor configurations. It gives identical charges to both molecules, each having a total charge
of 0.5.

Classical trajectories were obtained by Peter L. Walters using NAMD [34]. The simulation cell included a
10.0 A thick benzene layer (i.e., 55 benzene molecules or 660 atoms). After energy minimization, an
equilibration for 100 ps was performed in the NPT ensemble with a pressure of 1 atm and a temperature of
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300K allowing the Benzene to move in the external forces from the electron transfer complex. Following
equilibration, several different molecular dynamic runs were performed, to calculate the spectral density,
and to obtain the EACP reference trajectory. To calculate the spectral density, the dynamics was run for 1.6
ns in the NPT ensemble with a pressure of 1 atm and a temperature of 300K. For the EACP reference
trajectory, a 1 ns run was performed in the NVE ensemble. After the dynamics, the interaction energy
between the Benzene and the electron transfer complex was calculated twice: once in the donor charge
configuration, and again in the acceptor configuration. This is done for each shapshot of the atomic

coordinates, captured from the dynamics.

The energy gaps are computed using NAMD, and subsequent analysis is done to provide insight on the
system and draw conclusions for its dynamics. First we have mapped the energy gaps to a continuous bath
of phonons. In order to do so, we obtained the donor-acceptor energy gap autocorrelation function computed
by Peter L. Walters for classical trajectories calculating using NAMD. The expressions below are following
the NAMD tutorial on the same.

1

Con(t) =5 D (E(x,(0)) E(x, (1)) -E"), (3.)

o j

Where the energies for the jth particle at time 0 and t are given by E (xj (O)) E (xj (t)) respectively and

O is the variance of the energy gaps and is given by,

o’ :Nii(Ez(xj (t))-€7) (32)

t =1

To obtain smoother distribution, “window-averaging” technique is used.

Con(t) = rar D (E(, (t+,)) E(, (1)) EF). 33

M
a=1

To calculate the distributions and behavior in the harmonic model, one needs to map the energy gap
autocorrelation function obtained from NAMD to the bath response function. The energy gap between the

donor and acceptor states linearly coupled to the harmonic bath is given by the following fluctuation [38]

const+2)_c;x, (t) (3.4)
j

Where the X; (t) are the classical trajectories computed using NAMD. The correlation function Cp, (t)
of the donor-acceptor energy gap function for the harmonic bath linearly coupled to the system is thus given
by
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Con(t)= 4Zj:c§ (x,(0)x, (t)>ﬁ (3.5)

The correlation function dies around 10 ps, which suggests that there is considerable memory in the bath
till 10 ps, and hence non-Markovian treatments should be done till this time. Doing such treatments requires
the calculation of non-local integrals and hence become very expensive. We can circumvent this problem,
by noticing that most of this memory is due to low frequency modes of the bath. These frequency modes
are quite accessible at the thermal temperature and are classical in nature. Owing to the classical nature of
such memory, it is easily removed by incorporating it into the EACP propagators. We have calculated the
correlation function mappings at different charge configurations of the system. In the first mapping scheme,
we have used the donor charge configuration of the system, while in the second we have used the average
surface mappings. This has been done to facilitate comparison of the two mapping schemes, their spectral

densities, their energy gap characteristics, and effect on the EACP dynamics.

The computed correlation function can be expressed in terms of the bath response function which is given

by
a(t) =%;c§ (%,(0)x, (1)), 36)

Where the X; (t) is the position operator for the position variable for the jth oscillator and it is averaged at

the inverse temperature /3. Next, this response function can be mapped to the bath spectral density,
T c}
Jw)=2Y—5(w-w;)
277 Mo

Using the relation,

alt)= %I:da)\] (a))(coth (%ha)ﬂjcos(a)t)— isin (cot)} (3.7)

To do so we take that the classical limit of the correlation function given by Egn 3.5 by using the limit

h — 0. The correlation function then reverts back to the following expression

Coa(t) =iwdwmcos ot (3.8)

B 0]

Finally the spectral density was obtained by Peter L. Walters as the Fourier Integral of the spectral density

and is given by
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3 (@)= 2 [dCop (t) o5 (3.9

We find in this system, most of the reorganization energy is obtained from the classical frequencies. For
practical purposes the memory can be considered classical, and additionally at such high temperatures, the
EACP treatments should be a very good estimate of the dynamics of the system. Owing to the high
reorganization, the quantum effects may become higher in the long-time dynamics but short time dynamics
should be given very well by the EACP limit. Also, when the dynamics of the system is mostly done, a
plateau behavior observed in the quantum mechanical system reactions should match exactly EACP limit.
Thus the rate extracted from either of these limits should be a good estimate for the rates obtained for fully-
converged quantum mechanical answers. For the higher frequency peaks in the spectral density, we refer
to the IR- spectra of Benzene. The peaks around 700 cm™ corresponds to the out of plane C-H bending,
while those around 1250 cm™corresponds to the in plane C-H bending, and the peaks centered at 1500 cm®
! corresponds to C-C stretches in an aromatic ring. The contribution of all of these peaks combined account

for less than a few percent of the reorganization energy.

3.3 Energy Gap Distributions and Anharmonic Components: Moving

Beyond Linear Approximation Theory:

To construct the statistical distribution of energy gaps, we take the energy gaps obtained from the NAMD
calculations for short runs. We take the sampled energy gaps after 2fs for each of the trajectories, and
construct a statistical picture of the distribution, by making histograms and binning them at regular intervals.
The curve obtained from the values of these histograms taken for 500 intervals over 10° energy gaps
sampled is used to obtain smooth-gaussian like curves. The peak of the curves correspond to the
reorganization energy and the variance of the curve corresponds to the variance of the correlation function

used to map the spectral density.

The curves in Figure 1 correspond to two different mapping schemes and the atomistic simulation result.
The mean of the donor-mapped distribution is significantly different from the mean of the atomistic
simulation, while the neutral species have a much closer correspondence to the atomistic simulation. This
is also evident from the curve-crossing regime shown in Figure 1b. This proves that for mapping to a
spectral density the neutral species mapping should be much more accurate than the donor-mapped bath,

and this will be proved in subsequent sections and discussions.
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The most interesting feature of these curves is the curve-crossing regime. The curve crossing regime, i.e.
the negative region of the distribution translates to the region where there is a change from the donor to the
acceptor state or vice versa. This is a statistically insignificant portion of the distribution, and can be termed
to be a “rare-event” owing to the high reorganization energy. Due to the high reorganization energy of the

solvent, this region is minimally sampled and it results in very slow dynamics.
Beyond Linear Approximation:

To motivate this study, we observe that contrary to assumption, the mean and the variance of the neutral
and the donor configurations are not equal. If linear approximation were to hold, this would not have been
the case, which means there is larger energy gap fluctuations in case of donor state as compared to the
neutral state. To move beyond the linear approximation theory, we have computed the third and the fourth
order statistical corrections. Skewedness is a measure of asymmetry of the distribution and is quantified by
deviation from the mean of the distribution, corresponding to the third standard moment. Kurtosis, on the
other hand is the measure of the peakness and is the fourth standardized moment. Although, quite small,

the values of skewedness and kurtosis are not negligible for this bath (Table 1)

34 Dynamics of Ferrocene - Ferrocenium System in Benzene:

We illustrate the ideas of section 3.2 and see how the anharmonicity in energy gap distributions discussed
in the previous section affects the dynamics of the system. To make a quantitative evaluation of
anharmonicty on the rates of the electron transfer reaction, we EACP methods described in Chapter 2 using
both atomistic bath described by the classical MD trajectories and harmonic bath, which is mapped to the

actual bath using the ideas discussed in Section 3.3

The Ferrocene-Ferrocenium system, is described by the Hamiltonian

H, =-1Qo, , (3.10)

is characterized by the tunneling splitting 22Q , where Q =32cm™ and is coupled to a dissipative bath.
The bath may be described either using atomistic MD forces or in terms of harmonic oscillator modes

linearly coupled to the system given by

A2
Hy =), ﬂ+1mw§>‘<§ » Vi =—0,2.¢% . (3.11)
2m 2 ;
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where o, and o, are the standard 2x 2 Pauli spin matrices. The bath frequencies and coupling coefficients

are described collectively by the spectral density function

2
C -
@) =23y S(w-w)). (3.12)
The spectral density described in the previous section is dicretized using the procedure developed by Makri.

[39]. In order to apply the EACP method, we approximate the bath by a sum of 200 harmonic oscillators

whose frequencies and couplings are given by expressions above witha @ __ - of 2000 cm™,

In case of the atomistic simulations, the Hamiltonian of the bath is given by the kinetic energies of the
atoms and different potential terms which consist of both harmonic (bond stretches, dihedrals, etc.) as well
as anharmonic (van der Waal’s forces, Coulombic forces etc.) In order to carry out calculations, the EACP
propagators must be constructed from the shifted intial condition and donor shifted reference. In this case
it is worthwhile to note that the instantaneous reference action that has to be included in the propagators is
given by the time integrated energy gaps which are easily obtained from the MD calculations. Thus the
time dependent Schrodinger Equation given in Eq 3.6 is solved using energy gaps that are updated at every

2fs, which is the time step for the classical MD calculations.

The calculations shown in Fig. 2 compare results obtained from two different mappings to obtain the
spectral density and the atomistic simulations. The two different mappings arise from the energy
distributions of the solvent that are equilibrated at the donor system configuration and from the energy
distribution of the solvent equilibrated at the average system surface and then by shifting it by the
reorganization energy A . Although the dynamics obtained from the two different schemes of mapping are
identical, but it is seen that the average system surface equilibrated solvent energy gap distribution provides
a much better mapping of the atomistic simulations. This was first pointed out by Makri [38] in which she
had obtained the linear response limit by performing a cumulant expansion of the influence functional,
where she had done the expansion about the average surface, i.e. =0 . In the present context of the EACP

method, this observation can be explained from a cumulant expansion of the system-bath interaction, in
which the mapping to the average surface (S+ =0;s = 0) configuration of the system matches both the

mean and the variance of the atomistic simulations, but, the mapping to the donor configuration of the
system matches only the variance of the expansion. Although the two different mappings of the spectral
density has been used interchangeably in literature, we have for the first time compared the accuracy of the

two with the actual dynamics and commented on the exactness of one over the other.
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3.5 Rates of the Electron Transfer Reaction:

In this section we compare the rates of electron transfer obtained from the EACP methods and that obtained
from Fermi’s Golden Rule and Marcus’s rate equation. In the non-adiabatic limit, the electron transfer rate

can be given by Fermi’s Golden rule,
k =2A%Re T dte™ exp —T da)“—(w)[coth (4n0f)(1-coswt)—isin a)t] (3.13)
: . 71_0)2 2 '

If we assume the classical limit of the above expression, along with short time approximation we can obtain

the well-known Marcus’s rate equation

2 _ 2
k :Zﬂ-—Aexp _M (3_14)
JAmakT 42kgT

The table below shows the rates of the reaction and the time of half reaction for dynamics of the system
coupled to the solvent of benzene treated both harmonically and atomistically and the rates obtained from
3.14

It can be clearly seen from Table 2. that the Average Surface mapping produces much more accurate results
than the Donor Surface mapping. The differences between the atomistic and the average surface harmonic
treatments show slight differences which suggest that the effects of anharmonicity is very low in this case,
yet present, and drives the reaction a bit faster. The difference in the rates of the harmonic (mean mapped)
to the anharmonic arises from the higher order terms present in the energy distribution, such as the
skewedness and kurtosis. The major difference between the two different schemes of mapping comes from
the difference in the mean of the energy gap distribution which is a major contributing factor in the rates.
The shift in the mean of the energy gap affects the area under the curve crossing regime, which is
responsible for the rates of the reaction. There is a considerable difference between the Marcus rate and the
atomistic calculations, suggesting that the perturbative type treatments introduced to calculate the Marcus

rate equation may not be fully adequate even in such low diabatic coupling case.
3.6 Concluding Remarks:

The concept of developing improved propagators, as described in the last chapter have been extended to
study an electron transfer reaction in an atomistic bath by noticing that the energy gap can be obtained from

the MD simulations directly. We have investigated the dynamics of an electron transfer reaction in the
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widely studied iron complex. Electron transfer reactions of Ferrocene - Ferrocenium complex in non-polar
solvent have been studied experimentally. In these calculations we had kept the diabatic coupling fixed, as
a result of which the ferrocene - ferrocenium system was not allowed to move. The use of constrained DFT
techniques have been utilized by many groups, especially with the work of van Voorhis should allow to
remedy this shortcoming and can be investigated later. Though most of these experiments investigate the
time scales of the dynamics of these reactions, it is very difficult to classify nature of interactions between
the solute and the solvent experimentally and comment on how these interactions affect the dynamics of
the reactions. In this chapter we have provided a theoretical description of its dynamics and have shed light
to the nature of interaction between the electron transfer complex and the solvent and how it drives these
reactions and affects the rates of the reactions. We have systematically classified the order of interactions,
by analyzing the energy gap distributions and have commented on how the various ordered interactions
makes the dynamics either slower or faster. By mapping the atomistic energy gap correlation function at
different system charge configurations, to obtain the spectral density for a harmonic bath we have found
the most accurate way of modeling the atomistic bath to a harmonic bath. The energy gap configuration
mapped at the average charge distribution of the system produces a mean which is equal to the mean of the
energy gap distribution of the atomistic calculation. As a result, the dynamics obtained from discretizing
this spectral density is much closer to the dynamics of the atomistic bath. Finally we have also compared
the Marcus’s rate to those of the harmonic and the atomistic bath, making a note that although rates from
bath with linear approximation match quite well with the atomistic bath, the rates from Marcus theory

shows a considerable difference which can be attributed to the perturbative treatment of the dynamics.
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3.7 Figures, Images, Flowcharts and Tables:

Image 3.1: Ferrocene - Ferrocenium complex in Benzene. The donor Ferrocene is shown in black while the acceptor Ferrocenium
is shown in red. Carbon atoms are shown in Teal and Hydrogen in White.

50



Input {X,,p,}, Hamiltonian; 1C’s; k=0

Harmonic/
Linear?

YES NO

Propagate {x,,p,} analytically to t, Energy Gap = 1/z*l;wteraction
Energy from MD at t;
LJ+Coloumb

| |

| Solve TDSE |

Energy Gap= Yifrticle ¢;x;

NO

YES

BACK TO MAIN

Flowchart 3.1: Construction of improved propagators depending on whether the bath is harmonic or atomistic. Depending on the
nature of the bath, the energy gap that is provided as an input is different.
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Figure 3.1: a) Energy gap distributions of Benzene experiencing forces from the donor and acceptor configurations obtained
by binning 10° energy gap values over the entire energy range into 500 binned values. The red curve corresponds to those
obtained from the harmonic bath mapped from the solvent experiencing forces from the neutral configurations of the system,
green curve corresponds to the harmonic bath mapped from the solvent experiencing forces from the donor configurations

of the system, and the blue curve is obtained from the atomistic simulations. b) The curve crossing regime of the same

1.2 -0.05

0.2

distribution highlighted to compare the area under the curves.

Curve

Harmonic Donor

Harmonic
Average

Table 3.1: Statistical quantities corresponding to the first, second, third, and fourth moments of the distribution plotted
in Figure 4. The mean and the variance of the energy gap distributions obtained from spectral density mapped from the

average/neutral surface map quite well to the atomistic simulation

Mean (eV)

0.58

0.61

0.61

Variance (eV)
1.1 E-03
1.1 E-03

1.1 E-03
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Skewness (eV)

-9.51E-05
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Kurtosis (eV)

-0.65
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Figure 3.2 : Average position of the Ferrocene-Ferrocenium system mapped to a symmetric TLS. Black Curve - EACP
treatment obtained from the atomistic simulations. Red Curve - EACP treatment obtained from the spectral density
obtained after mapping the energy gap distribution of the solvent experiencing forces from the average system
configuration to harmonic bath. Blue curve — EACP dynamics obtained from the spectral density obtained after mapping
the energy gap distribution of the solvent experiencing forces from the donor system configuration to harmonic bath. b)

Log scaling to highlight the exponential nature of the dynamics

Treatment Rate Constant (ps'l) Half-time of reaction (ps)
Marcus 0.001 1010
Harmonic (Donor) 0.00085 1147
Atomistic 0.00073 1370
Harmonic(Neutral) 0.00070 1435

Table 3.2: Reaction rates obtained from the EACP curves shown in figure 6 along with the computed values from the
Marcus theory. The rate constants predicted from the red and the black curves are 0.00070 and 0.00073 ps, which
suggests that the effects of anharmonicity is only slight in this case. While the Marcus rate constant obtained is 0.001 ps’

L which shows a 30% difference.
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Chapter 4. Path Integral Calculations for a System
Interacting with a Shifted Dissipative Bath

4.1 Introduction:

Sections 4.1 to 4.3 is based on [Walters, Peter L., Tuseeta Banerjee, and Nancy Makri. "On iterative path
integral calculations for a system interacting with a shifted dissipative bath." The Journal of chemical
physics 143.7 (2015): 074112.]

The Quasi Adiabatic Path Integral methodology (QUAPI) as the name suggests is a path integral formulation
to represent the dynamical quantity of the system, i.e. the reduced density matrix in terms of the localized
system states [3]. The spin boson problem [4, 5, 6, 7] in its common treatments, presume that the bath and
the system are isolated, and the initial conditions are factorizable. However, this is not a physical picture
especially in following the dynamics of a chemically reacting species, where the system is initially prepared
in one of the localized state (say the “donor” state) and the dissipative environment is in equilibrium with
this state of the system. We will later see in this chapter, that this requires a change of the influence

functional [7] coefficients employed in the QUAPI methodology.

In this chapter we will focus on two completely equivalent procedures for achieving the above mentioned
aim of equilibrating the Gaussian bath with the localized or the more conveniently called donor state of the
system. The first way [8] to achieve this goal would be to shift the bath, this results in evaluation of a phase
term, which like other influence functional coefficients is computed in terms of spectral density, but unlike
other influence functional coefficients, it is local in time. The second way to approach (which has been
proposed earlier in our group [9]) the same would consist of shifting the system states to bring the initial
or the donor state to equilibrate with the unshifted bath at the curve crossing region. Fortunately, this

approach requires no changes in the influence functional coefficients.

In section 4.2 we derive the influence functional for a shifted bath and in section 4.3. we draw some

conclusions.
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4.2 Influence Functional for Bath Initially in Equilibrium with Donor:

A general Hamiltonian in continuous coordinates can be represented in terms of the localized discrete states
|o, ), or a Discrete Variable Representation, DVR [9,10]. This can be done if the system position operator

[8] is represented in the DVR basis, using the following relation

§=30.|0.) (o] (4.)

n=1

Once we have constructed the DVR basis, the system Hamiltonian can be represented in this basis,
R M
H, :Zhnm|0'n><c7m|, (4.2)

The next set of components of the QUAPI Hamiltonian comes from the system described above interacting
with harmonic oscillators via a coupling in the system-bath coordinates in a bilinear fashion. The total bath

and the interaction can be represented using the following expression,

N2
P 1 c;$
Hsb:Z—JJ’Emja’j{Xj_—_J _2] _ (4.3)

The nature of the bath of harmonic oscillators that would have a effect on the dynamics of the system has

to now be defined using some function, commonly known as the spectral density function given by,

m; o,

c?
J(a))E%Z—Jé(a)—a)J—). (4.4)
~m o,
Since we are interested in the dynamics of the system, we will consider only the reduced density matrix of

the system, o . This is obtained by integrating out the degrees of freedom (or tracing out the degrees of
freedom of the bath), when all the influence of the bath enter via the function F. The reduced density matrix
iS given by,

e—iﬁomm —iHoAt/A

(s

e

PINADs )= 3 -+ (s S) (s )
So S SN-1
x <sg ‘,5(0)‘35><sg ‘e”q“m”"sl’>---<sg_l‘e”q°“”"s@> (4.5)
X F(Sy,S, v**Sn 1Sy +Sy +°* Sy At)
where F is the DVR state discretized version of the Feynman-Vernon influence functional. Here we insist

that in literature it is conveniently assumed that the bath is initially in equilibrium with the system and thus

the bath is factorizable and hence the initial density matrix is given by e#" /Tre#" with

Pl L o 45
H,=>" o T, (4.6)

7 2m;
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With this factorizable initial condition, the influence functional is given by the expression

F= exp(—% j;dt’ j:dt"(sqt') =5 (t))(a(t' - t")s" (t") —a*(t’—t”)s(t"))j

. . 4.7
xexp[—%.[o dt'zj: 2mjja)j2 (s+ (t? —s (t)? )J
where
alt~) = Y5 S (coth(3h0,8)oosa, ('t -isina, (1)) (48)

i e
is the response function of the bath. The last exponential in Eq. (4.7) arises from the counterterms [4]
included in the system-bath Hamiltonian while completing the square term in the QUAPI expressions.

Rewriting Eq. (4.7) in terms of the sum and difference coordinates we can obtain,

F :exp[—% j; dt’ .[:dt”As(t’)(Rea(t’—t”)As(t”) 4 2i Ima(t’—t")§(t")))
(4.9)

CZ

xexp{—% j; dt’Z—jzAs(t’)§(t')]

m;@
where As=s" —s” and 5 =1(s* +s-). Now to minimize the Trotter splitting error, we can factorize the

QUAPI propagators, as half step, full step in the middle of propagation and finally ending by half step. so

that the error is given as (At)3 . Using this prescription. the system path coordinates are specified by
se, 0<t'<1At
sE(t) =5, (k=HAat<t' < (k+1)At (4.10)
su, (N =L)ALt <t'< NAt

the influence functional takes the form

N

1 < + - + * -
F= eXp[_%z Z (S¢ = S ) Maer S — nk’k”sk”)j
k=0 k'-0

o (4.12)
= exp{——z > (RemeAS AS,. +2i IM 7. AS, 5. )}

k'=0 k"=0

where the coefficients 7,,. have been given in several earlier publications. [13, 14]

However, in chemical reactions, one should take into account that the bath should be in equilibrium with
the initially localized state, in common terms, the “donor” state of the system. When the time scale of
relaxation of the bath is much faster than the time scale of the electron transfer or the proton transfer process,
it really does not matter where the equilibration takes place and can very well be on the curve crossing
region, as seen in previous expressions and can be represented by the first figure i.e. 1a) . However, if the
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time scale of the relaxation of the bath is much slower than that of the system, then the necessity of the
equilibration becomes very pressing and we should think about the two methods of shifting we had
introduced before. This two arrangements come either by shifting the coordinates of the bath or the system

as shown in Figure 1b) and 1c)

There can be different ways of deriving the influence functional coefficients for a shifted bath. We have
used the same analysis in the context of deriving QCPI expressions [15-17] “where the influence functional
from a complex polyatomic environment is obtained in terms of classical trajectories within a forward-
backward semiclassical [18,19] or quasiclassical [20] approximation”. The starting point of the linearized
version of QCPI is the equivalence of influence functional given in terms of the phase space integral of the
following,

F=]1 ;o [dp; oW, (x, pjgJe ™ Bremo™ (4.12)
]

Here o is the linearized [23] classical action of the solvent trajectory which feels the system force given
by the mean of the instantaneous forward and backward system paths. Here . is the Wigner function [21]

of the initial bath distribution. In case of a harmonic bath (here let us note that QCPI is not restricted to
harmonic bath, but to draw the equivalence with Feynman Vernon the harmonic nature of the bath needs to

be considered.) the action is given by

Pio [ as)sin et
m;c; =

t r ! !
D, :Z cjxj,o'[oAs(t)cosa)jtdt +C;
J

[ e as)s (1) + 5 () ]sine, ¢ -) 419
2mw; 70 7o | | |

1771

C? te o, e ,
—ij'a)jz jo(s (t)* —s (1) )dt

The Wigner function is given by the expression

2

W, (X By0) = () tanh (10, ) 01 e i) (4.14)

Using expression 4.13 and 4.14 in Eq. (4.12), leads to the exact Feynman-Vernon influence functional.

Now let us consider that the system is just given by 2 states, that is (M =2) “right” and “left” states,

denoted |r) and |L), respectively. The resulting Two Level System, TLS Hamiltonian has the form

fo =~ R)L] 4 L)RI)+ (RIRI-| L)L) =100, + o, (19
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where —iQ is the coupling (tunneling) matrix element, the left-right energy difference is 2¢ (which

introduces asymmetry), and o, o, are the usual Pauli spin matrices.

(@) Influence functional for shifted bath

Now we can consider that the system position operator is given by, §=o,, i.e., with &, , =+1 in Eq. (2.2).

The bath can be shifted to be in equilibrium with the system donor state, but shifting the minima of the

harmonic parabola, and now the bath is defined by,

2 2
- Pt 1 C.
Hy =) —+Zmaof| x, ——| . 4.16
° Zj:ij 2! ‘(‘ m, e’ (4.16)
An relatively easy way to approach the problem is to think that there is a substitution given by the following,
C.
Xjo > Xjo =4y 4= - ;)z : (4.17)

Since there is no change in the forces experience by the classical particle, there is no change in the
trajectories or the action. Just the initial condition is different. Next we can take the easy way of deriving

by just using the above substitution and making Yio=Xj0— 4 Thus the influence functional for this shifted
initial condition is given by

Faited = [ 1 [ AV, [dp;oWi(yj . pyo)e® e mie)”
i

i . (4.18)
=Fexp| — ! As(t")cosw.t'dt’ |.
pihzj:mjwjz IO “ J J

Using the condition, §=o,, the last term in Equations (4.7) becomes 0 as, o2 = o2 =1, and Eq. (4.18)

will become

o = ex"(‘%ﬁ dt'f, dt"(s" (1) =5 (1) (@t ~t)s" () —a*(t'—t”)s‘(t”))j

. c2 (4.19)
T et
xeXp(lz L .[0 As(t’)cosa)jt’dt’]

Now that we have arrived at the expression for the shifted influence functional we need to express it in

terms of spectral density in order to derive the influence functional coefficients,

e :eXp(‘%ﬂ dt [ dt”(s" (1) -5~ () (et ~t)s" (1) —a*(t’—t”)s(t"))j
i (4.20)
X EXPp (%Id w%ﬁ As(t')cos a)t’dt’j
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Eq. (4.20) is the result obtained in Ref [8]
Next step would be to derive the discretized version of Eq. (2.19), for which the time is discretized into N
segments, t = NAt and each is calculated within each constant system coordinate. If we consider the QUAPI

propagator splitting we get the time integral of the following term and is expressed as following

t 1At At ' ter
jo As(t')cosmt'dt’ = Asojo cosot'dt’ + AleAt cosat'dt’ +- -

(4.21)

(N-3)at

+ASN_1J.

(N-3)At

NAt
cosot'dt’ + ASNI cos at'dt’
(N-3)at
These integrals are quite simple and can be evaluated analytically to give the new eta coefficients,

. + 1 S d + - + * - I N
Feitied (56’5{1---’SN ) = eXp(_EZ Z (S = S ) MaerSer = M Sir) +%Z7kA5kj (4.22)
k=0

k'=0 k"=0

where the new coefficients are given by the expressions

Yo =£IwJ(?)sin(%wAt)dw
T w

’ :EI“ J () [sin((k +D)wAt)) —sin((k - D)wAt)) Jdw, 0<k<N (4.23)
T 0

2
[0

2 @) o
7N—ﬂjo g [sin(@NAt))—sin((N —1)wAt)) [dew

Similar treatments to derive discretized coefficients have been reported in literature [8] but they do not
employ QUAPI discretization and hence they are different. Thus, the bath can be easily shifted to the
initialized system state, by a small modification in the influence functional coefficients given by (4.22) and
(4.23) [24]

(b) Shifting the system Hamiltonian

The other way [11] of achieving the equilibrium between the initial system state and the bath is to shift the
states of the system and bring it to the unshifted bath at the origin as shown in Figure 1c. This means the

coordinate of the system now become, o, =0, 0, =-2, i.e., setting § =5, , where

. (00
5.0 ol (4.24)

It has been shown that within the full path integral framework the two approaches of shifting the bath and

the system gives us exact analytical results. [24]
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4.3 Concluding Remarks:

“Modeling condensed phase environments via a harmonic bath coupled to the system of interest is a
common approach that allows numerically exact calculation of dynamical properties. In many such
situations, the bath is initially in equilibrium with a localized state of the system, such as the state of the
electron donor in the case of charge transfer. We have discussed two straightforward procedures for
generalizing the QUAPI methodology to these shifted bath situations. The first approach involves an
additional phase, which augments the action (or propagators) of the system, and which is given in terms of
time integrals of the spectral density, or, equivalently, in terms of the coefficients that enter the standard
influence functional. The second approach consists of shifting the coordinate of the system, to bring the
donor state in equilibrium with the unshifted bath. This latter approach requires no additional phase
factors.”

62



4.4 Figures:

\ \
-3 -2 -1 0 1 2

Figure. 4.1: Schematic representation adapted from Ref [24] of the bath potential and the initial state in the case of
a TLS. donor potential curve in black, the acceptor potential in red and the bath distribution in blue (a) TLS
coordinates set to +1 and bath undisplaced. (b) TLS coordinates setto &1 and bath in equilibrium with
TLS right (donor) state. (c) TLS coordinates set to —2,0 and bath undisplaced, yet in equilibrium with
TLS right (donor) state
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Chapter 5. Vibrational Relaxation of a Quantum System in

a Dissipative Bath

5.1 Introduction:

Vibrational energy transfer from solute molecules to various modes of motions of solvent plays a crucial
role in chemical dynamics. A detailed microscopic and theoretical understanding of the phenomena of this
phenomena has been of considerable interest to chemists. [1-6] It is also not surprising that a lot of scientific
investigation on this topic has been conducted in the experimental and theoretical communities over the
last few decades. Considerable experimental progress has been made to study the vibrational relaxation of
small molecules in solution, using recent advances in ultrafast vibrational spectroscopy. [7-13] Owing to
the continuing development in the extent of wavelength studied, the increased sensitivity and the time
resolution, a large set of parameters can be studied. Theoretical progress in terms of development of
different methodologies and the improvement in computational resources has made the simulations of
realistic systems possible. Recently, our group has reported rigorous yet practical Quantum Classical Path
Integral (QCPI) method which predicts correct product distributions, accurate rate constants by capturing
the proper interplay between quantum coherence and dissipation. [14-16] It is an exciting era, where the

possible confluence of the two approaches can explain fully the dynamics of such systems.

Vibrational relaxation is essentially caused due to the dissipative nature of the bath. The main quantity of
interest in such phenomena is usually the energy or the population relaxation time (T1) of the vibrational
relaxation states. Experimentally, it is obtained directly from the time-resolved spectroscopic
measurements. The relaxation time of the v=1 level of a particular mode yields the relaxation time T1,
which can be calculated theoretically. Perhaps, the easiest way to approach this problem would be to use
second order perturbation theory in system-bath coupling, where the equations of motions for the reduced
density matrix elements are given by Bloch Equations [17]. For wide range of problems, which deal with
low coupling between the system and bath, Bloch Equations provide an exceptionally good description of
the dynamics of a two-level system coupled to a dissipative bath. Budimir and Skinner performed a fourth
order perturbation theory for a Two-Level System (TLS) coupled, both diagonally and off-diagonally to a
Gaussian stochastic bath [18,19]. Later, Laird, Budimir and Skinner have performed fourth order

perturbation theory for a TLS coupled to a quantum heat bath [20-23]. While these theories obey the same
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Bloch equations, their rate constants are different and they capture a part of the corrections to the second
order. Silbey and co-workers have reported further developments and insights using their variational
approaches. [24-26] However, none of these theories provide the accurate nature of dynamics beyond the
weak coupling regime. Grigolini and co-workers have reported analytic theories, where they study the two-
level system linearly interacting with a set of quantum-mechanical bath that capture the nonlinear effects
in quantum dissipation[27-29]. They have carefully validated the theory at different regimes, but it fails to

provide the exact nature of transition in between these limits.

In this chapter, we propose the application of i-QUAPI method [30-37] with filtering schemes [38-41], to
study the exact vibrational dynamics of the TLS coupled diagonally to the harmonic dissipative bath to
provide an exact nature of transition between the low-coupled to highly coupled regimes. Harmonic bath
model has various analytical approximate treatments, few of which are described earlier, and it can also be
numerically solved exactly. One of such numerical methods is the iterative quasi-adiabatic propagator path
integral (i-QUAPI) methodology that offers an efficient approach for treating continuous or discrete
dissipative systems over extremely long time lengths. The i-QUAPI algorithm is based on iterative
methodology, and this avoids the exponential proliferation of quantum paths with propagation time. Since
it is based on quadrature based methods, it avoids the Monte Carlo sign problem which arises from the
phase in the real-time path integral. The use of filtering algorithms to eliminate the majority of system path
segments that span the memory length, often leads to dramatic reduction in storage, enabling applications
to more demanding situations with longer memory. [37] The numerical calculations, along with
comparisons to different approximate theories are provided for most regimes of parameter space. Finally,
we have established the boundary between the coherent and the incoherent behavior.

Section 5.2. discusses the various approximate theories from literature while Section 5.3. reports the
mapping of the TLS Hamiltonian to the Spin-Boson Hamiltonian as pointed out by LBS. In section 5.4 we
review the i-QUAPI formalism with filtering procedures and Section 5.5. demonstrates the numerical

comparisons to the various approximate theories and finally with some concluding remarks in Section 5.6.
5.2 Approximate Theoretical Methods:

The approximate theoretical methods section is mostly summarizes the work in Ref [18-20] and discussed

how older theories [17] can also be obtained using similar treatment.

Bloch Redfield Theory: For a generic TLS the ground state is labeled as |0> the excited state is labeled

as |1> and their energy difference is given by ha)o. The dynamics of such system can be completely

determined from the density matrix,
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o(t) :(% (t GOl(t)] (5.1)

o (t) ou(t)
For a density matrix the diagonal elements represents the populations, thus here o, (t) and oy, (t) are

of the ground and excited states. The off-diagonal terms are a measure of the coherence between the states.
When there is no coupling to the dissipative bath, then the above TLS is in its eigen state and will continue
to be in that state, therefore we will not see any dynamics. However, when there is coupling to the bath, the
total system and bath do not remain in the eigen state of the system alone, and hence the system decays to
the thermal equilibrium and the off-diagonal terms got to zero signifying complete incoherence. The crudest
picture of the dynamics of the reduced density matrix of the system then is provided by the Bloch Equations,
which are obtained when second order perturbative theory in system-bath coupling is used. The Bloch

equations obtained for the diagonal terms in and are given by [17]

o (t) = —Ky,00 (t) +ky,01s (t)

. (5.2)
On (t) =Ki0gq (t) —ko01 (t)

With k,,and K, often referred to as the “up” and the “down” rate constants in literature. In this theory,

the population of the ground and excited states decay to the Boltzmann equilibrium values. Also, if the rate

of decay of population to equilibrium is defined as 1/, , then it can be shown that it is related to the above

“up” and “down” rate constants using the following equation.

]7/T1 = Ko, + Ky (5.3)

The Bloch-Redfield equations are applicable to a wide range of TLS coupled weakly to a dissipative bath,

especially in NMR fields where these equations first appeared.

Laird Budimir and Skinner Theory: We consider the TLS Hamiltonian, as introduced by Skinner and
co-workers, [18-20]
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H = HTLS + Hb + Hint
His = ha, [1)(1]

Hy, =Zkhwk (kabk +%) (5.4)
Hi = RA[1){0[+#AT[1)(O]
A:zkhk(b;+bk)

The Hamiltonian consists of the bare TLS as described above, a harmonic bath that has a linear coupling
which is off-diagonal in the system states. The coupling constants which can be either purely imaginary or
purely real.

The dynamics of the total density operator is governed by Liouville equation,

P iH.0(0)] =

If the harmonic degrees of freedom of the bath are traced out in the interaction representation, then the
reduced density operator can be obtained. By accounting for correlations to a particular order the Redfield
like coupled equations of motion can be obtained. LBS had shown that when accounting for second order

perturbation in the system-bath coupling, one can obtain the Bloch-Redfield Equations. The rate of decay,

]/ T1 is such treatments, leads to the following expression
1/T, = 2T'(w,) coth ( She, /2) (5.6)

Where I is the weighted density of states (spectral density) and /3 is the equilibrium temperature. The

equilibrium population in this particular treatment leads to the Boltzmann distribution and is given by

Further, fourth order perturbations in the system-bath coupling can be considered with analytical results for

the rate of decay given by the following expression,
[ )] ~P, (- )]

Cy(o @) |[P(e ) P (—wo)] (5.8)

[P

)} (00)+R (O"O)]

C,(w,)+C, (-
T, = [é (a)o)+C (_a’o)]"l/z” _[ (o ) (
[ C.(@)+C.(-

Where
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P(w)= PT da)'—i(_ci)) (5.9)
N oC, (o)

(@)= ow

L R()
R(e)= ow

5.3 Mapping to the Spin Boson Problem:

Another generic TLS is given by the Spin Boson (SB) Problem, where the total Hamiltonian is expressed

in the “right” |I’> and the “left” ||> basis. The quantum system is given by
H, =-7Qo, (5.10)

where o, and o, are the standard 2x2 Pauli spin matrices and the bare TLS is characterized by the

tunneling splitting 2/Q . The TLS is coupled to a harmonic bath described by the Hamiltonian

B L e
H, :2£%+Emwj X; —C,0.X; (5.11)

We assume that the bath is at thermal equilibrium at the temperature kT = B *.

This is the prototypical TLS model used to study the tunneling behavior across symmetric or asymmetric
potentials. In order to map the LBS Hamiltonian to the SB problem, they applied the following
transformation to the LBS Hamiltonian,

1) =1/v2(|0)+[1))

(5.12)
1) =1/2(|0)-[1)
By doing so, LBS Hamiltonian in the “right” |r>and the “left” ||> basis is obtained,
Sh(A+A" iohA(A—A"
H =——hw§(yx +>  ho, [kabk +%j+ ( 2+ )o-z ;] ( > )o-y (5.13)

A simple comparison with Eqn. 5.10 and Eqn 5.11 and Eqn 5.13 shows that if we have A as Hermitian,

and set a, = A and h (2m,aa, )" =c, 12 then both of them are equivalent.

69



5.4 Ilterative Quasi-Adiabatic Path Integral (i-QUAPI) with Filtering:

The method of i-QUAPI with filtering has been described in previous publication [37] and has been
summarized here for completeness. Using the system-bath Hamiltonian, as described in Section 5.3., the

time evolution of the system is obtained from the reduced density operator given by,

Prea(SnsN AL =Tr, (s5 [ 5(0)e™ " sy, ) (5.14)

Where ,0(0) is the initial density operator and the expression is traced over all bath degrees of freedom to

obtain the reduced degrees of freedom of the system. Two assumptions are made in this particular
initialization: i) the system and bath are uncorrelated at the initial time, and the density operator is simply
expressed as a product of the bath and the system density matrix;. ii) the system bath is in thermal

equilibrium. Using the assumptions we can have the following expressions,
P(0) = Pyys (0) 94, (0) = Py (0) e /Tre /e (5.15)

The quasi-adiabatic splitting of the Hamiltonian is given by the following form,

A2
~ - 1 " C.o
H=H;+) Zp—’+5ma)j2£xj— ‘ Zj
- m mo:
j j
(5.16)
~ C.o
H, =H, —E 1 -
yS 2
; 2mcoj

In order to reduce the error coming from the Trotter splitting, we propagate the reduced density matrix by

propagating it in N small increments of time length At = %\I , such that each of the exponential of the

forward and backward propagation is replaced by a product of exponentials,

<s§ ﬁ(NAt)‘s;,>=TrbZ z ---Z<s§ g Host/h s§,1>---<sf g Hot/n sg>
So St SN-1
x<sg [)(O)‘sg><sg ‘e“%A“h‘sl’>---<s;,71‘eiHA°A””‘s;,> (5.17)

Next if we use all the three of the above concepts: the factorized initial density, quasi-adiabatic splitting
of the time evolution operator, and the time discretization to obtain the reduced density matrix in the

following form,
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—iHgAt/7 —iHgAt/

e

(s

pONA) =3 3 3

+ + +
SN—1>"'<51 So>
So St SN-1
(55| P55 (s [ 55 ) (s [ s

XF(SS'Sf""S;’SO'Sl ,S;,At)

e

(5.18)
where F is the Feynman-Vernon influence functional and is given by the form,
+ ot + 1 L K *
F(S5,850050 ) = exp[—gz 2 (56 = 8) (e S —mwskn)j (5.19)
k'=0 k"=0

Where 7,,. the discretized version of the response are function and has been given explicitly in many of
the previous publications. The double sum in the expressions originate from time-nonlocality which occurs

due to the coupling between the system and the bath, and is often referred to as “memory”. The length of

the memory depends on the numerical value of these coefficients.

This correlation or memory as observed earlier in the group decays to zero beyond a certain time interval
Tmem = MAL . This results in the observation that the coefficients 7,,. becomes lesser than threshold value
when two time points are separated by a time gap greater than m. Thus the double integral goes to being a
single integral beyond the memory, and hence the resultant dynamics is quasi-Markovian in nature. The
reduced density matrix R, (a tensor of rank m) containing all interactions within the time span m is
accounted for in the following expression,

Ro(Seoar-Stomi(M+D)AL) =D S, (605018 )Rt (86 Scoare o Seam i KAL) (5.20)

+

S

A propagator matrix that can propagate R to the next step is given by S_ is a multi-time propagator matrix

(a tensor of rank m +1) with the elements given by the following expression

Sm(Slf’slf+l"'"slf+m):<s;+l e—“:'oAl/h Sn+'|><sr;1 eiQOAt/h Sr?w+1>
1 kem . (5.21)
XEXP(_%Z(S;’ =S¢ )(TxSc —McSic) J
k'=k

Another propagator matrix which is used to terminate the iteration, is formed by including connections

from the last time point up to the memory length.
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The termination procedure to obtain the reduced density matrix is given using the following expression

PeaGiiNAD =D > ---ZTm(sﬁ_m,...,sﬁ)me(sﬁ_m,...,sﬁ_l;(N—m)At)

Shim  Shmsl St (5.23)
This procedure requires storage of matrices that scale exponentially with a factor of 2m. For very slow and
sluggish bath, even normal iterative procedure can be very demanding and impractical. For many regimes,

a vast majority of these paths have negligible weight and can be omitted. The weight of a path is defined

by

n-1 N .
p;) _ <S; g oAt/ S;,_1><S;,_1‘B'H°At/h‘Sk_,>
K= Lo (5.24)
XeXp(_%z Z(S; =8¢ ) (M Sie ﬂ??w%)j
k'=1 k"=1

If this weight is greater than the threshold @ then it is accepted otherwise it is rejected. The procedure is
deterministic, and often results in elimination of majority of the non-important paths. All paths within the
memory m, which is greater than the threshold are selected, and all of these segments are use for further
propagation. This procedure is particularly advantageous for slow bath with long propagation time required

to complete the dynamics. The threshold value, 6, is a convergence parameter and propagations are done

using different values of @ till convergence is achieved.

5.5 Numerical Example:

Using the methodology described in section 5.4. We study the SB Hamiltonian for relaxation process which

is a defined by

H, = —7Qo,
B 1 :
H, =2 $+Emwf(xj+0jax/mja)j2) (5.25)
J
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The relevant quantity of interest here is the population difference in the energy levels, and is given by

Py = %(1i O-z) . Also, we assume that the initial state of the system is created in the excited state.

To study the rates and the asymptotic values we chose the ohmic spectral density with exponential cutoff,
given by the following expression, (equivalence to Ohmic-Lorentzian spectral density used by LBS will

also be shown for comparisons and to provide the complete picture
J(w) = %ﬂhfa) g <l (5.26)

where the dimensionless Kondo parameter ¢ provides a measure of the dissipation strength (i.e., the

magnitude of the system-bath coupling) and «, gives the maximum of the spectral density.

Low coupled regime:
In the very low coupling regime, , we find there is considerable qualitative agreement between the quantum
results and the second-order perturbative results. In Fig. 1, we report the relaxation dynamics for various

cutoff frequencies, » =1,2.5,5,7.5 at a high temperature g = 0.2, moderate temperature, S =1.0and very
low temperature, g =2.5 for two coupling strengths, & = 0.03,0.05. Since the coupling is very low, we

find almost no difference in the equilibrium population between those obtained from quantum curve and
from the analytic expressions in the second order treatments. The curves more or less depict prototypical
exponential dynamics, with exceptions observed in the higher temperature regime. The initial dynamics
start deviating from the Markovian limit and hence the Redfield-Bloch limit. This was also reported by
LBS, where they pointed out that only under even lower coupling regimes, will Markovian limit fully
hold[19]. Fig 1a, b, and c, shows the dynamics of the TLS at a very low coupling strength, & =0.03. This

regime map very well to the Ohmic-Lorentzian spectral density parameters reported by LBS[19]. In fact,
for figure 1b) the parameters predict very similar results to the fourth order changes reported in their paper.
They claimed a 20% change from the Redfield-Bloch equations due to second order corrections and further
predicted a 2% change for the sixth ordered terms. The full quantum mechanical results match this

prediction, thus proving that higher order perturbative treatments are not required in this parameter regime.

In Figure 1a), for the highest temperature scenario, the convergence of the system coupled to a bath with

w, =1required a quantum mechanical time step of QAt=0.75 and the Non-Markovian nature of the
dynamics spanned 8 path integral time steps, while «_ = 2.5,5 required QAt =0.25 and ¢, = 7.5 required

QAt =0.125, the Non-Markovian character extended for 8 time steps. In Figure 1b) for the intermediate

temperature, we required similar time steps and non-Markovian memory. As we lowered temperatures in
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Figure 1c) we see that although the path integral time step remained the same, the Non-Markovian memory
time span increased mostly by a single path integral time step. In Fig 1d - f) we increased the coupling
strength slightly. Even with this slight increase in the coupling, the deviation from perturbative treatments
become significant especially in the higher temperature, lower frequency ranges and during the initial decay

time. In Figure 1e) the convergence for the system dynamics with the bath with «_ =1 required a path

integral time step of QAt=0.75 and the Non-Markovian nature spanning 11 path integral time steps, while

w, =2.5,5 required QAt=0.25 and o, = 7.5 required QAt=0.125the Non-Markovian character

spanned for 8-9 time steps.

The table 1 shows a comprehensive data of the rate and equilibrium values of i-QUAPI and the Redfield
methodologies. A point to be noted is that contrary to expectation, we find that at lower temperature and
higher frequencies the rates match quite well, while they tend to deviate a lot in the higher temperature and
lower frequency range. This can be attributed to the fact, that as the temperature is raised and the frequency
lowered there is a considerable deviation from exponential-kinetics, and even at such low coupling
strengths, perfect exponential behavior as predicted by Bloch-Redfield Equations are not obtained. For the
lowest coupled regime, & =0.03, we find differences between the Bloch-Redfield and i-QuAPI methods

to be anywhere between (0-40)%, the lowest being reported for the coldest bath frequency modes, and the
highest difference is observed for the high temperature classical bath modes. We report the change of rates
from anywhere between 50 % from the high temperature, low frequency ranges to almost non-negligible

difference for the low temperature high frequency ranges, for & =0.05

Moderately Coupled Regime:

In the moderately coupled regime, we find significant deviation from the exponential behavior at high
temperature and low frequency regime. In fact, the quantitative agreement between the quantum results
and the second-order perturbative results decreases even in low temperature and the high frequency regions.

We report the relaxation dynamics for various cutoff frequencies - from high temperatures g = 0.2, moderate
temperatures g =1.0, to low temperatures g =2.5in figure 2. With increase in the coupling, the curves

tend to deviate from the exponential kinetics. This effect is heavily pronounced for the lower cutoff

frequencies when we compare the dynamics of ¢ _=1,2.5,5,7.5 behavior in Figure 2. The higher frequency

ranges still show exponential behavior and their rates match the Redfield rates much better than the lower

frequency ranges.
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Fig 2a, b, and c, shows the dynamics of the TLS at a lower value of the coupling strength in this regime,

where coupling strength, & = 0.1 In Figure 2a), for the highest temperature scenario, the convergence of
the system coupled to a bath with @, =1 required a quantum mechanical time step of QAt =0.5 and the

Non-Markovian nature spanned 8 path integral time steps, while @, = 2.5,5,7.5 required QAt =0.125

and the Non-Markovian character extended from anywhere between 8-10 time steps. In Figure 2b) for the
intermediate temperature, we converged with relatively larger time steps and the Non-Markovian memory
was also greater than at higher temperatures. While the convergence of a bath with «_—1required a
guantum mechanical time step of QAt=0.5 and the Non-Markovian dynamics spanning 8 path integral
time steps, while @, =2.5,5.0,7.5required QAt=0.25 and the Non-Markovian character spanned for
anywhere between 8-10 time steps. As we lowered temperatures even further in Figure 2c) we see that

although the path integral time step remained the same, the Non-Markovian memory time span increased

only slightly. In Fig 2d - f) we increased the coupling strength slightly to & = 0.3. Even with this slight

increase in the coupling, the appearance of coherences become quite distinct especially significant in the

higher temperature, lower frequency ranges and it is present throughout the entire decay. In Figure 2d), the

convergence for the bath with @, =1 required a path integral time step of QAt=0.25 and the Non-
Markovian nature spanning 10 path integral time steps, while o, = 2.5,5 required QAt =0.125 and o, =7.5
required QAt=0.0625 the Non-Markovian character spanned for 10 time steps. In Figure 2e) for the
intermediate temperature, we converged with relatively similar or larger time steps and the Non-Markovian
memory was also greater than at higher temperatures. While the convergence of a bath with @, =1

required a quantum mechanical time step of QAt =0.5, the Non-Markovian nature dynamics spanning 9

path integral time steps, while @, =2.5,9.0,7.5 required QAt = 0.125 and the Non-Markovian character

spanned for anywhere between 8-10 time steps. For lower temperature in Figure 2f) we see that although
the path integral time step remained the same, the Non-Markovian memory time span increased only

slightly.

Table 2 shows the rate and equilibrium values of i-QuUAPI and the Redfield methodologies. We have
reported the rates for i-QUAPI methodology where we have seen exponential decay kinetics. The higher
coupling, higher temperature lower frequency ranges are here not presented, because they start to deviate
significantly from exponential kinetics. For the coupling of & =0.1, we find deviations anywhere between
1-50% depending on the temperature and the frequencies, 1% being at almost quantum mechanical

temperatures and higher frequency bath, while 50% being for the most classical of the regimes. For the
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coupling of & = 0.3, we find deviations anywhere between 2-75% depending on the temperature and the

frequencies, 1% being at almost quantum mechanical temperatures and higher frequency bath, while 50%

being for the most classical of the regimes.

Strongly Coupled Regime:

In the highly coupled regime, we find even the qualitative agreement between the exact quantum
mechanical results and perturbative approaches does not hold. Redfield-type equations are coupled
differential equation and predicts exponential kinetics. The Redfield type equations cannot predict the
coherent behavior which persists in these regime and have been demonstrated using exact iQUAPI
methodologies. This can be justified from the bath parameters entering the system Hamiltonian via the
diagonal terms, which is numerically responsible for coherences. So greater the strength of coupling, greater

is the coherent nature of the dynamics.

Fig 3a, b, and c, shows the dynamics of the TLS where coupling strength, & = 0.6 In Figure 3a), for the

highest temperature, where g = 0.2, the system dynamics coupled to a bath with o =1 required a quantum
mechanical time step of QAt =0.25 and the Non-Markovian nature dynamics spanning 10 path integral

time steps for convergence, while @, = 2.5 required QAt =0.125 and the Non-Markovian character

spanned for anywhere between 9 time steps, while @, =5.0,7.5 required QAt =0.0625 and the Non-

Markovian character spanned for 6 and 9 time steps respectively and . In Figure 3b) for the intermediate
temperature, we converged the lower frequency regime with relatively larger time steps and the Non-
Markovian memory was also greater than at higher temperatures. While the convergence of a bath with
@, =1required a quantum mechanical time step of QAt=0.375 and the Non-Markovian nature dynamics
spanning 10 path integral time steps, while @, =2.5required QAt=0.125 and the Non-Markovian

character spanned for anywhere between 8 time steps, and @, =5.0,7.5 required QAt =0.0625 and the Non-

Markovian character spanned for anywhere between 8-10 time steps. As we lowered temperatures even
further in Figure 3c) we see that we require higher path integral time step as well as higher Non-Markovian

memory time span for convergence. For the convergence of system dynamics coupled to a bath with a

cutoff frequency, @, =1 required a quantum mechanical time step of QAt =0.375 and the Non-Markovian
nature spanning 10 path integral time steps, while @, =2.5,5.0,7.5required QAt=0.125 and the Non-

Markovian character spanned for anywhere between 8-10 time steps, In Fig 3d - f) we increased the

coupling strength slightly to & =1.2. In this regime, the exponential kinetics is hardly present at higher
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temperatures. Even for lower temperatures, the lower frequency regions, deviate a lot from the exponential
kinetics especially in the initial decay time. In Figure 3d), the convergence for the bath with @, =1
required a path integral time step of QAt =0.125 and the Non-Markovian nature spanning 11 path integral
time steps, while o, = 2.5 required QAt=0.125 and @, =5, 7.5 required QAt =0.0625the Non-Markovian

character spanned for 10 time steps. In Figure 3e) for the intermediate temperature, we converged with

relatively similar or larger time steps and the Non-Markovian memory length. While the convergence of a

bath with @, = 1 required a quantum mechanical time step of QAt =0.25 and the Non-Markovian nature
dynamics spanning 9 path integral time steps, while o =25 required QAt=0.125 and «_=5,7.5
required QAt =0.0625, the Non-Markovian character spanned for anywhere between 8-10 time steps. As we
lowered temperatures even further in Figure 3f) we could converge with larger time step, but required longer
time non-locality. For @, =1required a path integral time step of QAt=0.25 and the Non-Markovian

nature spanning 10 path integral time steps, while @, =2.5 required QAt =0.125, Non-Markovian spanned

10 steps, and , =5,7.5 required QAt =0.0625the Non-Markovian character spanned for 6-10 time steps.

Table 3 shows the rate and equilibrium values of i-QuUAPI and the Redfield methodologies. For the highest

coupling regime, & =1.2exponential dynamics is not seen and hence rates are not reported. Only for the

lower temperature, and higher frequencies do we see exponential kinetics, and for these the rates differ

from the Redfield theory from anywhere between 7-40 %. For the coupling strength, & = 0.6, we have seen

the rates differ from anywhere between 7-40%, only for lower temperature and high frequency baths.

For the couple of parameters where a memory of 11 path integral time steps were required, a code generated
for filtering by Dr. Roberto Lambert was used. For the rest of the parameters which involved using Non-

Markovian dynamics spanning 10 path integral time steps, simple i-QUAPI procedures were used.

Comparison of Classical and Quantum Decoherence:
To gain a complete understanding of the decoherence process it is important to revisit the response function
expression. If we consider the equivalence of Quantum-Classical Path Integral formalism[38] for harmonic

bath then the influence functional is given by,

F=TT JoxofdpoWilx;, py o)™
]

Where the forward-backward action is given by,
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It was shown in Ref [38] the first two terms of the action arises from the “free” or the classical trajectory
which is not subject to any system force, while the third term comprising of the double integral consists the
explicit system force experienced along each unique combination of the system paths. When integrated

over the phase space density we obtain the following non-discretized version of influence functional given

by,
F= exp[—% j; dt’ jot dt"[s*(t)—s (1) [ a(t' —t")s* (") - a(t' ~t")'s” (t”)ﬂ

where

2

a(t' —t") = 2C coth (3 7iwB) cos ax(t' —t") —isin (t' —t")

ND)
The first two terms or the classical path of the action, gives rise to the Real part of the Influence functional
while the system-force dependent part gives rise to the imaginary part of the Influence Functional. Since
we are interested in the off-diagonal terms of the density matrix the classical part of the decoherence
contributes as a phase, as a result this results in oscillatory behavior of the dynamics. The oscillatory nature
is more pronounced at higher temperature and as the ratio of % increases, which implies increase in the
coupling strength and/or decrease in the frequency modes of the bath. The classical part of the influence
functional also predicts the equal equilibrium values. These predictions are quite accurate at higher
temperatures, and at very high temperatures indeed we can see equal population distribution and highly
oscillatory behavior. However, as we increase the temperature the quantum part of the influence functional
which brings about the quenching effects becomes more predominant. This is just opposite to what was
observed when seeing the dynamics of the diagonal elements of the SB problem.[39] This captures the
transition from the coherent to the exponential dynamics, and remedies the classical decoherence to capture
the total effect in a quantitative fashion. The quantum effects is also expected to become more important in
case of strong system-bath coupling and/or higher frequency modes of bath. This predicted behavior is
exactly what we observe in Figure 4. Figure 4 shows comparison of the classical and quantum part of

decoherence for a highly coupled ohmic bath, & =1.2, with low cut-off frequency . For high temperatures

the dynamics is oscillatory and quite close to the equal population as predicted by classical theory, while
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as we decrease the temperature, the quantum part of the memory quenches these oscillations and we obtain

the decay kinetics and a larger shift from the equilibrium population.

Equilibrium Population

Figure 5 shows the equilibrium values for low temperature £ = 2.5and high cut off frequency

w, = 7.5€2; calculations for different Kondo parameters. While second order perturbative theory predicts

complete localization at low temperature, the classical treatment predicts equal distribution between the
excited and the ground state. We find the exact quantum results to span the entire range, with the very low
couplings matching the Redfield limit. As we increase the coupling strength, we see a lot of deviations from
the Redfield limit, and see how the second order perturbative treatment is not at all successful in calculating
the equilibrium population. A similar analogy has be drawn to the dissipative dynamics, where the NIBA
prediction to the equilibrium population for asymmetric systems deviates from the accurate quantum
mechanical results as asymmetry is increased. [31-32]

5.6 Concluding Remarks:

Vibrational energy transfer in condensed phases is important in deciding the rates and routes of various
chemical processes. These energy transfer reactions usually take place over a considerable number of
degrees of freedom, and in such conditions the central limit theorem can be invoked and the bath can be
treated in its Gaussian form. This has been taken into account in many perturbative approaches developed
in early 90’s using harmonic semiclassical and quantum mechanical bath, where explicit analytical
expressions for the fourth order perturbative approaches had been developed. Since then several variants of
the numerically exact path integral methods to treat Gaussian baths with the influence functional approach
have been developed and applied to study tunneling dynamics. We have used one such variant, namely the
iterative Quasi-Adiabatic-Path Integral approach coupled with deterministic filtering algorithm to explore

an extensive parameter space for such energy relaxation processes.

We have explored the dependence of the energy transfer from an excited state to the ground state in presence
of a dissipative bath. Vibrational relaxation is essentially a dissipative process and is guided by the strength

of friction from the bath.

1) For a highly dissipative bath, these relaxations are much faster and coherent oscillations are present.
The oscillatory behavior is magnified in presence of smaller bath frequency modes. This behavior persists
from high to moderate coupling strengths which is in fact the opposite for tunneling dynamics. In tunneling
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dynamics the high coupled bath quenches the oscillatory nature, while in a weakly coupled bath coherences

are present.

2) The perturbative approaches on the other hand solve coupled differential equations and hence always

predict exponential kinetics, with the rates increasing with increase in coupling strengths.

3) The coherent-incoherent boundary is also not very well defined and it depends strongly on coupling

strengths and cut-off frequencies, and considerably on temperature.

4) At higher temperatures, the rate of the decay kinetics increases.

A similar analysis was done for a TLS coupled to a TLS bath, but in that case, the diagonal elements of the
reduced density matrix was seen. The results are quite different as in this case, high temperature and strong
guenching increase the oscillatory behavior while it is the opposite for a diagonal element coupling [40].
The presence of coherent oscillations arising during the short time dynamics in these system come from the
Non-Markovian nature of the bath and cannot be suitably explained using perturbative approaches, which
limit this Non-Markovian character to explicitly treat only a few degrees of correlations. These oscillations
play an important role in deciding the mechanism of such energy transfer and need to be investigated using

accurate theoretical methods.
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5.7 Figures and Tables:
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Figure 5.1: Evolution of relaxation population for a TLS with Q= 1, =0, initially at the excited state coupled to an
Ohmic bath. Green filled triangles, black filled circles, blue filled circles, red filled circles are

w, =1.0Q2,2.502,5.002, 7.5C2 . Dashed lines are the exponential fit to the i-QuAPI data. a) £ =0.2;& =0.03;

b) f=1.0:£=0.03;¢) f=25=0.03;d) B=0.2;6=0.05;b) f=1.0;6 =0.05;¢) §=2.5,&=0.05;

81



B W, Rate Egm Rate Eqm Change

(iQuAPI) (iQuAPI) (BR) (BR) %
€=0.03
0.2 1 0.093 0.4 0.13 0.4 40
2.5 0.35 0.4 0.43 0.4 23
5 0.58 0.4 0.64 0.4 10
7.5 0.71 0.4 0.73 0.4 2
1 1 0.027 0.13 0.033 0.12 22
2.5 0.104 0.11 0.111 0.12 6
5 0.161 0.12 0.166 0.12 3
7.5 0.191 0.14 0.19 0.12 0.5
2.5 1 0.021 0.02 0.026 0.006 23
2.5 0.084 0.005 0.086 0.006 2.4
5 0.13 0.015 0.13 0.006
7.5 0.144 0.02 0.143 0.006
€=0.05
0.2 1 0.14 0.4 0.21 0.4 50
2.5 0.64 0.4 0.72 0.4 12.5
5 0.97 0.4 1.07 0.4 10
7.5 1.13 0.4 1.22 0.4 8
1 1 0.044 0.13 0.056 0.12 27
2.5 0.17 0.12 0.185 0.12 9
5 0.27 0.12 0.28 0.12 3.7
7.5 0.30 0.14 0.32 0.12 2
2.5 1 0.036 0.02 0.04 0.006 11
2.5 0.13 0.005 0.14 0.006 7.7
5 0.21 0.015 0.21 0.006
7.5 0.24 0.02 0.24 0.006

Table 5.1: Equilibrium population and rates of relaxation of population for a TLS with hQ = 1, =0, initially at the
excited state and coupled to an Ohmic bath for the coupling regime £ =0.03;& =0.05. It shows the comparison with

Bloch-Redfield Equations and reports the changes between the two theories.
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Figure 5.2: Evolution of relaxation population for a TLS with hQ = 1, £ =0, initially in the exited state coupled to an
Ohmic bath. Green filled triangles, black filled circles, blue filled circles, red filled circles are

o, =1.02, 2.502,5.002, 7.5C2 . Dashed lines are the exponential fit to the i-QuAPI data. a)

B=02=01; b)f=10,6=01; 0 f=25=01;d) f=02,6=0.3; e)=1.0;6=0.3; 1)
B=25,=03;
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B W Rate Egqm Rate Egm Change

(iQuAPI1) (iQuAPI1) (BR) (BR) %
£€=0.1

0.2 1 0.23 0.4 0.43 0.4
2.5 1.02 0.4 1.43 0.4 40
5 1.76 0.4 2.13 0.4 21
7.5 2.11 0.41 2.44 0.4 16
1 1 0.07 0.12 0.056 0.12 20
2.5 0.33 0.12 0.37 0.12 12
5 0.53 0.15 0.55 0.12 4
7.5 0.64 0.16 0.63 0.12 1
2.5 1 0.088 0.006 0.086 0.006 22
2.5 0.29 0.001 0.27 0.006 7
5 0.41 0.02 0.43 0.006 5
7.5 0.48 0.05 0.49 0.006 2

€=0.3

0.2 1 1.29 0.4
2.5 2.45 0.41 4.29 0.4 75
5 4.00 0.41 6.4 0.4 60
7.5 4.95 0.41 7.31 0.4 48

1 1 0.21 0.33 0.12
2.5 1 0.17 1.11 0.12 11
5 1.53 0.2 1.66 0.12 8
7.5 1.85 0.23 1.89 0.12 2
2.5 1 0.22 0.13 0.29 0.006 31
2.5 0.73 0.14 0.86 0.006 18
5 1.17 0.14 1.31 0.006 12
7.5 1.28 0.1 1.46 0.006 14

Table. 5.2: Equilibrium population and rates of relaxation of the population for a TLS with Q= 1, =0, initially at
the excited state and coupled to an Ohmic bath for the coupling regime & = 0.1 E= 0.3. It shows the comparison

with Bloch-Redfield Equations and reports the changes between the two theories
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Figure 5.3: Evolution of relaxation population for a TLS with hQ =1, =0, initially at excited state coupled to an

Ohmic bath. Green filled triangles, black filled circles, blue filled circles, red filled circles are

o, = 1.09,2.5Q2,5.0Q2, 7.5Q _ pashed lines are the exponential fit to the i-QuAPI data. a) f=0.2;£ =0.6;
b) $=1.0;E=0.6;c) §=25;£=0.6;d) $=0.2;E=1.2;¢) f=1.0;£=1.2;f) f=25=1.2;
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B W, Rate Egm Rate Eqm Change

(iQuAPlI) (iQuAPlI) (BR) (BR) %
£=0.6
0.2 1 0.40 2.58 0.4
2.5 3.11 0.41 8.58 0.4
5 531 0.42 12.80 0.4
7.5 6.74 0.42 14.63 0.4
1 1 0.67 0.12
2.5 1.83 0.21 2.22 0.12 21
5 2.86 0.28 3.32 0.12 16
7.5 3.78 0.32 3.79 0.12 0.2
2.5 1 0.52 0.006
2.5 1.22 0.11 1.72 0.006 41
5 2.06 0.21 2.56 0.006 24
7.5 2.74 0.26 2.93 0.006 7
§=1.2
0.2 1 0.38 5.17 0.4
2.5 3.48 0.42 17.16 0.4
5 7.98 0.43 25.61 0.4
7.5 10.73 0.44 29.26 0.4
1 1 1.34 0.12
2.5 2.92 0.29 4.45 0.12 52
5 5.6 0.36 6.63 0.12 18
7.5 8.68 0.4 7.58 0.12 13
2.5 1 0.006 1.03 0.006
2.5 2.14 0.23 3.43 0.006 60
5 4.23 0.34 5.12 0.006 21
7.5 6.44 0.39 5.85 0.006 9

Table. 5.3: Equilibrium population and rates of relaxation of the population for a TLS with hQ = 1, =0, initially at
the excited state and coupled to an Ohmic bath for the coupling regime & =0.6;&£ =1.2 . It shows the comparison

with Bloch-Redfield Equations and reports the changes between the two theories.
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Figure 5.4: Evolution of relaxation population for a TLS with hQ =1, =0, initially at excited state coupled to an

Ohmic bath. Green filled triangles, black filled circles, blue filled circles, red filled circles are w, =1.002. Solid

lines are the classical coherence, while line with markers is the total dynamicsi-QuAPI data. a) Red: § = 2.5;& =1.2

;b)Blue: f=1.0,&=1.2;¢)Black: #=0.2,£=1.2;
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Figure 5.5: Evolution of relaxation population for a TLS with hQ =1, e=0, initially at excited state coupled to an

Ohmic bath. Green filled triangles, black filled circles, blue filled circles, red filled circles are CUC = 7-5Q; ﬁ =25
a) Black: £ =1.2; b) Blue: £=0.6; ¢) Red: £=0.3; d) Yellow: £ =0.1; b) cyan: £=0.05; c) Purple:
£=0.03;
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Chapter 6. Conclusion

Path Integral formulation of quantum mechanics provide an excellent tool for developing system-bath
formalisms. System-bath formalisms circumvent the problem of exponential scaling with the number of
degrees of freedom which is commonly encountered in quantum mechanics. The degrees of freedom of the
total ensemble is partitioned into system of interest (treated quantum mechanically) and environment (bath),
where the exponential scaling problem is restricted only to the few system modes. Unlike wave-based
methods, path integral methods can intuitively account for all bath correlations on the system. However,
while integrating out the degrees of freedom of the bath, the detailed dynamics of the system at a particular
time point depends on the entire trajectory of the system. This results in exponential growth in the number
of integration terms as the system is propagated forward in time. A natural way of tackling such problem is
to increase the system time step. The allowed system time step in numerical evaluation of such problems is
determined by the error arising from splitting the total Hamiltonian into the system part and the remaining
terms. The work reported in this thesis deals with methods of increasing the time step as compared to the
conventional system-bath splitting within the quantum-classical framework of path integrals, by allowing
a part of the system-bath interaction to be considered inside the system part, and evaluated by solving the
time dependent Schrodinger equation. The first of such methods deal with incorporating the interaction
between an unperturbed solvent and the system inside the system propagators. This reference itself captures
all bath-induced decoherence of a classical origin and can lead to nearly quantitative results at high
temperatures or when the system-bath interaction is weak. To go beyond the unperturbed ansatz, we
considered the trajectories that take into account the interaction between system and solvent following the
average system path. These two prescriptions of the references revert back to the EACP and the TDSCF
approximations, when used in itself. Incorporating them into the full path integral expressions lead to larger
time steps (which motivated its development) and lower phase. Lowering of the phase reduces the number
of Monte Carlo points required to converge the multidimensional phase space integral of the bath degrees
of freedom, leading to linear reduction in computational costs. The increase of time steps, on the other hand,
results in exponential reduction in the number of terms (integrals) required to propagate the ensemble from

an initial to the final point, and account for majority of the savings.

Another physically motivated approach to obtain reduction in the exponential growth is by utilizing the
observation made in the Makri group, that the memory has a finite length and correlations among time
points longer than this memory or decoherence time can be neglected. This allowed for iterative
decomposition of the path integral algorithm. All effects of the bath, within the time scale of the
decoherence time is taken into account to construct a multidimensional tensor. This tensor can then be

propagated forward in time using a matrix-vector multiplication scheme thus restricting the exponential
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growth only within the decoherence time limit. This scheme was adapted in the Quantum Classical
framework of Path Integral methods using the improved propagators described earlier. The decoherence
time was reached in much fewer path integral time steps allowing for a further exponential reduction,
facilitating much easier iterative decomposition. Further advantage comes from the lower ranked tensors

and propagators to be stored, which is often the restricting criteria for allowing larger memory calculations.

A third physical motivation that deals with the exponential scaling problem arise from the observation that
many of the paths generated (either in the full path framework or within the deoherence time window) have
low weight and can be neglected. Conventional system propagators constructed in the energy truncated
basis utilize the fact that the weight of the path that undergoes many system transitions are low and can be
neglected. For the improved reference propagators being dependent of the solvent dynamics, additionally.
the state-to-state transitions are controlled by the magnitude of solvent reorganization. This is crucial for
efficiency, as the interplay between nonadiabatic transitions and dissipative effects is known to play an
important role in determining reaction rates. Also, this implies that phase-space areas of large
reorganization can easily be filtered out. The above advantages have been carefully validated using spin-

boson models in various parameter regimes that highlight the physical motivation dealt with.

The main advantage of the quantum classical treatment of path integrals come from the fact that it can treat
any generic bath and the methodology is not restricted to a harmonic bath bi-lineraly coupled to a system.
The ideas developed for the QCPI framework was further integrated by our group with molecular dynamics
packages like NAMD. It was used to study the electron transfer reaction in Ferrocene and Ferrocenium
complex in Benzene via the classical path treatment of the fully atomistic QCPI and also via a harmonic
bath model mapped to the atomistic solvent. By doing we achieved the following: first it was conclusively
proved, both from theoretical intuition and statistical distribution, how to map the inherently anharmonic
bath to produce a Gaussian bath with the closest resemblance to initial potential. Second, the anharmonic
effects was quantified and its effect on the dynamics of the system was demonstrated. Third, a quantitative
check on accuracy of Marcus’ theory revealed that even in this ‘classical like’ system there is a 30%

difference in the Marcus rate and the exact calculated rate.

To correctly account for the initial distribution of the solvent on the dynamics of the system, we compared
two simple ways of applying the Quasi-Adiabatic Path Integral (QUAPI) method designed for a harmonic
bath bilinearly coupled to the system, to an environment initially in equilibrium with the localized state of
the system (e.g., the donor in the case of charge transfer, or the protonated species). Motivated by the
analysis of equivalence of the QCPI methods for harmonic model with the Feynman Vernon influence
functional, the work involved deriving the phase of the system via a time-local component. This approach

requires the evaluation of new coefficients obtained from the shifted influence functional. The second,
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alternative approach involves shifting the coordinate of the system, to bring the donor state in equilibrium
with the bath. When applied in the Quasi-Adiabatic Path Integral framework the two approaches are

equivalent.

The concepts of filtering and iteration in the Quasi-Adiabatic Path Integral (QuAPI) framework has been
used to model the vibrational relaxation process using the Spin Boson Hamiltonian where relaxation
between two energy levels occurs due to the off-diagonal coupling to the bath. The exact quantum
mechanical results for population relaxation times (T1) were compared to previously reported approximate
methods, including the Redfield approximations and the fourth order perturbative treatments. These
approximate methods are correct only in the lower temperature and lower coupling regimes, while there is
a considerable quantitative difference of these methods to the accurate answers for highly quantum
mechanically coupled regimes. The perturbative approaches are based on coupled differential equations
and hence always predict exponential kinetics, with the rates increasing with increase in coupling strengths.
Thus the diffused coherent-incoherent phase transition observed using fully quantum mechanical methods
cannot be captured by them. The boundary between the coherent and incoherent transition is also not very
well defined and it depends strongly on coupling strengths and cut-off frequencies, and considerably on
temperature. Ongoing work on the exact quantum mechanical nature of phase relaxation times (T2), the
pure dephasing component (T2") will help develop further insights on regions of negativity of T2' especially

for strongly correlated regimes in non-ohmic spectral densities.
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