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Abstract

In this thesis, we explore various approaches to modeling electronic properties of large chemical
systems, a challenge for theoretical and computational chemistry.

We first model experimental systems with conventional electronic structure by excerpting a region
of interest: a few amino acids near the reactive site of a protein, an exciplex dimer in a thin-film LED,
and a few donor/acceptor molecules at an organic/organic interface. We find that these models work
well for explaining experiments provided we can identify a local region that captures the property
of interest.

Second, we consider a situation in which the property of interest is not local. We investigate the
Anderson model of localization in disordered materials, using the tools of random matrix theory.
We use free probability to approximately compute the density of states of a Hamiltonian matrix
ensemble without exact diagonalization. We develop an error analysis for this method, and show
that it is accurate to the eighth moment of the density of states. Finally, we apply the method to
various extensions of the Anderson model, to good result.

Third, we develop a wavefunction-in-wavefunction embedding theory for strongly correlated sys-
tems. We base our work on Density Matrix Embedding Theory (DMET). We extend the original
DMET equations to account for correlation in the bath via an antisymmetrized geminal power
(AGP) wave function. The resulting formalism has a number of advantages. First, it allows one to
properly treat the weak correlation limit of independent pairs, which DMET is unable to do with
a mean-field bath. Second, it associates a size extensive correlation energy with a given density
matrix (for the models tested), which AGP by itself is incapable of providing. Third, it provides
a reasonable description of charge redistribution in strongly correlated but non-periodic systems.
We then describe a new electronic embedding method based on DMET, dubbed "Bootstrap Em-
bedding," a self-consistent wavefunction-in-wavefunction embedding theory that uses overlapping
fragments to improve the description of fragment edges. We find Bootstrap Embedding converges
rapidly with embedded fragment size, overcoming the surface-area-to-volume-ratio error typical of
many embedding methods.

Fourth, we employ semiempirical neglect of diatomic differential overlap (NDDO) methods as
force fields for liquid water. Using force matching, we design a reparameterized NDDO model and
find that it qualitatively reproduces the experimental radial distribution function of water, as well
as various monomer, dimer, and bulk properties that standard NDDO method do not. This suggests
that the apparent limitations of NDDO models are primarily due to poor parameterization and not
to the NDDO approximations themselves. We identify the physical parameters that most influence
the condensed phase properties. These results help to elucidate the chemistry that a semiempirical
molecular orbital picture of water must capture. We conclude that properly parameterized NDDO
models could be useful for simulations that require electronically detailed explicit solvent, including
the calculation of redox potentials and simulation of charge transfer and photochemistry.
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Chapter 1

Introduction

Historically, science has concerned itself with two activities: experiments, which measure reality,
and theories, which explain and predict experiments. However, since the advent of modern physics,
theories have become so mathematically complex that they cannot be solved analytically. Chemistry
is a particularly severe case: the Schrédinger equation, a nearly-complete model for chemistry, has
been around for nearly a century. Yet, from Hylleraas’s variational computations on Helium in
1929 [152] up to the present day, nearly all progress in theoretical chemistry has come in the form of
better approximations, more efficient numerical algorithms, and faster computers. Even the name
of the field bears out this fact: computational and theoretical chemistry are often used as synonyms.

This isn’t to say that progress hasn’t been made. At present, we can compute electronic properties
to great accuracy for small to medium sized molecules using a range of electronic structure methods.
For large molecules or collections of molecules, molecular dynamics/mechanics provides a description
of structural properties and averages.

But, there is still a vast set of large systems whose electronic properties cannot be calculated
directly. Disordered organic materials are actively studied for photovoltaic [102, 116} [117] and
electroluminescent applications [65]. Photosystem II [339] is a huge protein that uses light to catalyze
water splitting. Solvation, where configurational sampling is usually prohibitively expensive, can
shift redox potentials [351], electron transfer rates [I83], and catalytic properties [350] of solutes.

The standard approach to large systems is to only treat accurately small subsystems of interest
or to map the system onto a simpler model. But there is still room for development of new methods

as well. In this thesis, we will explore both.

1.1 Tools of the trade

In this section, we briefly introduce the core tools of computational chemistry. Throughout this

thesis, we will either apply these tools to study chemical systems, or use them as a foundation to
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build new methods.
We first focus on practical solutions to electronic structure: the problem of solving the Schrédinger
equation for electrons in the presence of fixed nuclei. Then, we discuss a classical approximation to

the motion of these nuclei, molecular dynamics.

1.1.1 Quantum chemistry

At its heart, chemistry is the quantum physics of nuclei and electrons interacting via the Coulomb
potential. A chemical system — composed of point electrons and nuclei — is well-described by the
non-relativistic, time-independent Schréodinger equation [285]. In the basis of the positions of these
particles, it is given by

H\I/(’I’l,T‘Q,...77”N,R1,R27...RM) :E\I/(’I“l,T‘Q,...,T‘N,Rl,R27...RM) (11)

where, mechanically, H is an input specified by the properties of all particles in the system, while F
and W are variables to be solved for. E is the (scalar) energy associated with a given “wavefunction”,
V. The wavefunction contains all information about the state of the system, and is a function of the

coordinates of all of the electrons, {r;}, and of all of the nuclei, {R;}. Finally, H is the Hamiltonian,

an operator that acts on the wavefunction. In atomic units (h =1, ¢.- = —1, m,- = 1) [132], it is
given by
N Mo N Mo, N N MM,
3 1 147
H==3 5Vi=D goVi-2 0 =20 —+2. 2. (1.2)
L ) 2mg ‘ T et L ;5 TIJ
i=1 I=1 i=1I=1 =1 j>1i I=1J>I

where 7 and j index electrons, N is the number of electrons, I and J index nuclei, M is the number

of nuclei, Z; is the charge of nucleus I, (electrons have charge -1), m; is the mass of nucleus I,

2

(electrons have mass 1), V32

is the laplacian operator acting on the coordinates of particle z, and
T4y is the distance between particles x and y. The first two terms represent the kinetic energy of
each particle, while the last three terms account for the Coulomb interaction between particles.
While the kinetic energy terms are by themselves separable, the potential energy terms couple
all degrees of freedom in the system together. The result is an equation that cannot be solved

analytically. As such, solutions to equation[I.I]must be approximated in practice, and we will spend

the remainder of this chapter building up such approximations.

1.1.1.1 The Born-Oppenheimer approximation

The first and most common approximation to the problem of molecular quantum mechanics is the
Born-Oppenheimer approximation [37]. Qualitatively, we observe that an electron is 1836 times less

massive than the lightest of nuclei. We thus expect that electrons will move far faster than nuclei, or,
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equivalently, there will be a separation of timescales between nuclear and electronic motion. Because
this timescale is so large, we make the approximation that electronic relaxation is instantaneous
compared to nuclear motion. That is, the nuclei move on a potential energy surface generated by
completely relaxed electrons (the long time limit of the motion of the electrons). Conversely, the
electrons move in a potential energy generated by fixed nuclei (the short time limit of the motion of
the nuclei).

In mathematical terms, this means that we can separate the Hamiltonian, energy, and wavefunc-

tion into distinct nuclear and electronic components

H ~ H,+H, (1.3)
E ~ E,+E. (1.4)
m("“l,TQ,---,TN,Rl,RQ,---RM) ~ \I/’n,(R17R27"'RM)\I/G(T1?T27"'7TN)' (15)

Equation can then be separated into a nuclear and an electronic Schrédinger equation

H, ¥, (Ri,Rs,...Ry) = E,¥V(Ry,Ra,...Ruy) (1.6)

H, (r1,r9,...rn) = EU(r,re,...7TN). (1.7)

where the electronic Hamiltonian is given by

) N 1 ) M Z] N N 1
fom-y gy S Aayy L 09
i=1

=1 1=1 4 D>

while the nuclear Hamiltonian is given by

M 1 M MZZ
H,=-Y —V? 2]+ B.(Ry,Ra,...,Ruy). 1.9
TP P P )

E. is the electronic energy computed by solving equation[I.7]at fixed nuclear positions Ry, Ra, ..., Ry.
For the remainder of this section, we focus on approximating solutions to equation[I.7] In Section

we will discuss a classical approximation to the time-dependent version of equation [1.6

1.1.1.2 Representation of wavefunctions

At the end of the day, we will want to solve equation [I.7] on a computer. A key step in adapting
the equation for computation is discretization of the wavefunction; the computer cannot directly
represent a continuous function. Instead, we approximate the wavefunction as a weighted sum of

basis functions
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U(r) = cti(r) (1.10)

7
where 7 represents all relevant coordinates. For the sake of simplicity, we will choose basis function

that are orthonormal

/ () (r)dr = (] ) = b5 (111)

where we have also introduced Dirac notation [81].

These basis functions are arbitrary, but it is most computationally efficient to choose basis
functions that make the representation as compact as possible. To this end, two choices are usually
made. First, the basis is composed of functions of the coordinates of a single electron at a time,
called orbitals. Second, these orbitals are chosen to closely resemble the solutions to the electronic
structure problem of the atoms in the system as though they were isolated. When both of these
choices are made, the basis functions are called “atomic orbitals”.

We can construct wavefunctions by combining atomic orbitals. To account for the fermion

statistics of electrons, a convenient formalism for such constructions is second quantization. In
T

second quantization, the creation operator @, creates an electron in orbital |1;)

[¥:) = af ) (1.12)

while the annihilation operator a; removes an electron from orbital |i;)

a; [¢i) = [) (1.13)

where |) represents the vacuum containing no electrons. The vacuum is chosen to be normalized

(|)=1 (1.14)

and is the null space of the annihilation operators

a;|) = 0. (1.15)

Fermion statistics are handled by the anticommutation relations of the second quantization operators

[aj,aj] = & (1.16)
+

[ai,a5], = 0 (1.17)
[aTjL = 0. (1.18)
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where [-,-], is the anticommutator

[A, B}  =AB+BA (1.19)

In this chapter, we use second quantization operators {di,d;r

} and functions [¢);) to denote
general orbitals. To specifically denote atomic orbitals, we use second quantization operators {éu, éL}
and functions [¢,,).

We can now rewrite the electronic Hamiltonian (equation in the basis of atomic orbitals

using the notation of second quantization

He = hudla, + Y Viretl,laean (1.20)

N2 2N

where h is the matrix of so-called one-electron integrals for the set of basis functions {¢,}

hm,/qﬁj;(r)[ = v Z |7“—RI| ¢y (r)dr (1.21)

and V is the four-tensor of two-electron integrals (in physicists’ notation)

Viro = / ¢Z(T1)¢Z(T2)i%(rl)%(ra)dmdra- (1.22)

With these ideas in hand, we can now discuss the Hartree-Fock approximation.

1.1.1.3 Hartree Fock

While already approximate, the electronic Schrodinger equation (equation cannot be solved
even numerically; the cost of computing its solution increases exponentially with the number of
electrons. This exponential scaling comes from the form of the wavefunction. If we grid out each
electron coordinate over m basis function, then N electrons will require m” basis functions, and any
computation that touches every element of the wavefunction must scale as at least O (mN ) Thus,
we need an approximate form of the wavefunction.

Hartree-Fock theory [318] approximates the wavefunction by noticing that in the absence of two

electron interactions, the Schrédinger equation is separable

H(V:O)‘I’(Tl,rg,...,h\f) = E\II(T‘17T27...7TN)

H(V =0) H (i (73)] (1.23)

I
VY
i

=
N————
-~
=P

=

S)
N————

(where for now we have dropped the e subscript and ignored the fermion statistics of electrons). In
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this limit, the wavefunction becomes a product of one-electron orbitals. These so-called molecular

orbitals {1;} can be expanded in the basis of atomic orbitals {¢,}

i) = Cinldu) = Cincl,]) . (1.24)

“w
This equation introduces the coefficient matrix, C, whose ith row specifies the expansion of v; in
terms of the atomic orbital basis functions {¢,}, and the second quantization operators for these
atomic orbitals {éu, E:L} Rewriting the wavefunction from equation in the notation of second

quantization gives us the form of the Hartree-Fock wavefunction (with correct fermion statistics)

N
Vnrp) = H (Z ch > (1.25)

This form of the wavefunction is known as the Slater determinant [299]. Unlike the general wave-
function, this ansatz has only mN parameters. In practice, the size of the basis set scales linearly
with the number of electrons, so the scaling of computations involving this wavefunction has a lower
bound of O (N 2) . This is of course far better than the exponential-scaling lower bound of the exact
wavefunction.

With a wavefunction ansatz in hand, we now need a prescription for choosing the elements of
C. In quantum mechanics, the variational principle [I18] states that the expectation value of the

Hamiltonian with any wavefunction is an upper bound for the true ground state energy. Thus,

(Cpp|H [V prp) > E. (1.26)

This provides our prescription for choosing the C;,. We expect that the wavefunction ansatz with
an energy ((Upgp| H |Ugp)) closest to the true ground state is the best description of our physical
system. Therefore, we minimize the difference (Vg p| H |¥ ) — Ep. Because the first term is always
greater than the second, we need only minimize (¥ p| H |¥gp).

Putting all of this together,

C = argmin (V1 (C)| H |¥5(C)) (1.27)
CeU(m)

where U(m) is the group of m x m unitary matrices. Using equation the expectation value is

given by [201], 158]

<\IJHF| H ‘\I]HF Zh,uupu,u + Z ,uu)\a' - [LVU)\) P)\,uPua' (128)

2N

where P = CCT (P,, = (Vyr(C)| ¢, [¥rr(C)) ) and is called the density matrix. Note that like

C, P is a complete description of the HF wavefunction. Performing the minimization in equation
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results in the matrix eigenvalue equation

FC = Ce (1.29)

where € is a diagonal matrix and the Fock matrix, F, is given by

ELD = hp.y + Z P)\a' (QKLUVX - ‘/,u.o)\u) . (130)
Ao

Equations and can also be written in terms of individual molecular orbitals (in the position

representation):

_1v2_i21+i/‘” U3 2) = (L= Paa) b (r2) | alra) = e(ra)  (131)
9 V1 I:1|T17RI‘ = 2% 27”12 12) V(T2 i(r1) = €;9;(rm )

where P15 exchanges the labels of electron 1 and 2 [3I8]. This representation is presented for later
comparison to Kohn-Sham density functional theory.

For purposes of day-to-day computations, Hartree-Fock has mostly been supplanted by density
functional theory, which we introduce in the next section. However, in Chapters [5] and [6 we will
build a wavefunction-in-wavefunction embedding theory on top of Hartree-Fock, and in Chapter [7]

we will create a water model based on a stripped-down version of Hartree Fock.

1.1.1.4 Kohn-Sham density functional theory

The wavefunction is a costly description of a chemical system, and Density Functional Theory (DFT)

seeks to do away with it. In DFT, the N-dimensional (electron) density

P(Tl,rg,...,’l“N) E\I/* (7“1,7‘2,...,TN)\I/(Tl,’I“Q,...,TN) (132)

is replaced by the one-electron density

p(r)E/\Il* (ryre, ..., rN) U (r,ra, ... rN)dra, ..., dry, (1.33)

the result of integrating out every electronic coordinate except one [248)].
Hohenberg and Kohn showed that there exists a universal functional of the density F', which

does not depend on the details of the system, and gives its energy [143]

E [o(r)] = / on(r)p(r)dr + F [p(r)] (1.34)

where v, is the external Coulomb potential created by the nuclei. Remarkably, this energy functional
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is minimized by the one-electron density of the ground state wavefunction. Because the density can
be expanded in a basis (in the same manner as the wavefunction), the density provides a complete
description of an N electron system with only O (N) parameters.

Unfortunately, the exact functional F' is not known and must be approximated. The primary
difficulty in approximation of F' comes from approximation of the kinetic energy functional. Thus,
the vast majority of approximations for this functional are framed in the Kohn-Sham (KS) frame-
work [I79], due to its highly accurate treatment of the kinetic energy. In this formalism, a fictitious
system of non-interacting electrons is created whose ground state density is the same as that of the
physical system. Because these fictitious electrons do not interact, their wavefunction is completely

specified by a Slater determinant of orthonormal orbitals {wZK o } and the density is given by

N

p(r) = fS () (r). (1.35)

i=1
The kinetic energy of this wavefunction is readily evaluated, and turns out to be a very good
approximation to the kinetic energy of the physical system [249]. These orbitals are found by

solving the Kohn-Sham equations

1
59t 4 [y (0] 050 = S, (1.36)

Note that this equation bears a striking resemblance to the Hartree Fock equation New in the
KS equations is the exchange-correlation potential, v,.(r), which becomes the missing piece that
must be approximated. The price of this formalism is the introduction of the fictitious orbitals which
increase the cost of the calculation from O(N) to a cost similar to that of Hartree Fock. However,

KS DFT has proven to be far more accurate than Hartree Fock at roughly the same cost.

Throughout Chapter 2] we will use KS DFT to study a variety of chemical systems.

1.1.1.5 Constrained density functional theory (configuration interaction)

Sometimes, a state other than the ground state is desired. For example, in electron transfer reactions
we might desire a charge transfer state in which an excess electron is localized on one part of a
chemical system (and correspondingly, a hole is localized on another part). Such a property can be
described entirely through the one electron density by requiring that the density in one region of
space integrate to a certain number of electrons. This hints at the possibility of a Density Functional
Theory description of a charge transfer state.

Constrained Density Functional Theory (CDFT) provides just such a description [I65]. In CDFT,
energy is minimized subject to constraints on the density. This variation is performed by finding

stationary points of the CDFT functional
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Wip Al = Elp] + A (/w(r)p(r)dr - V) (1.37)

where E is the energy functional from equation[I.34] \ is a Lagrange multiplier, w is a weight function
that defines the desired constraint, and V is the desired value of the constraint. For example, if we
wished to constrain the number of electrons in a region of space to a certain value N, w would be
a binary function defining this region and V' would be N,. For the purposes of our charge transfer
reaction, w is a density-based charge partitioning function (e.g. the Léwdin population [199]) and
V' represents an excess electron on part of our system. An excellent description of the practical
considerations of CDFT calculations is given in reference [164]).

We can now compute the energy of both the ground state (from DFT) and the charge transfer
excited state (from CDFT) of an electron transfer reaction. In Section we use these tools to
compute the color of exciplexes that emit through charge annihilation.

Densities generated via CDFT represent diabatic states [336]. These states do not diagonalize
the Hamiltonian, and the Hamiltonian matrix element between two such states, |¥;) and |¥s), is

called the “coupling”

V = (0| H|W,). (1.38)

This coupling is important, e.g., for determining the rate of condensed phase electron transfer
reactions in Marcus theory [205]. In Section we will compute such a coupling in order to
understand hole hopping in a rubrene crystal.

In the framework of CDFT, these couplings are given by [365]

1

1 . .
V= §(E1 + EQ) (‘I/1| \I’2> 2 <\I/1| )\111]1 + )\211)2 |\I/2> (139)

where the F; are the functional energies associated with the two constrained densities and the w;
and \; are the weight functions and Lagrange multipliers used to specify and apply the constraints
to these densities. However, DFT does not define a wavefunction for the physical system, so we
do not know |¥y) and |¥s). That is to say, CDFT computes p; and ps which are the densities
associated with |¥1) and |¥s)

pr = 1) (V4] (1.40)

p2 = [Va) (Vsl, (1.41)

but many wavefunctions map onto a single density, and we cannot determine the exact ground state

wavefunction from the exact ground state density. Thus, an approximation must be made.
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CDFT-CI approximates the exact wavefunctions by the fictitious non-interacting Kohn-Sham
Slater determinant of equations [I.35] and Equation becomes
1 1 . .
V ~ §(E1 —|— Eg) <\I/{(S‘ \Ilé(s> — § <\IJ{{S‘ )\111}1 —|— )\2’(1}2 ‘W§S> . (142)

It is this approximation that we will employ in Section [2.2.2

1.1.2 Molecular dynamics

In Section [1.1.1.1] we partitioned the Schrédinger equation approximately into an electronic and a
nuclear equation. So far, we’ve discussed methods for approximating the electronic equation. In this

section, we approximate the nuclear equation classically.

Like the quantum nuclear Hamiltonian, the classical nuclear Hamiltonian partitions into a kinetic

and potential energy piece

H=T+V (1.43)

where we substitute the classical momentum, Py, for the quantum momentum operator, —V?2,

1
T(P,Ps,...Py) =Y —P; 1.44
(PP i) =3 5 (141
and collect the potential energy terms
MM
V(Ri, Ry Rar) =) ) 7{”‘] +Ee (R, Ra,...,Ry). (1.45)

This classical approximation is valid when nuclei are heavy (and thus localized) and when zero-point
energies do not change significantly with nuclear coordinates.

While molecules usually exist in a single electronic state (most often the electronic ground state),
finite temperature causes the nuclei to move. Thus we are almost always interested in the dynamics

corresponding to equation These dynamics are given by Hamilton’s equations of motion [TTT]

dPr oOH

- _ 2 1.4
dt OR; ( 6)
dR; _ OH
ST TR (1.47)

In practice, these equations are usually integrated using the Velocity-Verlet algorithm [104]. Taken

together, solving the classical equations of motion of the nuclei is called Molecular Dynamics (MD).
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1.1.2.1 Ensemble averages

For the purposes of this thesis, we are not explicitly concerned with the time dependent dynamics

of a system, but rather an ensemble average of some property

[p(r)A(r)dr
Ay =17 1.48
(A, [p(r)dr (1.48)
where 7 is a collective variable containing all of the nuclear coordinates, R, Ra, ..., Ry, used here

for the sake of brevity. A is an observable and A (7) is the value of that observable at a given nuclear
geometry. p(7) is the probability of observing that geometry. The denominator normalizes p and is

called the “configuration integral”

Qb = / p(r)dr. (1.49)

At constant energy, volume, and number of particles (the so-called NVE ensemble) and ignoring
the possibility of electronic degeneracy, p is just a function that requires the energy of the system

to be fixed at a constant value F

pNVE(T) 25[V (7’) —E] (1.50)

where dis the Kronecker delta function. We can relate an NVE ensemble average to MD by way of

the ergodic hypothesis [214]

1 .1t / ’
<A>p = Q[pNVE]/pNVE (1) A(T) dT:tlgglog ; A(T(t)| Ny g)dt (1.51)

where 7(t')| vy are the coordinates of the system at time ¢’ evolving dynamically under the con-
ditions of constant NVE. By running MD at energy E, we can compute the trajectory 7 (t')|yy g-
MD is a constant energy algorithm because Hamilton’s equations of motion (equation conserve
energy for a conservative potential (like V).

A more experimentally relevant ensemble is the NVT ensemble, where we substitute constant

energy for constant temperature. In this ensemble, p is the Boltzmann distribution

pyvr(T) = exp [V (7)] (1.52)
where § is the inverse temperature
1
= —. 1.53
f= o (153)

In order to sample the NVT ensemble with MD, we would like an equation similar to [I.51]:
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1 1 t
— | D TVA(T)dr = lim — A(r(t dt’ 1.54
Qe | Prvr A = i [CAGO ) (1:54)
While it’s easy to compute an MD trajectory at constant NVE, we need to include additional physics

in our model to simulate constant temperature.

1.1.2.2 Thermostats

In a real system, constant temperature is the result of energy transfer between the system and the

outside universe (or bath). On a computer, we seek to simulate this effect using a thermostat.

In this thesis, we use the Nosé-Hoover thermostat [238 [145]. It represents the effect of cou-
pling to a thermal bath by a single auxiliary degree of freedom, s. This results in the extended

Hamiltonian [238)]

2
Ps
ms

M- 2
p
Hyose = » nTI, + V(1) + (BM +1)kTIns + (1.55)

I=1
where my is a fictitious mass associated with coordinate s. mg determines how strongly the system
is coupled to the thermal bath, and is a parameter of an NVT MD simulation. (As a reminder, M

is the number of nuclei in the system.)

Using Hamilton’s equations of motion (equation [1.47)), the dynamics of the system is given by

dRr DI
Tt 2mys? (1.56)
dpr oV (r
ds Ps
M
dps . p% kT
& 2 Sy 52 (B3M +1) T (1.59)

These equations result in a trajectory for the system that samples the NVT ensemble. But it does
so at the cost of a timestep for the simulation that fluctuates across iterations. Hoover noticed that

this inconvenience could be removed via a change of variables [145]
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¢ = (1.60)

3M

dRr  pr

T m (1.61)

dp[ - 8V(7')

i = " om, (16
M

d¢ 1 v

@ _ 1 PI_ gkt 1.

7 o (; o 3Mk (1.63)

This thermostat has the attractive property that it can be integrated much like the NVE equations.

We will use it in MD simulations to compute NVT ensemble averages in Chapters 2] and [7]

1.1.2.3 Force fields

In order to sufficiently sample to converge averages like equation we must run MD for a long

time. As currently presented, MD is usually too costly for such calculations.

Integrating the classical equations of motion is computationally straightforward. The expensive

part of an MD calculation is the evaluation of the force on each nucleus

dPr OH ov

-+ - _ - __ " 1.64
dt 8R, OR; (1.64)
oV ZIZJA OE, (Rl,Rg,...,RM)

- _ . 1.
9R ;; Fry+ oR, (1.65)

Specifically, the expensive term is the derivative of the electronic energy with respect to the nuclear
coordinates because it requires an electronic structure calculation. When MD is performed in this

manner, it is called “ab-initio” or “Born-Oppenheimer” MD [21].

In order to massively speed up this calculation, E. (R1, Rs, ..., Rx) is often approximated by a
classical, phenomenological expression. The resulting approximate potential energy is called a force

field.

M

M
217
E(Rl,RQ,...,R]u)—FZZ 27 _ V(Rl,RQ,...7RM) ~ Vrp (R17R2,...,R]\/j) (166)

,
=171 17

When MD is performed using a force field, it is called Molecular Mechanics (MM) [9] [104].

A simple molecular force field is composed of four terms [I3]
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Mz

M
Z VCoul T'IJa-[ J)+VNB(TIJ;I J)+W)ond(rIJ7] J)]
M

~
Il

1

<
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>

M
Z Z angle 9[JK7[ JK) (167)

>IK>J

M=

~
Il

1

<
~

Veour 1s the Coulomb interaction between two atoms

QAQB

Vcoul (’I’ A B) (168)

where Q) x is the charge of atom X and is a parameter for the force field. The non-bonded interaction,
Vi B, usually describes both hard-core short-range interactions as well as long range dispersion. One

popular form of this interaction is the Lennard-Jones potential

r

Vis(r A, B) = deap [(";‘B)u = (UAB)G] (1.69)

where 025 and €4p are empirical parameters. Vjonq describes stretching of chemical bonds, and is

most simply approximated by a harmonic potential

1
Vbona (1, A, B) = Skanp (r—bagp)’ (1.70)

where kap and bsyp are parameters if atoms A and B are covalently bonded, and zero otherwise.

Finally, Vangie represents the energy of angular bond vibration and might be approximated by

1
Vangle (8, A, B,C) = ikABc [cos (0) — cos (dac)]” (1.71)

with kapc and ¢apc as parameters (again zero if B isn’t bonded to both A and C).

Looking at equations [1.68] [T.69] [I.70} and [I.71] we see that even a simple force field has many

parameters. Because these parameters are the only thing that changes for different atoms and
molecules, the MD description of a chemical system is very sensitive to our choice of force field

parameters.

1.1.2.4 Force matching

One choice of force field parameters is motivated by equation [I.66} we want force field parameters
that best minimize the difference between the force field potential energy and the quantum potential

energy surface

{m}= af?“;inW(Rth» cosRar) = Vpp (Ri, R, ..., Raps {mi}))? (1.72)
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where {m;} represents the set of parameters of the force field. This expression does not specify
nuclear coordinates, however, and we must make another choice. From Section [1.1.2.1] we recall
that we are often interested in computing ensemble averages. Thus, we can choose our coordinates
to produce the force field that best reproduces averages in an ensemble. We do this by minimizing

the ensemble average of the error (equation [1.72))
. 1
{mi} = argmin — /p(T) |V (1) = Vrr (75 {m})|2 dr. (1.73)
oy QI

And we sample this average using MD. In practice, we also minimize error in the derivatives of the
potential, resulting in a method called “force matching” [92][153]. For simplicity, we will consider only
matching the potential in this section. In Section we expound the general case of simultaneous
energy and force matching.

Assuming that we are interested in the NVT ensemble, p becomes the Boltzmann ensemble

p(7) = exp [=BV (7)]. (1.74)

Of course, we cannot afford to sample this average with MD because it requires many evaluations

of the expensive quantum potential energy surface. Instead, we approximate V with the force field

p(7) = prr(T) = exp [~ BVrr (T;{m:i})] . (1.75)

To first order (in BV), the error of this approximation is

1 1
Q [p] Q [p]

which is proportional to our original force matching error (equation [1.73]). Thus, as we improve the

/p(T) Ip (7) = prr (7)[* dr ~ /p(T) B2V (1) = Vip (r)]* dr (1.76)

error of our force field at each point 7, we also improve the error in our choice of which {7} we
sample. A force-matched set of parameters then not only gives a better description of V', but also
gives a better estimate of the error

/ () |p () — prr (2 dr ~ / prr (1) p (1) — prr (DEdr. (L77)

L _
Q [p] Qrr [p)
This last observation leads to the self-consistent force-matching algorithm [348]:

1. Choose an initial set of parameters {71'50)}

(m)

i }, sample a set of independent coordinate snapshots {T(”)}

2. For a given set of parameters {7r

by running MD with the approximate potential Vpp (T, {wgn)}).

3. Find a new set of parameters {W,EHH)} by minimizing the error (equation [1.73|). To save
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computational time, only compute the error using a sparse set of TE|
4. Repeat steps 2 and 3 until the {m;} and error converge.

In Chapter [7} we will apply this self-consistent force-matching algorithm to parameterize a force

field for liquid water.

1.2 Exotic methods

The previous section introduced popular methods central to computational and theoretical chemistry.
In this section, we will introduce more niche concepts that serve as background for later chapters.
Because these methods can be narrow in scope, each section contains in its title the chapter(s) to

which it corresponds.

1.2.1 Free probability (chapters (3| and

In this section, we introduce free probability, the theory of non-commuting random variables. For
purposes of this thesis, our non-commuting random variables of interest will be random matrices,
finite-basis representations of random operators. We begin by reviewing definitions and results from
the theory of commuting random variables, classical probability. We then summarize key definitions

and results from free probability by analogy to their classical counterparts.

1.2.1.1 Review of classical probability

Classical probability [98] concerns itself with commuting random variables. By chance, random
variables take on different scalar values. Each value is associated with a corresponding probability
of measuring the random variable to have that value. For a random variable r, the relationship
between a value, x, and its probability, p, (x), is contained in the probability distribution function
(p.d.f.), pr. pr is normalized, non-negative, and does not associate a probability large than 1 with

any value:

/pr(x)dx = 1
0

IN

pr (2)
1 > pr(2)da. (1.78)

IThis is actually a good approximation. The MD snapshots are time-correlated, reducing the statistical significance
of sampling the error at two points that are close together in time. We only lose accuracy in the error integral if our
sparsified samples differ by more than the correlation time of the system. Typical correlation times are around 1ps,
or 10* MD steps. Thus, we only need one electronic structure calculation per 104 MM calculations.
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The expectation value, or mean, of r is defined as the average value of repeated measurements

of r as the number of measurements goes to infinity. It is related to the p.d.f. by

(r) = /xpr (z) dx (1.79)

where we use angle brackets (-) to denote the expectation value. More generally, the kth moment of
r is defined as the expectation value of ¥, where k is a non-negative integer. These moments also

relate to the p.d.f.

;L,(CT) = (r") = /askpr (z) du. (1.80)

We are sometimes interested in a joint moment <rkql> of two random variables,  and q. When

this joint moment can be factored into moments of r and ¢ alone

(') = (r*)(d") (1.81)

for all non-negative integers k and [, r and ¢ are said to be “independent”. Under these conditions, we

can sample a value of 74 ¢ by independently sampling a value from each r and ¢ and adding them to-

NORROENG)

gether. Somewhat more formally, if we have a vector of samples of r, Zr = DN > a:%r) ,

and similar vector of samples of ¢, (@, we can generate a vector of samples of r + ¢ with

Z2r+a) — 20 4 @ = Q") 4 2@ = Qz(™") + Q' 7@ (1.82)

where Q is a random permutation matrix (a shuffle) and equality is in a statistical sense.

The p.d.f. corresponding to r + ¢ can be computed with the (classical) convolution

Priq (z) = / Pe (0)pa( — 9)dy = py (2) % py () (1.83)

While this integral can be computed directly, the convolution can also be performed stepwise. In
doing so, we distill the essence of each independent p.d.f. First, we compute the Fourier transform

of each p.d.f.

p(k) = /eikmp(x)dx. (1.84)

The Fourier transform of the p.d.f. of the sum of two random variables is simply the product of the

Fourier transforms of their corresponding p.d.f.s

DPriq (k) = Pr (k) g (k) - (1.85)

The desired p.d.f. can then be recovered by inverting the Fourier transform
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pra (@) = 5= [ by () d (1.86)

We can understand the action of the Fourier transform by expanding the exponential in in

a power series

bt = f

/pr (z) dx + ik / xpy (x) dx + (Zk)2 /pr,« (z) dx + @ /xSpT (x)dx+ ...

.k2 ‘kS
1+ikz+ﬁx2+ﬂx3+...

2 30 pr (@) dz

2 3!
R 773 N €7 ) R
= 1+zku§)+7(2) ,ug)+7(3') ,ug)+...
() (k)"

n=0

We can then obtain moments of r by taking an appropriate derivative of the Fourier-transformed

p-d.f.

dn
(r) — 5
" = — D (k) . (1.88
d (ik) k=0 )

This Fourier-transformed p.d.f. is sometimes called the “moment generating function”.

For purposes of future analogy, we can modify equation so that addition of r» and ¢ corre-

sponds to addition in some representation

Priq (k) = exp [In (p, (K)) +In (pg (k)] - (1.89)

The logarithm of the Fourier transform is thus fundamentally related to the addition of independent

random variables: it is the property of these variables that adds. Its Taylor series expansion is given

by

(ik)"
!

o (1.90)

In (pr (k) = Y _ &)

m(f) is the nth “cumulant” of r and is a combinatorial function of the first n» moments of r. The

log-Fourier transform of the p.d.f. is sometimes called the “cumulant generating function” and we
can use it to generate cumulants in a manner analogous to equation [1.88

When we add two log-Fourier-transformed p.d.f.s, we gather each power of ik

In (B (k) +1In (pg (k) = Y kY (ik)" +3 s (k)" _ > (HS? 4 Rg)) (ZfT)n (1.91)



Thus, adding two independent random variables is equivalent to adding their cumulants.

1.2.1.2 What is a random matrix?

We now progress to non-commuting random variables. Our non-commuting objects of choice will
be random matrices. At its most basic, a random matrix is a square matrix whose elements are
random variables.

We now define some analogous properties of random matrices. There are many choices of what
to map on to the various objects in classical probability; we use the spectral theory of random
matrices. This formulation concerns itself with eigenvalues of random matrices. It concerns us
because computational quantum mechanics is often an eigenvalue-seeking problem. (For a discussion
on the choices made to construct this formalism as well as their implications, see reference [322].)
These eigenvalues are in general complex.

The p.d.f., Pr (\), of an n x n random matrix, R, is the probability that R has an eigenvalue
equal to A\. As in equation [1.78] it is normalized, non-negative, and associates a probability of 1 or

less to a given eigenvalue. It is given by

n

pr(A) = % <Z(5 ()\ - A§R>)> (1.92)

i=1
where § is the Kronecker delta function, {)\gR)} are the eigenvalues of R, and % normalizes the

p-d.f. Note that for a deterministic matrix, this object is the density of states.

The expectation value (mean) is now replaced by the mean eigenvalue of R

1

R)=-

(TrR) (1.93)

where we have used the fact that the trace is the sum of the eigenvalues. We also overload the angle
brackets to denote this matrix expectation value when their argument is a matrix. We can define

the moments of R by analogy to equation [T.80]
1
pet) = (RY) = — (TrRF). (1.94)

1.2.1.3 Free independence

As with commuting random variables, random matrices have a notion of independence. Naively
mapping onto equation [I.81] we might expect that two random matrices R and Q are independent

when

(RFQ') = (R¥)(Q'). (1.95)
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However, equation has implicitly used the commutativity of r and ¢ to gather terms. For

non-commuting random matrices, the equivalent (and far more general) condition is [340]

<_Hp7; (R) p} (Q)> =0 (1.96)

where the {p;} and {p;} are all polynomials such that

piR)) = 0
@ (Q)) = o (1.97)

When equation [T.96] is satisfied, Q and R are said to be “freely independent” or, more succinctly,
“free”. When Q and R do commute, this condition is not equivalent to Thus, free independence
is not a generalization of (classical) independence, but rather a parallel statistical property. (Note
however, that this is only the case for matrices. For commuting scalar random variables (or random

matrices with n = 1), equation does reduce to equation |1.81]).

An equivalent (and simpler) condition to equation is that all centered joint moments vanish

(RN QURMQE..RF~Q~) =0 (1.98)

where {k;} and {l;} are arbitrary sequences of non-negative integers and the centered matrix is

defined as

M=M - (M). (1.99)

This definition allows us to draw analogy back to equation [[:81] which we can rewrite as

<Tk?> = 0 (1.100)
(r g iR gl R gl) = 0 (1.101)
using the commutativity of r and ¢ with
ko= > ki (1.102)
i=1
I = Yl (1.103)
i=1



In classical probability, we viewed independence of classical variables as a shuffling operation
(equation [1.82)). The free probability equivalent is a random rotation of eigenvectors. Given a

diagonal matrix of eigenvalues sampled from R,

AR

R
AR

AR , (1.104)

R
AR

and a similar object for Q, A(Q), the eigenvalues sampled from their sum are given by

VARTQ YT = AR) L UAQUT = UARIUT 4+ AQ = uA® Ut 4 UAQ@ (U')'. (1.105)

U is a random unitary matrix of Haar measure [63], the equivalent of a uniform distribution for
unitary matrices. V is also a unitary matrix, indicating that VABTQVT must be diagonalized to
sample the eigenvalues of R + Q. Because equality is meant in a statistical sense, V is also of Haar
measure. If we assume that our random matrices are Hermitian, as is often the case in quantum

mechanics,

V(R+Q) Vi =R +UQU! = URU' + Q = URU' + U'Q (U, (1.106)
where we have used the fact that Hermitian matrices are diagonalized by unitary transformations
and that the sum of Hermitian matrices is Hermitian.
1.2.1.4 The R transform

In classical probability, the convolution allowed us to find the p.d.f. of the sum of two independent

random variables (equation [1.83). In free probability, the free convolution serves the same purpose

PR+Q ()\) = DR (/\) EEpQ ()\) . (1.107)

Unlike the (classical) convolution, the free convolution does not have a pithy form. Instead, we
define it implicitly via the R transform, which is analogous to the log-Fourier transform of equation

We define it in two steps. First, we compute the Cauchy transform of the p.d.f. [340, [234]

Gr (w) = tm [ 22O

———dA. 1.1
e—0t w— \— 1€ dA ( 08)

In the same way that the Fourier transform of the p.d.f. is the moment-generating function of

classical probability, the Cauchy transform is a moment-generating function for free probability [28§]
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1
Gr (w) = Z (R pE (1.109)
m=0

Second, we invert the Cauchy transform to get the R transform

Rg (w) = Gg' (w). (1.110)

The R transform is the free analogy of the log-Fourier transform (equation [1.89) in that the R

transforms of free random matrices add

Rryq (w) = Re (w) + Ra (w) —% (1.111)

where the last term ensures normalization. As with the log-Fourier transform for cumulants, the R

transform is the generating function of the “free cumulants”

Rp (w) =Y x{Pw'! (1.112)

which add for free random matrices like the cumulants do for independent random variables.
Finally, we can recover the p.d.f. by inverting Rr+q and by noting that the Cauchy transform

is an anti-involution [328]
G 1 (G(w)) = —1. (1.113)

1.2.2 Schmidt decomposition (chapters [5 and [6)

In this section, we introduce the Schmidt decomposition [250], a tool for decomposing wavefunctions.
We begin with a Hilbert space, H, of dimension d and a wavefunction |¥) that exists in that Hilbert

space. We can partition this Hilbert space into two smaller Hilbert spaces

W= H,oHp (1.114)

where we choose the dimension of H 4, da, to be smaller than that of Hg. H4 and Hp are spanned
by sets of states {|a;)} and {|b;)}, which we will choose to be orthonormal. We can write |¥) in

terms of these states

da dp

W) =3 > Xijlas) @ [by) (1.115)

i=1 j=1
where X is a (generally rectangular) matrix of overlaps between |¥) and the basis states of our

Hilbert spaces
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Xij = ((ai] @ (bj]) |¥) . (1.116)

X can be rewritten using the singular value decomposition (SVD) [140]

X =UoV'! (1.117)

where U is a dg X da orthogonal matrix, o is a da X ds diagonal matrix, and VTisads xdgp

matrix with orthogonal rows. The matrix multiplication can be expanded as a sum

da
Xij =Y UnowVy; (1.118)
k=1

where we have used the fact that o is diagonal.

Rewriting equation [I.115]

da dp da

2) =D Unor Vi i) @ [by) (1.119)

i=1 j=1 k=1

and defining

da
lag) = ZUik\ai>
i=1

dp
Be) = D Viilb), (1.120)
j=1
we find the Schmidt decomposition
da
B) =" own o) @ |Br) - (1.121)
k=1

This remarkable result shows that the wavefunction be represented using d 4 states of H 4 and only
d 4 corresponding states of H . In other words, we have described the wavefunction with a set {|ay)}
that spans H4 and a set of {|Sx)} that spans only a d4-dimensional subspace of Hp. The oy are
called “entanglements” and relate to the coherence of |ay) and |Bx). They take values between
0 and 1. The total entanglement of the wavefunction in H 4 to that in Hp is the “entanglement

entropy” [156],

da
SG :fZJkklnakk. (1122)
k=1
We can also bring operators into this reduced subspace. Given an operator, O, in H, its Schmidt-
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reduced form O 45 is the result of projecting it into our reduced Hilbert space

da da da da

Oap =335 3 (law) ®182) (o] @ (8;1) O (lew) © B1)) ({ou| @ (Bul) (1.123)

i=1 j=1k=1l=1

This operation maintains expectation values

(U|O[¥) = (¥|Oap V). (1.124)

(It is convenient to evaluate the right-hand side using the Schmidt decomposition of |¥) from equa-

tion [1.121)).

1.2.2.1 Schmidt decomposition of product wavefunctions

In the special case of product wavefunctions, the Schmidt decomposition is even more compact.
For this section, we focus on the Hartree-Fock wavefunction of Section [[.1.1.3] but these ideas are
generalized in Section [5.6] to the Hartree-Fock-Bogoliubov and Antisymmetrized Geminal Product
wavefunctions which will be introduced in the next section.

The Hilbert space of Hartree-Fock is the N-electron Fock space, composed of products of orbitals.

As in equation [[.114] we partition our Fock space

F=Fa® Fa (1.125)

with d4 < dp.

To reach the most compact decomposition of a Hartree-Fock wavefunction, we use a different
procedure than the previous section, following reference [I74]. Our goal is to replace the many-body
states of equation with single-body orbitals. We begin with a wavefunction |¥gpr) and a

projector onto the orbitals that span Fju, PA. | ) is a product of N molecular orbitals

N
e = [ al - (1.126)

p=1

Define the N x N overlap of |Ugp) with Fu as

Mpy = (JapPady|) . (1.127)

This matrix is Hermitian and can be diagonalized by a unitary transformation

M = TOT'.
Because PA has rank d4, M has d4 non-zero eigenvalues (assuming d4 < N). Because T is unitary

44



and the Hartree-Fock wavefunction is invariant under unitary rotations, we can represent |¥ g r) in

a rotation of the molecular orbitals by T

N

XLo= ) T (1.128)
p=1
N

Wur) = XD (1.129)
=1

These orbitals partition into two types. The first are those that come from eigenvectors of V
corresponding to zero eigenvalues. These orbitals have no density in F4 and are called “environment”

orbitals. Separating them out gives

da N—da
|Upr) = (HM) < H ﬁf) ). (1.130)

where the {AT} correspond to these environment. Their compliment, the {ﬁT}, can be partitioned

[ [

into their components in F4, «, and in Fg,

|Urr) = (ﬁ [ Osdl +/1— Oii@D ( HA &j) ). (1.131)

Rewriting this expression in the notation of equation [1.121| [364], we see

da
(Wup) =) Olas) @ |B;) @ |core) (1.132)
i=1
where
o) = afl)
8 = Bl)

N—da
|core) = ( ﬁf) -
i=1

Instead of the many-body states of the Schmidt-decomposition, this equation partitions the
Hartree-Fock state into d4 interacting orbitals on the A and B subspaces and N — d4 environment
orbitals in subspace B. We can project operators into this subspace. Specifically, we will project the
Hamiltonian. Because our subspace is defined by orbitals, this amounts to just an orbital rotation

of the integrals

45



2d A 2d A
(HAB)Z'J' = Z (hij + hco’re) 7A'Z-T7A'j + Z ‘/;j;gﬁ';f;ﬁfk (1.133)

ij=1 ijkl=1

where

{7} ={alju s} (1.134)

h and V are the one- and two-electron integrals rotated into the basis of the {%Z-T}. Flcm-e is the
frozen-core [147, [280] contribution of the environment orbitals, also rotated into this basis. The

unrotated form is given by

N
(hcore)pq - Z ‘/;)rqs Z TmTJS. (1135)

pqrs a=da+1

1.2.3 Broken symmetry mean fields (chapter |5))

The difference between the Hartree-Fock (section energy and the exact energy is called
“correlation”. In Hartree-Fock, each electron moves in the average potential of the other electrons,
and thus correlations between electron motions are lost. Correlation is divided into two types,
reflecting the two main shortcomings of Hartree-Fock. Dynamical correlation is the process we
just described: electrons repel each other instantaneously. When two electrons meet, they reduce
their interaction energy by pushing each other away. Static correlation arises when there are near
degeneracies in the Hartree-Fock ground state. The Hartree-Fock approximation assumes that the
ground state is primarily described by a single Slater determinant. When static correlation is present,
the correct wavefunction will have significant contributions from more than one determinant.

In this section, we introduce two wavefunctions that address this second kind of correlation.
They both have mean-field-like cost (O (n3 log n) at most), but are not competitive for solving real

chemical problems. In Chapter [5} we use these wavefunctions as an embedding bath.

1.2.3.1 Hartree-Fock-Bogoliubov

Hartree-Fock-Bogoliubov (HFB) is a generalization of Hartree-Fock, formulated to describe nuclear
structure and superconductivity [272]. It begins with the Hartree-Fock Slater determinant and then
adds quasi-particle operators that represent low-lying excitations of the Hartree-Fock determinant.
By mixing in low-lying (possibly near-degenerate) determinants, HFB attempts to patch up the

static correlation problem in Hartree-Fock.

The quasi-particles are defined through their second quantization operators
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Z (UméL + Vméu)

u
b= D (Unitu+Vic)) (1.136)
I

where U and V are parameters of the HFB wavefunction akin to the coefficient matrix, C, of the
Hartree-Fock wavefunction. For later convenience, these parameters can be gathered into a single
matrix
B ut vt ¢ ¢
T = =wf . (1.137)
At vl uT éf éf
(The unsubscripted operators stand in for a vector of N quasiparticle or electron second quantization
operators.)

HFB is a mean-field quasi-particle product wavefunction

N
Crrp) =[5 1) (1.138)

Notice that this is analogous to the Hartree-Fock wavefunction (equation|1.25)), but we have replaced
T

the electron creation operators ¢; with the quasiparticle annihilation operators Bl (This seemingly

counterintuitive choice is made so that the ground state wavefunction is the vacuum with respect to

quasiparticles

BilUupp) =0  Vie€ll,N] (1.139)

This condition also sets the limit of the product to N quasiparticles corresponding to N electrons.)

Like electrons, the quasi-particles are chosen to be fermions,

i Aj} = 0y (1.140)
{/iy Aj} =0 (1.141)
i j} = 0. (1.142)

This choice imposes a constraint on the parameters of the wavefunction most easily expressed by

requiring W to be unitary

WiIw = 1. (1.143)
To understand the structure of the HFB wavefunction, we can examine its analog of the Hartree-
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Fock density matrix. First, we note that the Hartree-Fock density matrix can be written as

1y 0
p=c| " cf (1.144)
0 0

where 1y is an N X N identity matrix representing unity occupation of the occupied molecular

orbitals. The HFB equivalent is given by

0 0 P K
R=W Wi = (1.145)
0 1y -K* 1-P*

where 1y is now in the bottom-right corner due to the choice to use quasi-particle annihilation

operators in place of electron creation operators (equation |1.138)). Using equations |1.136| and [1.137
and noting that

Ry = (¢4 [Yurp) (Yurslel ), (1.146)
we find

Puw = (Yurplehé,|Vurs) (1.147)

Ky = (Yurp|ty|Yurp)- (1.148)

P is thus analogous to the density matrix from Hartree-Fock. But, we notice that it is not idempotent

PP - P = —KK' (1.149)

where we have used the fact that R is idempotent by construction. In fact, P can assume any struc-

ture. We will use this fact in Chapter [5| to match similar wavefunctions to the exact wavefunction.

K is called the “pairing matrix” and represents pair correlation of electrons. It contains the new
physics of HFB; when K = 0, the wavefunction reduces to Hartree-Fock. The presence of K also
exposes an approximation of HFB (as applied to molecules): the HFB state is not an eigenstate
of the electron number operator. In other words, the HFB wavefunction describes a fluctuating
number of electrons. In order to make physical sense of such a state, the HFB wavefunctions is

usually constrained to have the correct number of electrons on average

(Uyupp| N |[Vppp) = TiP = N,. (1.150)

Using the definitions in equations [I.21] and the energy of an HFB state is given by
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<‘1]HFB| H |\IJHFB> = Z huupuu + 5 Z (V,u/\ua - V,u,)\ol/) PHVP)\O' +

v 2N

1
1 Z (V;Lu)\a - V,U,VG‘)\) KZVKAJ~ (1151)

2N

To variationally optimize the HFB state, we minimize the Lagrangian

L[R] = (Vpupp|H|[Vyrp) — A (TP — N) (1.152)

where the second term enforces equation [I.150] using Lagrange multiplier A. This results in a self-

consistency equation for HFB theory

e O
GursW =W (1.153)
0 —e
where
F A
Gurp = e : (1.154)
A Firp
Fyrp is analogous to the Fock matrix (equation [1.30)
1
(Furn) = huw + 5 > (Virwo = Virow) Pao + Ao (1.155)
Ao

A contains the mean-field description of the pairing interaction

1
A =7 > Viwre = Viwor) K- (1.156)
Ao

The HFB wavefunction has two issues that make it unattractive for electronic structure. The
first is the aforementioned number symmetry breaking, which we have patched by constraining the
wavefunction to have the correct number of electrons on average (equation . The second
problem is that the pairing interaction always increases the energy for repulsive interactions [16].
Thus, for the molecular Hamiltonian (equation 7 minimizing the HFB energy results in the
Hartree-Fock wavefunction. One approach to this problem is to switch the sign of the pairing

energy [307].
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1.2.3.2 Antisymmetrized geminal product

Hartree-Fock(-Bogoliubov) is based on an approximate wavefunction that is a product of one-electron
(one-quasiparticle) functions. Observing that (in chemistry) electrons tend to pair up and that the
interactions are pairwise, we build a wavefunction ansatz that is a product of two-electron functions.

These functions, called geminals, take the form

gl => cheel (1.157)
nv

where we use the overbar, -, to denote that ; and v are restricted to opposite spins. We can create

a product of these geminals

N/2
Warc) =[] a1, (1.158)
=1

called the Antisymmetrized Product of Geminals (APG) wavefunction [211]. Because each geminal
contains 2 electrons, this product of N/2 geminals contains N electrons. If desired, we can handle

the case of an odd number of electrons by tacking on an orbital for the unpaired electron

N/2
odd ~ ~
wre)y =at T ol (1.159)

i=1
This APG wavefunction is highly accurate [236] 298], but is also exponentially expensive to varia-
tionally optimize.

To combat this scaling, many subsets of the APG wavefunctions have been formulated [I51], 187,
188 150, [316]. We will focus on the Antisymmetrized Geminal Power (AGP) wavefunction [60, 61].
In Hartree-Fock, the orbitals are required to be different because each single-electron orbital is a
fermion. Two-electron geminals, however, are bosons. Thus, we can build a wavefunction out of the

same geminal repeated N/2 times

|Vagp) = (QT)N/2 ). (1.160)

The AGP wavefunction has a number of attractive properties. Unlike HFB, it is an eigenstate
of the number operator. It treats static correlation by implicitly including a Slater determinant and
all of its even excitations [39]. Thus, it contains all low-level excitations, patching Hartree-Fock’s
static correlation problem. In addition, it can have any density matrix. In principle, this means
that it has the flexibility to match the density matrix of the exact wavefunction. (Such flexibility is
not available in Hartree-Fock.)

However, AGP comes with a number of drawbacks. First, the coefficients of its excitations are

not variationally optimized, but are rather fixed by the geminal coefficient matrix C. Second, like
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any truncated configuration interaction, AGP is not size-consistent. In fact, its energy reduces to

that of HFB in the limit of large N [216], [62].

1.2.3.3 AGP as number-projected HFB

When discussing HFB, we constrained the wavefunction to have the correct number of electrons on
average. Another approach to HFB’s number asymmetry problem is to project it onto the eigenstate
of the number operator corresponding to the desired number of electrons. As we will see later, this

turns out to be equivalent to the AGP wavefunction

Wagp) = Py |Uirs). (1.161)

Py is a projection operator that zeros out components of the wavefunction without N electrons.

This projection operator can be written as an integral [272]

Py [Uppp) = % /O% exp [z (N - N) 9} U pp) db. (1.162)

To understand this projector, we expand ¥y pp) in a basis on number eigenstates

[Yprp) = Z e | @)
M=0
N|®y) = M|®y). (1.163)
Then, the integral becomes
. 1 2m
Py |Wnrpp) == > |c1>M>/ exp[i (M — N) 6] df. (1.164)
21 M=0 0

When M = N, the exponential is 1 and the integral evaluates to 2w. Otherwise, the exponential is
oscillatory and integrates to zero around the unit circle.
To evaluate the integral in practice, we operate the number operator on the HFB wavefunction

to generate a new HFB wavefunction

Wprp (0)) = exp {iNG} Wprn) . (1.165)

If Wy pp) is described by parameter matrix W, then the parameter matrix of |V gy rp (6)), W (0),
is [294, 289

) ef1 0 U (e*wV) *
W (0) = exp [{NO] W = , W= . N (1.166)
0 e7¥1 e~V (ewU)



The integral [L.162] can be evaluated by quadrature

Wacp) = Pn |Vypp) = Zwi Verg (0:)) - (1.167)

The AGP wavefunction is then just a sum of HFB determinants. Because the integral is one-

dimensional and periodic, this quadrature should scale as O (log N).

In general, we will want to evaluate matrix elements for AGP wavefunctions. For example, the

energy expectation

(U acp| H|Pacp)

1.168
(Yacp |Yacp) ( )

Eagp =

Using equation this becomes

> wiw; (Yapp (0:) H | Vipp (6;))
> wiw (Yurp (0:) [Yurs (05))

Eacp = (1.169)

Thus, we see that matrix elements between AGP wavefunctions can be evaluated as matrix elements

between HFB wavefunctions.

To evaluate such matrix elements, we introduce the Thouless form of the HFB wavefunction [320]

|VprB) = exp

> Z*é] ) (1.170)

ji24
where Z parameterizes the wavefunction and is related to our previous representation by
Z=V* (U ", (1.171)

For purposes of number projection,

Z(0) = (e V)" {(ewU)*} T g, (1.172)

In this form, we can see why HFB does not conserve number. Expanding the exponential in a Taylor

series, and noting that Z;w Z,WéLéT7 = g}{FB is a geminal, equation [1.170f becomes

-I— ]. 1. 2 ]_ 1_ 3
U prp) = 1+gHFB+§<gHFB) +§(gHFB) +..D. (1.173)

So, Hartree-Fock-Bogoliubov is a sum of AGP wavefunctions corresponding to the same geminal,

but different numbers of electrons. (Looking back, this also justifies equation [1.172] which can in

turn be used to prove equation [1.166|) Expanding |V yrp (6)) exposes how exp [’LN 9} marks each

AGP wavefunction with its number of particles
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7 1 7 2 1 7 3
Wurp (0)) = {1 +é? GQLFB + 3 ( 2 agHFB) + 31 ( 2 QQLFB) + .. } 1)
% 1 7 2 1 % 3
— {1+e2 GgLFB—Fie‘w (QLFB) +§669 (g}{FB> +} 1) (1.174)

which then maps onto our expansion in number eigenstates, equation|1.163|(where the AGP functions

are the number eigenstates).

The overlap between two HFB states,

S%B> and ‘\I/SL%B» described by Z; and Z; is given
by the Onishi theorem [244]

<‘I’§T}FB “I’HFB> = Pf[l — Z1Z,] (1.175)

where Pf is the Pfaffian [218], a generalization of the determinant. Unlike the determinant, the
Pfaffian can be computationally tricky [241}, [105]. Hamiltonian matrix elements between HFB states

can be evaluated through a generalization of equation [1.151| [272]

1 2 2
<‘I’(1) ’\11(2) > . pAve = FpAov) Sy S e
HFB HFB 224 /,LV}\O’

n Z ;uz)\a - HVO')\) (K;(,,}/Q))* KS,I)- (1.176)

uuko

where the density and pairing matrices have been replaced by the transition density and transition

pairing matrices

* —1 *
pPey _— _z@ (1_(Z<1>) Z(2)) (z(l))
1

Ke) — 7@ (1 _ (Z(n)* Z<2))7

(K(”))* - (1—(z<1>)*z(2>)71 (z<1>)*. (1.177)

Finally, there is some question about variation with a projected wavefunction. Naively, we might
variationally optimize the HFB wavefunction, and then number-project it to find the corresponding
AGP wavefunction. But, in this projection after variation (PAV) framework, we find that the AGP
state is just the Hartree-Fock state; the HFB state reduces to Hartree-Fock before projection, and

Hartree-Fock is an eigenstate of the number operator.

The alternative option is variation after projection (VAP) [276]. For AGP, we vary
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Ear 2] = (Virp (Z)| PN HPY (Y urp (Z)) _ (Yars (Z)| HPy [Vars (Z)) (1.178)

(Yyrp (Z)| PL Py [ Yyrs (Z)) (Yypp (Z)| Py [Yurs (Z))

In the denominator, we have used the fact that projectors are Hermitian and idempotent. In the
numerator, we have additionally used the fact that the Hamiltonian commutes with the number
projector because it conserves total electron number. This method results in the true variational

AGP state.

1.2.4 Semi-empirical molecular orbital theory (chapter 7|

The previous section covered extensions to Hartree-Fock that add new physics at little additional
cost. In this section, we move in the other direction; we remove physics from Hartree-Fock in order
to significantly reduce its cost.

We explore the class of so-called semi-empirical molecular orbital theories. All of these meth-
ods proceed by making cheap approximations to Hartree-Fock with free parameters, and then fit-
ting these parameters to recover accuracy. The first among these methods, CNDO, INDO, and
NDDO [262, 263, 264, 261], fit their parameters to Hartree-Fock results. The next generation, in-
cluding AM1 [78], PM3 ,|310] and PM6 [311], instead fit to experimental data. Finally, there is a class
of methods parameterized for excited states which includes ZINDO [373] and SINDO [228|, 161}, 162].

In this section, we focus on PM6. PM6 begins with the three Neglect of Diatomic Differential
Overlap (NDDO) approximations [262]. To understand the first approximation, we note that the

basis functions chosen to represent the wavefunction overlap in general

(|éuel]) = Sy (1.179)

where p and v are basis functions and S is dubbed the “overlap matrix”. In this general case, equation

becomes

FC = SCe. (1.180)

Solving this self-consistency equation is more expensive. NDDO approximates it away by setting

S~1 (1.181)

for purposes of the self-consistency equation. For standard atomic orbital basis sets, this is equivalent
to saying that basis functions on different atoms do not overlap. (Basis functions on the same atom
are already mutually orthogonal.)

Second, NDDO approximates the one-electron integrals between different atoms by
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Py = ﬁf;)msw (1.182)

where A and B are the atoms on which basis functions y and v are centered, and 3, is a parameter.
S, s the actual overlap of basis functions p and v (equation [1.179)); the approximation that the
basis is orthogonal (equation [1.181]) only applies to the self-consistency equation. In PM6, Sap is

further approximated as additive

A B
o B0 57

Bl 5 (1.183)

In this expression, p and v index only whether the basis function is s- or p-type (i.e. each atom A
(A)

has two parameters: 5§A) and £;77).
The one electron integrals involving only a single basis function are parameterized. For basis

function g on atom A,

M
hu = UM + > v, (1.184)
B#A

Again, there are two U, per atom type: U, and U,. The second term is the potential energy
experienced by an electron in orbital u on atom A due to all of the other nuclei in the system B.

This term is not a parameter, but is instead calculated at run-time.

Until this point, the basis functions did not need to actually exist because all integrals involving
them were replaced by parameters. However, S and V' (in equations [1.182 and [1.184)) require that
the basis actually have orbitals. The basis is composed of Slater-type orbitals [300] of the form

(;SELA) (r,0,v) = Nr™ Lexp [—Cl(LA)r] Y™ (0,7) (1.185)

where A is the atom on which ¢ is centered, p can take values of s and p, N is the normalization
constant, n, [, and m are principle quantum numbers, Y is the spherical harmonic, and Q(LA) is, of

course, a parameter.

Third, NDDO throws away all two electron integrals that involve basis functions on more than
two atoms. in PM6, main row elements are represented by a minimal set of three basis functions,
named s, p, p’, where the first is s-type and the latter two are p-type [78]. Two-electron integrals
involving basis functions that are all on the same atom are replaced by five parameters. Each of

these parameters corresponds to a one-center two-electron integral,
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G~ Visas
Gg;‘) ~ Vispp
Gg(a?) =~ Voppp
G;’;‘) ~  Vopp'p'
HGY & Vipsp. (1.186)

Each atom type A present in the system has its own values for these five parameters. Two-center
two electron integrals between atoms A and B by a combination of the appropriate G parameters
and the interatomic distance R4p. These formulae, derived from a multipole approximation, are
presented in reference [77].

Finally, PM6 introduces a force-field-like core-core repulsion between each pair of atoms [311]

Ep(Rap, A, B) = ZWZBW 0 1) o) (1 + 2AB) exp [—a(AB) (Rap + o.ooongB)D .
(1.187)
Z@A and Z(B) are the numbers of valence electrons on atoms A and B. z4B) and o(4B) are
diatomic parameters for each unique pair of atoms. The last term in the exponential is a small
dispersion correction.
PM6 also adds d-type functions on some atoms. Myriad other approximations are added for

special cases where PM6 would otherwise perform poorly. They are detailed in reference [311].

1.3 Structure of this thesis

As with this chapter, the remainder of this thesis partitions into two broad categories: application
of existing methods to experimental systems and efforts toward development of new methods. The
former is covered in Chapter 2] The latter spans Chapters [3] through [7}

At the end of the day, the purpose of any theory is to explain and predict natural phenomena.
Chapter [2] presents three applications of standard computational methods from Section [I.I] to help
explain novel experimental results. We begin in Section [2.1| examining a protein labelling reaction.
We employ classical molecular dynamics to study the structural landscape of a short peptide, and
then examine reactions of this peptide with a fluoroaromatic ligand using density functional theory.
In Section we explore electronic process in organic semiconductors. Specifically, we look at
exciplex-based organic light-emitting diodes in Section and a crystalline organic photovoltaic

cell in Section 2:2.2] We finish in Section [2.3] by discussing similar experimental systems that
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are challenging for standard methods, motivating future method development in the following five

chapters.

We then shift our focus to methods development. In Section [2.2.2] we will consider a completely
ordered organic-organic interface. Central to our model will be a single lattice Hamiltonian whose
eigenstates and energies completely describe the experiment. However, this ordered interface is rare:
the vast majority of organic molecular solids and organic-organic heterojunctions are disordered. In
such a case, we require a Hamiltonian for each sample of the disordered system’s configurations.
Then, this collection of Hamiltonians would together model the disordered system of interest. To
distill this information, such a collection can be viewed as a set of samples of a matrix with random
elements. The mathematical field of Random Matrix Theory (RMT) concerns itself with such
matrices. In Chapters [3|and [4] we employ a tool from RMT, free probability, to understand simple

random matrix models of disordered materials, focusing on the Anderson model [10].

In Chapter [3] we explore application of RMT to the one-dimensional Anderson model. Theoreti-
cal studies of localization, anomalous diffusion and ergodicity breaking require solving the electronic
structure of disordered systems. We use free probability to approximate the ensemble-averaged den-
sity of states without exact diagonalization. We present an error analysis that quantifies the accuracy
using a generalized moment expansion, allowing us to distinguish between different approximations.
We identify an approximation that is accurate to the eighth moment across all noise strengths, and

contrast this with the perturbation theory and isotropic entanglement theory.

In Chapter 4] we investigate how free probability allows us to approximate the density of states
in tight binding models of disordered electronic systems. Extending our previous studies of the An-
derson model in one dimension with nearest-neighbor interactions (Chapter [3| and Reference [54]),
we find that free probability continues to provide accurate approximations for systems with con-
stant interactions on two- and three-dimensional lattices or with next-nearest-neighbor interactions,
with the results being visually indistinguishable from the numerically exact solution. For systems
with disordered interactions, we observe a small but visible degradation of the approximation. To
explain this behavior of the free approximation, we develop and apply an asymptotic error analysis
scheme to show that the approximation is accurate to the eighth moment in the density of states for
systems with constant interactions, but is only accurate to sixth order for systems with disordered
interactions. The error analysis also allows us to calculate asymptotic corrections to the density of
states, allowing for systematically improvable approximations as well as insight into the sources of
error without requiring a direct comparison to an exact solution.

Random Matrix Theory provides tools to study the electronic structure of systems where global
properties of the entire system are important. Often in chemistry, only a small subset of a system
is directly of interest. For example, active sites of enzymes are of great interest for understanding

catalysis, but the remainder of the protein is only important inasmuch as it supports the active site.
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When simulating such a system, we would prefer to only perform expensive electronic structure
calculations on the subsystem of interest. Embedding theories promise this: they partition the
system into a fragment of interest, which is treated at a high level, and a remaining “bath”, which
is treated at a low level. Furthermore, a sufficiently accurate and internally-consistent embedding
theory can be used in a fragment embedding paradigm. Taking a divide-and-conquer approach, the
whole system is completely partitioned into a set of fragments (with associated baths), high level
calculations are performed on each fragment, and the final wavefunction is stitched together from
its constituent fragments. In Chapters [5] and [6] we develop embedding methods. First, we build
on a previously existing theory: Density Matrix Embedding Theory [175 [I76]. Second, we exploit

properties of fragment embedding to develop improved internal-consistency conditions.

In Chapter [5] we examine and expand upon one such embedding theory. Density matrix embed-
ding theory (DMET) has emerged as a powerful tool for performing wave function-in-wave function
embedding for strongly correlated systems. In traditional DMET, an accurate calculation is per-
formed on a small impurity embedded in a mean field bath. Here, we extend the original DMET
equations to account for correlation in the bath via an antisymmetrized geminal power (AGP) wave
function. The resulting formalism has a number of advantages. First, it allows one to properly treat
the weak correlation limit of independent pairs, which DMET is unable to do with a mean-field bath.
Second, it associates a size extensive correlation energy with a given density matrix (for the models
tested), which AGP by itself is incapable of providing. Third, it provides a reasonable description of
charge redistribution in strongly correlated but non-periodic systems. Thus, AGP-DMET appears
to be a good starting point for describing electron correlation in molecules, which are aperiodic and

possess both strong and weak electron correlation.

Strong correlation poses a difficult problem for electronic structure theory, with computational
cost scaling quickly with system size. Fragment embedding is an attractive approach to this problem.
By dividing a large complicated system into smaller manageable fragments "embedded" in an ap-
proximate description of the rest of the system, we can hope to ameliorate the steep cost of correlated
calculations. While appealing, these methods often converge slowly with fragment size because of
small errors at the boundary between fragment and bath. In Chapter, [6] we describe a new electronic
embedding method, dubbed "Bootstrap Embedding," a self-consistent wavefunction-in-wavefunction
embedding theory that uses overlapping fragments to improve the description of fragment edges. We
apply this method to the one dimensional Hubbard model and a translationally-asymmetric variant,
and find that it performs very well for energies and populations. We find Bootstrap Embedding
converges rapidly with embedded fragment size, overcoming the surface-area-to-volume-ratio error
typical of many embedding methods. We anticipate that this method may find lead to a low-scaling,

high accuracy treatment of electron correlation in large molecular systems.

Chapters [3] through [6] consider relatively homogenous systems. Chapter [7] by contrast considers
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a common situation in chemistry: solvation. As with Chapters [3] and [ a solution is a disordered
system; the liquid solvent adopts many configurations and each influences the solute in a different
way. To model this disorder, we explicitly sample solvent configurations. This necessitates compu-
tationally inexpensive methods for treating large numbers of solvent molecules. It also calls back to
the embedding of Chapters [5] and [f] The solvent is a bath for the solute; as before, we care about
the details of the solute and would prefer to treat the solvent as cheaply as possible. These consid-
erations usually lead to treatment of the solvent at the molecular mechanics level. In Chapter [7]
we develop a hybrid electronic structure/molecular mechanics method for liquid water, the so-called
“universal solvent”.

Water is an extremely important liquid for chemistry and the search for more accurate force fields
for liquid water continues unabated. Neglect of diatomic differential overlap (NDDO) molecular or-
bital methods provide and intriguing generalization of classical force fields in this regard because they
can account both for bond breaking and electronic polarization of molecules. However, we show that
most standard NDDO methods fail for water because they give an incorrect description of hydrogen
bonding, water’s key structural feature. Using force matching, we design a reparameterized NDDO
model and find that it qualitatively reproduces the experimental radial distribution function of wa-
ter, as well as various monomer, dimer, and bulk properties that PM6 does not. This suggests that
the apparent limitations of NDDO models are primarily due to poor parameterization and not to the
NDDO approximations themselves. Finally, we identify the physical parameters that most influence
the condensed phase properties. These results help to elucidate the chemistry that a semiempirical
molecular orbital picture of water must capture. We conclude that properly parameterized NDDO
models could be useful for simulations that require electronically detailed explicit solvent, including
the calculation of redox potentials and simulation of charge transfer and photochemistry.

In Chapter, 8] we propose some future directions for the work presented in this thesis.
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Chapter 2

Some applications to experiment

At the end of the day, the purpose of any theory is to explain and predict natural phenomena. This
chapter presents three applications of standard computational methods from section to help
explain novel experimental results. We begin in section [2.1] examining a protein labelling reaction.
We employ classical molecular dynamics to study the structural landscape of a short peptide. We
then examine reactions of this peptide with a fluoroaromatic ligand using density functional theory.
In section we explore electronic process in organic semiconductors. Specifically, we look at
exciplex-based organic light-emitting diodes in subsection and a crystalline organic photovoltaic
cell in subsection We finish in section by discussing similar experimental systems that
pose a challenge for standard methods, motivating future method development in the following five

chapters.

2.1 w-clamp mediated site-specific cysteine conjugation

Recent experimental results [374] reveal an exciting chemistry that allows for site-specific modifi-
cations of proteins. Surrounded by a particular four amino acid sequence (FCPF), cysteine can be
selectively arylated. In this section, we employ standard computational tools to understand this
selectivity. First, we explore the configurational space of an experimentally-proven ten amino acid
peptide containing the FCPF sequence using molecular dynamics. Taking relevant structures from
this simulation, we compute — as proxies for the reaction rate — reaction energies and barriers
for the arylation reaction using non-local density functional theory. In its most reactive form, the
FCPF block of the peptide adopts a “m-clamp” geometry in which the phenylalanine rings surround
and activate the cysteine sulfur for nucleophilic aromatic substitution. In the transition state and
product, these phenylalanines also stack with the fluoroaromatic ligand, stabilizing it. We compare
to a non-reactive control peptide (GCPG) and find that FCPF has a 5 kcal/mol lower reaction

energy and a 3 kcal/mol lower reaction barrier, in agreement with experimental results.
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Further experimental studies sought to accelerate the arylation reaction by mutating the pheny-
lalanine residues to non-natural amino acids and by adding salts to the reaction mixture. To reduce
computational and conceptual complexity, we employ a simple model of the chemistry. At the den-
sity functional theory level, we examine binding of the ligand to the side chains of the various mutant
amino acids tested in experiment. We model added salts by directly incorporating an ion into the
binding complex. We then construct linear free energy relations to correlate these binding events
with experimental rates and find good agreement across many classes of side chains. These results
show that dispersive interactions are predictive of rate, and that m-7 stacking is not required, as was

previously thought.

2.1.1 Introduction

Site-selective functionalization of proteins [48] 123} 267} [305] is important for studying protein struc-
ture and function [334], as well as an approach to drug delivery [315]. Previous methods fall into two
main categories. In orthogonal chemistries [30T, [6], a protein is prepared with only a single reactive
residue for a specific ligand. All other residues must be unreactive with this ligand. In catalyst
recognition [194] (56| [302] 25T 358 253], a specific catalyst must recognize the desired reactive site.

Both of the methods impose constraints on which proteins can be selectively conjugated.

In nature, proteins adopt confirmations that promote specific reactivity at an active residue while
suppressing reactivity at similar residues in other parts of the protein. Inspired by this, work was
carried out to identify amino acid sequences that would selectively bind a particular ligand at a
specific cysteine residue, leaving other cysteines unchanged [374]. It was found (Figure that the
peptide sequence FCPF (1E) (phenylalanine, cysteine, proline, phenylalanine) was uniquely reactive
with a fluoroaromatic ligand (2) under standard biological conditions. Follow-up point-mutation
studies on each of the three amino acid residues surrounding the cysteine of interest (Figure
demonstrated that this specific sequence is necessary for the reaction to complete. Based on simple
molecular models of the FCPF sequence, it was hypothesized that the phenylalanine side chains
form a “m-clamp” around the cysteine sulfur. This clamp was proposed to serve a dual purpose:
first, to activate the sulfur for nucleophilic aromatic substitution; second, to stabilize the transition

state and product of the arylation reaction by 77 stacking with the fluoroaromatic ligand.

In order to understand the structure and reactivity of the n-clamp system, we employ a combined
molecular dynamics (MD) and electronic structure approach. First, MD is used to test whether the
reactive n-clamp complex forms under ambient conditions, as well as to generate candidate reactant
structures. These structures are then examined using density functional theory in order to calculate
both binding energies and reaction barriers for the addition of the fluoroaromatic ligand to the

cysteine residue.
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Figure 2-1: Site-specific conjugation at the m-clamp in the presence of another competing cysteine
peptide. m-Clamp peptide 1E was fully converted to the arylated product 2E while a competing
cysteine peptide 1A remained unmodified. (Reproduced with permission from reference [374].)
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Entry Peptide X4 X, X3 ky (M1 s71) Yield (%)

1 1A Gly Pro Gly NIA <1

2 1B Phe Pro Gly N/A <1

3 1C Gly Pro Phe 0.09 50

4 1D Phe D-Pro Phe 0.05 30

5 1E Phe Pro Phe 0.73 =39

Figure 2-2: Mutation studies show that Phe-1, Pro-3 and Phe-4 are required for the observed
reactivity. (Reproduced with permission from reference [374].)
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2.1.2 Molecular dynamics calculations of peptide structure

We perform molecular dynamics calculations on a model ten amino acid peptide originally found
to be reactive in experiment, FCPFGLLKNK (Figure 1E) with proline in its cis conformation.
These calculations first establish that the reactive n-clamp complex forms thermodynamically, and
then are used to generate candidate structures for study with density functional theory (DFT). In
addition, we simulate GCPGGLLKNK (Figure 1A) as an unreactive control.

Calculations were performed using the GROMACS 4.6.5 [I39] molecular dynamics package. The
peptide was described by the AMBER 2003 [84] force field. This force field was chosen because
it best reproduced the Ramachandran plot of cis-proline, a key structural feature in the n-clamp
sequence, when compared to CHARMM 2.7 [42], OPLS-AA [159] [167], and GROMOS96 45A3 [286].
In addition, it has been shown to be accurate for dispersive interactions between phenylalanine and
sulfur [142], 180], the main interaction in the n-clamp. The peptide was solvated in 3382 explicit
TIP3P [202] waters. Periodic boundary conditions were employed in a (4.3nm)® simulation box.
Simulations were performed in the NVT ensemble with temperature set to 300K and enforced by
the Nose-Hoover thermostat [238] [145]. Simulations were run for 500 ns with a time step of 2 fs. The
linear peptide (¢ = ¢ = 180°) was used as the initial configuration and equilibrated for a burn-in
period of 50 ns. For purposes of Figure 2-3] configurations were sampled at 10 ps intervals.

We choose PHE1-CYS2 and PHE4-CYS2 distances as order parameters. Specifically, we measure
the distance between the center of each PHE ring and the CYS sulfur atom. We choose these specific
order parameters because we expect the interaction of the PHE rings with the CYS sulfur to directly
mediate the reaction. The peptide adopts four primary forms under ambient conditions (Figure
3): a m-clamp structure with the PHE1 and PHE4 aromatic rings interacting face-on (S1) with the
CYS2 sulfur; a “half-clamp” structure where only the PHE4 ring interacts with said sulfur (S2); a
structure in which the PHE1 and PHE4 rings stack, leaving the CYS2 sulfur exposed to solution
(S3); and an open configuration where all three of these groups are too far apart to interact (S4).
MD simulation for FCPF... peptide (1E) with a trans-proline indicated two “open” structures with
the cysteine thiol not interacting with a PHE residue and one structure with only the PHE4 side
chain interacting with the CYS2 thiol.

2.1.3 Density functional calculations on the arylation reaction

With these MD structures in hand, we use density functional theory (DFT) to investigate the
nucleophilic aromatic substitution pathway for structures with a cis-proline. First, we compute
the reaction energy (BFE) with the peptide in each of the four aforementioned conformations. All
DFT computations were carried out using the Q-Chem 4.1 [291] software package. To reduce the

computational cost, we truncated the peptide sequence to the four active amino acids in the m-

64



Clamp (81) Half-clamp (S2)

Phed-sulfur distance (A)

Clamp
(51)

4 5 6 7 8 9 10
Phe-Phe face on (S3) Open (S4)

_n
. @ T
T
AG (kcal mol1)
+8

e v
l_F | Phel U ;:g \

E

F. F 7 \ —16.8
.‘;\.’H L
¢

FoF
COOH

F
HaN
v
Figure 2-3: Graphical summary of computational results for the FCPF and GCPG systems. (a)
On the left, heat map showing relative population of structural motifs found by MD simulation.
Distance from the two phenylalanine residues to the sulfur was chosen as an order parameter. On
the right, these motifs. (b) Left: schematic of the proposed mechanism for the peptide arylation
reaction, proceeding through a tetrahedral intermediate (III). Right: the FCPF peptide has a lower

reaction barrier and a lower overall reaction energy than the double glycine mutant. Geometries of
the FCPF reactant, transition state, and product are shown.
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clamp: FCPF. The binding energy (BE) was calculated as: BE = Eproquct + Enr — Epeptide —
Eperfiuoroaromatic- We extracted snapshots from MD simulations for different starting structures of
peptides in DFT calculations. For the product’s starting structure, we manually added the ligand

to the peptide.

In each case, four gas-phase geometry optimizations were performed on structures sampled
from the MD trajectory, using the B3LYP exchange-correlation functional [23] in the 6-31G* basis
set [I31I]. To account for n-n interactions, we also include Grimme’s DFT-D3 empirical dispersion
correction [IT9] for the optimization. Once a potential energy minimum was located, we refined
the energy by performing a single point energy calculation with the more accurate combination of
the rPW86 exchange functional [225], the PBE local correlation functional [256], and the VV10
non-local correlation functional [344] to accurately handle the long-range dispersions critical to the
n-1 interaction. For these calculations, we also employed the larger 6-31G** basis set [I85] and a
large non-local integration grid (Lebedev 75,302 [191]). We then calculated the binding energies in
both the gas phase and in water. We approximate the latter by the polarizable continuum model

(PCM) [67]. We used 302 PCM grid points and a dielectric of 78.39 (corresponding to that of water).

The binding energy results are shown in Table We found that the half-clamp structure (S2)
stabilized the arylation product by ~5 kcal/mol compared to the double glycine mutant, indicating
the important role of PHE4 in promoting the arylation reaction. This is consistent with mutation
studies showing that PHE4 alone can partially mediate the arylation reaction (Figure table row
3). The product generated from the open structure (S4) has a similar free energy to that of the
double glycine mutant, further substantiating the hypothesis that the two phenylalanine side chains
are important for the arylation reaction with perfluoroaryl groups. The most stable product was
observed with the m-clamp structure (S1), for which the free energy was ~7 kcal/mol lower than
that of the double glycine mutant. The energy and structure of this product are shown in Figure
2-3b.

We next compute reaction barriers for GCPG and clamp-structure FCPF. Transition state
searches were performed at the B3LYP/DFT-D3/6-31G* level of theory, using a Hessian eigenvector
following method [I7]. Following the TS search, we carried out a vibration frequency calculation
at the same level of theory to confirm the structure was a first-order saddle point. All single point
calculations were performed using the long-range corrected version (LC-VV10) of the method we
used previously for binding energy single-point calculations in both gas phase and PCM water.

The reaction barrier results are shown in Table [2:2] The activation energy for the formation of
the transition state (IIT in Figure 2-3p) was decreased by ~3 kcal/mol when the n-clamp (S1) was
present compared to the GCPG mutant, presumably because of the phenyl rings recognizing the
perfluoroaryl group and activating the cysteine sulfur before conjugation. Collectively, these DFT

calculations indicated that the m-clamp offers both a kinetic advantage (lower activation energy)
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Final Configuration —Gas Phase Energy (kcal/mol) PCM Energy (kcal/mol)

Clamp -12.97 -15.22
Clamp -12.60 -15.61
Clamp -17.22 -19.61
Clamp -13.20 -16.62
Average -14.00 -16.76
Half-Clamp 1 -11.89 -14.57
Half-Clamp 1 -11.80 -14.81
Half-Clamp 1 -11.32 -15.80
Average -11.67 -15.06
Half-Clamp 2 -9.41 -11.01
Half-Clamp 2 -12.27 -13.43
Half-Clamp 2 -11.06 -13.03
Average -10.91 -12.49
Open -7.16 -9.36
Open -5.69 -9.78
Average -6.43 -9.57
GCPG -6.83 -9.48

Table 2.1: Reaction energies for cysteine arylation in gas phase and in PCM implicit solvent. All
rows correspond to the FCPF system except for the last row which corresponds to GCPG.

Peptide  Gas Phase Barrier (kcal/mol) PCM Barrier (kcal/mol)

FCPF 0.56 9.29
GCPG 5.84 12.50
Difference 5.28 3.21

Table 2.2: Reaction barrier heights for FCPF and GCPG arylation in gas phase and PCM implicit
solvent.

and a thermodynamic advantage (lower free energy) over the double glycine mutant for selective

reaction with the perfluoroaryl reagent.

2.1.4 Accelerating the reaction

In the previous section, we examined a single w-clamp peptide in great detail and found it to be
reactive. Its rate of arylation reaction, however, is too slow for biological application. Searching
for a more reactive peptide, mutations studies were carried out in which the PHE residues at the 1
and 4 positions were replaced with a series of non-natural — but readily available — amino acids.
Results of this study are shown in Figure where it can be seen that certain substitutions can
lead to a hundredfold increase in rate. Additionally, the reaction rate is dramatically altered by the
addition of certain salts. In the remainder of this section, we develop a computational model to
explain the observed trends in reactivity.

Previously, we took a detailed and painstaking approach to understanding the reactivity of the
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Figure 2-4: Top: Arylation reaction rates for a panoply of mutations. The PHE residues at the
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arylation reaction rates of the standard FCPF peptide in various added concentrations of various
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phosphate buffer. Note the logarithmic y-scale. (Reproduced with permission from [72]).
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Figure 2-5: A schematic for binding energy models used for (a) phenylalanine clamp-like binding
and (b) the same binding in the presence of salt. In each case, the AG of the reaction scheme was
calculated. In (b), the thiol group was omitted due to geometric distortions from strong sulfur-ion
effects which are not present in the full protein system.

m-clamp system. We employed detailed density functional calculations on the entire reactive site of
the peptide to simulate the reactants, products, and transition state in great detail. However, this

type of calculation is prohibitively expensive to apply to all of the mutants in Figure 2-4}

Instead, we build a reduced model of the reaction that abstracts away all but the most relevant
details of the reaction. Our hypothesis is that the binding interactions between the perfluoroaryl
ligand and the side chain of the amino acids at the 1 and 4 positions are responsible for the change in
rate seen when the phenylalanine moieties are substituted with other motifs, or when the salt solution
is changed. That is to say that when the phenylalanine group is positively modified, the binding
of the clamp becomes stronger, leading to an increase in the rate of reaction. The model which we
employ is therefore based on binding events, designed to measure to changes in the strength of the
clamp interaction across substitutions. We compute the free energy (AG) of association between an
abstracted version of the perfluoroaryl probe and the phenylalanine or its substituent (Figure .
To capture salt effects, we use explicit salt ions to mediate the binding interaction (Figure .

Similar models have seen great success elsewhere in the literature [I03].

As in the previous section, energies were determined by high-level density functional theory cal-
culations which account for van der Waals effects using the QCHEM 4.3 software package [290]. An
initial coarse geometry optimization was performed with the B3LYP functional [23] using Grimme’s
D1 corrections [119] in a 6-311+g* basis set [58, [I85]. Then a final optimization was performed
using the VV10 [344] (rpw86/PBE) functional [256] in a 6-311+g* basis with a B term of 5.9, a C
term of 0.0093 and an SG1 non-local grid [I09]. A Lebedev (75, 302) [I91] exchange-correlation grid
was used. Again, the conducting polarizable continuum model (with a dielectric of 78.4) was used
to implicitly model the effects of solvation in water [329]. We also included zero-point energy and
vibrational entropy within the harmonic approximation. A variety of initial structures were used to
ensure an appropriate sampling of the free energy landscape, all of which would be compatible with

the situation in vivo (where bulky proteins are attached).

69



2.5

20F ~ - CF3 ® aromatic
15k ?‘~ o % aliphatic
< qof PYR T Q| Nop [ @ polar
~— \
Z 05f ® ~§ . .
— 0.0f o *
~
—05k * 0~
. * ~,
_1'0 | | | | | | | |

-6 -5 -4 -3 -2 -1 0 1 2
AAG [ kcal . mol !

Figure 2-6: Linear free energy relationship between rate and ligand-side-chain binding energy across
side chain mutations. The rate (k;) is determined experimentally, and the energy (AAG) is computed
as AG; — AGy from a binding model. The terms ky and AGq are referenced to phenylalanine.
Highlighted moieties are discussed in the text. Full data are given in Table

Despite the apparent simplicity of this model, the change in the dimerization free energy under
phenylalanine mutation was well-correlated to the rate for both aliphatic and aromatic synthetic
amino acids substitutions (Figure . This is consistent with our hypothesis that stronger binding
gives rise to improved rate across this series. We find that the strength of binding from van der
Waals forces and induction is strongly related to the size of the binding groups i.e. the number of
carbon atoms in the chain or ring systems. These intermolecular interactions form one part of a
description for changing hydrophobicity near the reaction center. However, we have not attempted
to explicitly model hydrophobicity (or other protein effects) because we find our approach sufficient

to find a linear behavior which we believe would have appropriate predictive accuracy.

In order to understand how the binding energy can be so well correlated to the overall reaction
rate, we will take a short detour and describe Linear Free Energy Relationships (LFERs). LFERs
are commonly employed in organic chemistry and chemical biology in an attempt to gain mechanistic
understanding of a reaction [47]. In particular, they are a means by which thermodynamic quantities,
namely free energy changes between stable reaction intermediates, can be used to understand and
rationalize trends in kinetic data. When looking at rate changes across a series of homologous
structures, it is typical to seek a common chemistry. LFERs allow the kinetic trends to be explained

in terms of thermochemical values.

For a set of rate constants k, the most commonly used relationship is
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Figure 2-7: The salt effect linear free energy relationship. As before, the rate (k;) is determined
experimentally, and the energy (AAG) is computed as AG; — AG( from a binding model. The terms
ko and AGy are referenced to NaCl. Data are given in Table

where parameters « and 8 are found by regression [128|. Here, the thermodynamic quantities K
and AG respectively are equilibrium constants and free energies of a model or abstracted reaction
which represent the essential chemistry contained in the kinetic series of interest. The correlate is
commonly thought of as an important component of the physical basis for the mechanism as a whole,
but this is not necessary for the utility of linear free energy relationships.

A significant finding of our LFER is that the trend seems consistent as the chemical nature of the
substitution is changed. Referring again to Figure [2-6] we can compare the aromatic and electronic
series. In the aromatic series the dominant change is the size of the aromatic system, with the largest
array of rings (labelled PYR) being the most binding. However, when the mutation is electronic in
nature, such as a para-substitution with CF3 and NOs (labelled CF3 and NO2), these also lie on
the trend line. Since our solvent model does not account for hydrogen bonds, the moieties which
have strong hydrogen bonding with water do not lie on the LFER constructed here.

Building on the success of our model for phenylalanine substitution, we turn our attention to
the salt effect. Figure 2-7]shows the linear free energy relationship we find here. We note that other
studies have found that free energies of binding are correlated with free energies of solution [103],
which are consistent with our data showing that it is possible for a binding energy to form a sufficient
physical picture of this rate enhancement.

The number of salts used here is not sufficient to probe an ion pair effect [103] [64]. Instead, we
simply deal with the complication arising from the presence of a cation and an anion in the salt by
selecting the strongest bound ion as the one that is dominantly affecting the rate; we are therefore

unable to explain changes in counter ions alone for the pair of guanidinium salts.

Our physical interpretation of the energetic study is that clamp-like binding is being enhanced
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Residue log(k/ko) AAG/

kcal.mol~!
PYR (1H) -4.9703 1.6288
ANTH (1G) -4.6132 1.5431
BIP (1F) -2.9103 1.3010
CF3 (6A) -2.5496 0.8341
NAL (1E) -2.6797 0.5624
NO2 (6B) -1.5072 0.4437
CHA (1I) 0.0268 0.4311
F (6C) -0.0778 0.2218
CPA (1J) 1.2611 0.0580
PHE (1A) 0.0000 0.0000
OME (6E) -2.2267 -0.0212
CN (6D) -0.2773 -0.0359
CBA (1K) 0.1388 -0.3369
TRP* (1D) -1.9135 -0.4191
LEU (1M) 0.6841 -0.6755
HIS* (1B) -0.0910 -0.8081
TYR* (1C) -0.2466 -0.9360
NH2* (6F) -1.7887 -1.4983

Table 2.3: Thermodynamic data for *—= over-bound outliers due to neglect of H bond effects.
Residue names refer to CHARMM /SwissSidechain [I08] naming. Parenthetical bolded names refer

to Figure

Salt AAG/

kcal.mol ™!
Citrate* -67.97
Cl -25.58
Guanidinium -32.42
Na* -53.69
SCN -27.80
SO4* -65.32

Table 2.4: Thermodynamic data for *— strongest bound ion.

both by substitution of the phenylalanine and by the presence of Hofmeister salts. The binding
affects the transition state, and it is stabilized relative to the reactants. The idea of the transition
state being structurally more clamp-like than the reactants follows from the Hammond postulate,
which makes it a late transition state. However, it is also possible that the binding happens as
a pre-equilibrium, and we are not able to infer which of these is most likely. In either viewpoint,
the upshot is that the energy of the transition state is lowered relative to the reactants by binding

interactions leading to the rate enhancements seen here.

2.1.5 Conclusions

Site-specific protein conjugation is a useful tool in molecular biology. Previous work demonstrated a
novel w-clamp architecture that allowed for reaction with a specific cysteine embedded in the amino

acid sequence FCPF. We employed MD calculations to find candidate structures for the FCPF
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peptide folding. We then studied the reaction energies of these structures with DFT and found the
“m-clamp” confirmation to be most strongly binding. Further, the “open” configuration exhibited
the same reaction energy as the glycine double mutant control peptide, supporting the importance
of the m-clamp confirmation to specific reactivity. Transition state searches revealed the m-clamp
conformer of the FCPF peptide to have a lower reaction barrier than the GCPG control.

A later study examined the enhancement to the reaction rate by mutating the phenylalanine
residues to a variety of non-natural amino acids. A second study demonstrated the efficacy of
addition of salts to the reaction mixture. To model these effects, we employed a reduced model
of the binding event between the ligand and clamp side chain. This model proved effective in
explaining the experimental data, producing a linear free energy relation between binding energy

and the logarithm of reaction rate.

2.2 Organic electronics

With energy demand expected to expand 56% by 2050 [5l 193], cheap, renewable, and efficient energy
sources are the focus of much research. At the same time, it is equally important to produce efficient
and affordable electronics that consume this energy. Organic electronics are promising candidates
in both categories.

Solar cells harvest perhaps the most abundant and renewable source of energy available: the
sun. So abundant is solar energy that even inefficient cells could meet the world’s energy demand if
they covered only one thousandth of the Earth’s landmass [116, [117]. However, existing technologies
are simply too expensive to replace existing fossil fuel power generation [I4]. Organic photovoltaics
(OPVs) are a candidate to solve this problem [I70} 247]. Because they are made of simple organic
molecules and can be fabricated readily, they are much cheaper than traditional inorganic tech-
nologies [102]. However, these devices lag behind in efficiency [239]. In Section we discuss
simulations of a new OPV which may circumvent a key efficiency loss process.

On the other end of the wire, devices that consume electricity must also be efficient and affordable.
For example, commercial lighting consumes an estimated 10% of all power produced [5]. Light-
emitting diodes offer great increases in efficiency over traditional lighting, but are currently too
expensive to impact the market. As with OPVs for light harvesting, organic light-emitting diodes
(OLEDs) could offer an inexpensive alternative [65]. Additionally, due to their ease of fabrication,

OLEDs could see application in mobile devices, where inefficient pixels currently tax battery life.

2.2.1 Exciplex-based blue organic light emitting diodes

For LEDs, blue is hard. So hard, in fact, the the 2014 Nobel Prize in physics was awarded to an

inorganic blue LED [I]. Blue LEDs are critical in lighting applications and display applications,
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Figure 2-8: Exciplex charge combination and emission schematic.

where blue is the missing primary color needed for these devices to span the visible spectrum.
OLEDs have been used in phone displays, but the lifetime of these displays has been limited by the
lifetime of the blue OLED pixels. Further because of their inefficiency, some displays require blue
OLEDs that dwarf their red and green counterparts in size.

Exciplexes are candidate materials for improved OLEDs [166]. In LEDs, charges recombine to
form light. In an exciplex, this process is bimolecular. A dimer of two molecules is formed with
an electron on the “acceptor” and a hole on the “donor” (so named for the reverse process in which
the neutral excited donor donates an electron to the acceptor). These charges combine to form
an exciton, which decays to emit light. A scheme is shown in Figure Because the process
is bimolecular, exciplex emission wavelengths can be tuned by individually tuning the electronic
structures of the donor and acceptor. Specifically, the difference between the ionization potential of
the donor and the electron affinity of the acceptor is a proxy for the emission energy.

As with all things, exciplex-based OLEDs have a key draw back. The charge annihilation rate
— and therefore light production efficiency — is limited by the strength of donor-acceptor binding.
When the donor and acceptor bind weakly, they are rarely in their dimer form, necessary for emission.
To circumvent this, synthetic work [208] was carried out to produce donor-acceptor pairs that bind
strongly, while still emitting blue light. The key idea was to create a lock-key geometry for the donor
and acceptor that would maximize binding of the two via van der Waals interactions (Figure .
In this section, we study the binding strength of these dimers as well as the color of their emission

using density functional theory.

2.2.1.1 Computational details

Density functional theory calculations were performed with the QChem 4.3 software package [290]
using the b3lyp functional [23] with Grimme’s dispersion corrections [I19]. A Lebedev (75, 302)
exchange-correlation grid was used [191]. Geometry optimizations were performed using a 6-31-+g*
basis set [185]. Binding energies, HOMOs, and IPs were computed in an aug-cc-pVDZ basis set [86].
Tonization potentials were computed by vertical detachment of an electron. Electron affinities were

computed by vertical attachment of an electron.
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Figure 2-9: Acceptor and an example donor. Adapted from [208].

Charge transfer excitation energies were computed using Constrained Density Functional The-
ory Configuration Interactions (CDFT-CI) [366]. To improve convergence, diffuse functions were
removed from the basis. To account for dielectric stabilization of the surrounding thin film, the
donor-acceptor dimer was embedding in a polarizable continuum model with conducting boundary
conditions [57]. A dielectric constant of 3, typical of such molecules, was used to stand in for the

surrounding medium.

2.2.1.2 Donor-acceptor binding

It was hypothesized that these exciplexes would be stronger emitters because they were stronger
binders. Density functional theory calculations provide an effective tool for calculating such binding
energies. However, it is not completely clear how the donor and acceptor bind. The C3 symmetry of
both molecules suggests a dimer of the same point group, but this need not necessarily be the case.
Further, the presence of fused aromatic rings on the acceptor creates a rough energy landscape with
many local minima. We thus perform a global optimization by performing many local optimizations
on initial guess configurations. These initial dimer configurations are generated by first aligning the
donor and acceptor in parallel and then scanning over (the direct product of) three variables: the
perpendicular distance between the donor and acceptor, relative rotation along this same perpen-
dicular axis, and relative parallel displacement. In order to expedite calculations, local geometry
optimizations are performed in a smaller basis set. Binding energy calculations are then performed
in a larger basis set to offset basis set superposition error.

For the C3 symmetric donors, we find that the Cs-symmetric dimer is either favored or the lowest
energy conformer within error. In donors with multiple triaryl centers, the dimer binds to one of
these centers, interacting very little with the other. Gas-phase dimer binding energies are shown in

the second column of Table 2.5] The donor-acceptor dimers are indeed strong binders, at least in
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the gas phase. We see that the binding strength is correlated to the amount of available aromatic
surface area on the core donor, consistent with dispersive interactions between the donor and the
core of the acceptor. The strongest of the binders additionally contains wings that that bind to the
wings of the acceptor.

The same mechanism that binds the donor to the acceptor also binds the donor to itself and
binds the acceptor to itself. Thus, we expect that there could be correlation (and therefore compe-
tition) between the strength of donor-acceptor binding and donor-donor binding. To examine this
possibility, we perform the same optimization and binding energy calculations from before, but now
on the acceptor dimer and each donor dimer. Results are presented in the third and fourth columns
of Table 2.5 Only the sulfur compound energetically prefers the donor-acceptor dimer over didonor

and diacceptor (though most relative binding energies do not differ within DFT error).

Table 2.5: Computed donor-acceptor and didonor dimer binding energies. The diacceptor dimer has
a binding energy of -45.3 kcal /mol. Relative binding energies are the reaction energy of %Dg + %Ag —

DA.

Donor Donor-acceptor Didonor Relative binding
binding energy (kcal/mol) | binding energy (kcal/mol) | energy (kcal/mol)
<N>
©/ \© -24.8 -17.2 6.4
('S
o
Me Me -28.6 -18.8 3.4
OMe
?
©/ © -31.3 -18.3 0.5
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-36.5 -33.3 2.8
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2.2.1.3 Exciplex color

These exciplex molecules were designed with two goals in mind: strong binding energy and blue
emission. We now focus on the latter.

In an OLED, current is pushed through the device, creating charged D+t A~ pairs. When these
charges combine, light is emitted. The simplest model of this emission is energy gap between the
Highest Occupied Molecular Orbital (HOMO) of the donor and the Lowest Unoccupied Molecular
Orbital (LUMO) of the acceptor. (Note that these names are in reference to the neutral state of
these molecules.) In this model, the excess electron on the acceptor anion resides in its LUMO and
a hole exists in the HOMO of the donor. During charge recombination, the electron moves from
the LUMO of the acceptor to annihilate the hole in the HOMO of the donor (Figure . If the
HOMO of the donor is at a lower energy than the LUMO of the acceptor, light is emitted with
photon energy corresponding to this energy difference. HOMO-LUMO gaps for the donor-acceptor
dimers are given in Table 2.6 column 2.

While effective, the HOMO-LUMO gap is a crude model with a major flaw. The Kohn-Sham
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virtual orbitals (in particular, the acceptor LUMO) have no physical meaning [248]. The HOMO-
LUMO gap is used as a stand-in for the process of removing an electron from the acceptor and
placing it on the donor. In its place, we can simply compute the steps of this process. The energy of
removing an electron from the acceptor anion is the negative of its electron affinity (EA). The energy
of adding an electron to the donor cation is its ionization potential (IP). We can compute the IP and
EA as vertical electron detachment and attachment energies, respectively. These donor-acceptor
IP-EA gaps are listed in the third column of Table 2.6, and correlate well to the HOMO-LUMO
gaps.

The HOMO-LUMO and IP-EA gaps are instructive proxies for the energy of charge recombina-
tions, but they require that the donor and acceptor be considered separately as monomers; we lose
information about the electronic effect of the close binding of these molecules in the dimers. Using
CDFT, we can constrain the acceptor to have an excess electron, resulting in the DT A~ charge-
transfer configuration. We can then directly compare this energy to that of the unconstrained DA
dimer. Because dimers were geometry optimized in their ground state, this energy corresponds to
an absorption rather than an emission.

To correct for the Stokes shift, we consider the Stokes shifts of the donor and acceptor in isolation,
due to the numerical difficulty of performing a CDFT geometry optimization. Stokes shifts are

computed using the four point rule:

Sp = |[BE(D")p—E(D)p] - [E(D")p+ — E(D)p+]
Sa = [B(A7)a—E(A)a] — [B(A7)a- — E(A)a-] (2.2)

where E(X)y denotes the energy of species X in the optimal geometry of species Y. These two
Stokes shifts are then added (with appropriate sign) to the CDFT absorption energy to give the
CDFT emission energy. These emission energies are given in Table 2.6] column 4.

Figure 2-10] shows a comparison of computed CDFT emission energies to experiment. We see
that the computed and experimental emission energies are only loosely correlated. As such, we
cannot use computation to directly predict the color of candidate donor-acceptor dimers. However,
CDFT emission energies may still be useful as a coarse computational screen to find donors that

whose emission energies are in the right ballpark.

Table 2.6: Electronic and emission properties of donor-acceptor complexes.

Donor HOMO-LUMO | EA-IP CDFT-CI

gap (eV) gap (eV) | emission (V)
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Figure 2-10: Dimer CDFT emission energies compared to experiment (where available) for the
molecules in Table [2.6]

2.2.1.4 Conclusions

Exciplexes are a candidate for OLEDs that traditionally suffer from weak emission. A new class of
exciplexes for OLEDs (Figure was proposed to be more effective due to strong donor-acceptor
binding. We computed the binding energies of these exciplexes as well as their emission energies. The
emission energies were found to correlate only loosely with experiment. There is not yet experimental
data available for the efficiency of devices incorporating these exciplexes; once available, it can be

compared to binding energies.

In this section, we considered the emission of organic molecules in a disordered thin-film medium.
In the next section, we flip these conditions and look at absorption of a pair of stacked organic

crystals.

82



2.2.2 Band-like charge transfer states in organic photovoltaics

Organic photovoltaics are attractive alternatives to traditional inorganic cells due to their ease of
manufacture and low cost. However, they suffer from low efficiency due in part to their disordered
nature. In this section, we examine computationally a novel crystalline rubrene/Cgo device and
compare it to its disordered counterpart. We compute charge transfer energies and couplings, and
build a lattice model for the crystalline device. We see excellent agreement in both energy and band
shape between our model and experiment. We determine that the crystalline device has a far lower
barrier to charge separation, suggesting that it is more efficient than the disordered cell. Finally, we
consider alternative crystalline geometries and find that the experimental cell is uniquely efficient

for solar applications.

2.2.2.1 Introduction

Organic photovoltaics (OPV) have shown promise as solar materials. Because they comprise a
disordered mixture of organic molecules, they are cheap and easy to manufacture, transport, and
install [I02]. However, OPVs are currently inefficient compared to existing inorganic technologies;
the best OPVs only reach 11% efficiency compared to 46% efficiency of the best inorganic cells [239].
This inefficiency stems from many causes, including inferior charge generation.

In OPVs, absorption of light creates a bound electron-hole pair, called an exciton. This exciton
must separate into an unbound hole and electron in order to generate current. This process is
hindered by two main factors. First, organic materials have small dielectric constants, leading to
a large attractive coulombic potential between the electron and hole. Second, charge transport
hopping integrals between organic molecules are low, decreasing the rate of charge separation. This
problem is exacerbated by the disordered nature of OPVs: even when favorable transport pathways
are available, molecules are rarely aligned correctly to take advantage of them. The result of these
factors is a large dissociation barrier (on the order of tenths of €V). Inorganic materials, meanwhile,
do not have these problems. They feature high dielectric constants and large charge conductivity,
leading to facile charge dissociation at room temperature.

Leaving aside the first problem, attempts have been made to solve the second problem. Crys-
talline rubrene is an excellent conductor of holes. However, this conductivity is contingent on
crystallinity and the rubrene thin films used in OPVs are disordered. Recent work has demonstrated
a technique that induces crystallization in such films [338]. Extending on this technique, the h00
face of a thin film of crystalline rubrene was used to template a Cgg film, which was also shown to
be crystalline.

Electroluminescence (EL) measurements were carried out on this so-called crystal planar het-
erojunction (PHJ) cell, as well as a typical disordered rubrene/Cgy bulk heterojunction (BHJ). The
BHJ cell exhibited a typical Marcus Gaussian lineshape and emitted isotropic light, both indicative
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of a disordered emitter. The crystal PHJ cell, however, displayed an atypical EL peak and emitted
anisotropic light, indicating emission from an ordered system.

In this chapter, we seek to model this crystalline PHJ and to understand its unique EL spectrum.
We begin with a control calculation on the BHJ. Then, we develop a model for the crystalline PHJ.

Finally, we compare the resulting computational picture of the two.

2.2.2.2 Computational model of the disordered bulk heterojunction

The BHJ presents a computational problem: it is composed of a disordered blend of rubrene and
Cgo- In order to completely model the EL spectrum of the BHJ, we would need to explicitly sample
the possible configurations of such a disordered system. Calculations of this size are outside of the
scope of this work as our main focus is the PHJ rather than the BHJ. Rather than attempt to
completely model the BHJ, we instead will use it as a check on the applicability of our model to the
experimental system. To do this, we identify a representative (most likely) configuration and then
test whether its computed CT energy matches experiment.

In order to choose such a sample, we rely on three approximations. First, we assume that the
CT excitation is primarily governed by the electronic structure of a single rubrene/Cgo pair. (This
assumption is in part justified by the disorder of the system. It is unlikely that the CT state
can coherently delocalize.) As such, we model the surrounding rubrene/Cg blend as a continuum
dielectric model. The dielectric constant of this model was 2.9, resulting from Claussius-Mossotti
mixing [Shin1989] of the dielectric constants of rubrene and Cgg, 1.8 [323] and 5 [168] respectively.
Second, we expect that the most optically active CT excitations have the least charge separation
and thus will occur between an adjacent pair of rubrene and Cgg molecules. Finally, we assume that
the most likely configuration of such a dimer (that can be determined in this dimer model) is its
minimum energy geometry.

The geometry and charge transfer state of this representative dimer are shown in Figure 2-11]
This state has a calculated CT energy of 1.6 €V versus the neutral dimer. This compares favorably to
the center of the experimental EL peak at 1.48 eV. We note that we expect an error of approximately
0.2 €V on such a calculation.

To compute the binding energy of this electron-hole pair, we also consider a dissociated state
in the BHJ. This state is modeled by two calculations: the rubrene cation and the Cgg anion, each

embedded in a dielectric of 2.9. This CT state has energy of 2.3 eV relative to the neutral molecules.

2.2.2.3 Computational model of the ordered interface

X-ray crystallography provided information about the crystal structure of the rubrene and Cgg and
also identified which crystal faces were parallel to the interface. However, the exact alignment of

the rubrene and Cgg crystal faces was not provided by these data. To find this structure, we built a
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CT State

Negative Charge

Figure 2-11: Geometry and charge transfer state of the representative dimer used to describe the
disordered BHJ.

molecular mechanics model of the interface and minimized its energy. The rubrene and Cgy molecules
were frozen in their experimental lattice positions and geometries, but the two crystals were allowed
to slide and rotate relative to each other.

The cost of quantum mechanical calculations requires that we choose a much smaller model of
the interface. In practice, we can afford to compute 4 molecules at the level of theory used. Because
we are seeking to simulate a possible band-like CT state, we first determine which part of the system
shows the greatest intermolecular nearest-neighbor coupling for either electron or hole hopping (in
Cgp or rubrene, respectively). The Cg crystal is face-centered cubic and thus has only one choice of
nearest neighbor. We compute a Cgg-Cgo electron hopping coupling of 0.02 eV. Rubrene has three
distinct crystal axes. We compute rubrene-rubrene hole hopping couplings of 0.02eV, 0.05 eV, and
0.14 eV for the a, b, and c axes of the rubrene crystal. Because of its much larger hopping integral,
we expect that the rubrene ¢ axis plays the most important role in a potential band-like state. We
thus consider a model of a negatively charged Cgo and a wire of rubrenes aligned along the ¢ crystal
axis (Figure [2-12).

From this reduced model, we excerpt one Cgp and three rubrenes at a time. (One such excerpt
is shown in Figure ) For each four-molecule excerpt, we compute the CT state energies (with
the hole localized on each rubrene) and the hopping integral for moving the hole between first and
second nearest neighbor rubrenes. We also compute the transition dipole moment for the CT to
neutral transition.

We then combine these results into a lattice model for the hole in rubrene. Each lattice site
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Figure 2-12: Reduced model of the Cgo/rubrene crystal interface. CT states and hole hopping
couplings were computed by excerpting one Cgg and three adjacent rubrenes at a time. Cgg colors
correspond to the sticks in Figure 2-14}

Figure 2-13: An example four molecule excerpt from Figure
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corresponds to a rubrene molecule. The site energies are set to the CT energies previously computed
when the hole is present on each rubrene. At long range, the site energies are modeled by a Coulomb
potential fit to the computed CT state energies as well as a computed infinite separation limit. Each
site is coupled to its first and second nearest neighbors by the computed hole hopping couplings.

Specifically, we consider a lattice Hamiltonian:

-
Vo J(-) -V Ve
H= —vi  J0O) -W (2.3)
Vo =VioJa) . =W
7V1
Vo Vi J(N)

where J(7) is the energy of the CT state with the electron on the Cgo and the hole localized on the
ith rubrene (with 0 chosen to represent the closest rubrene to the Cgp). V7 and Vs, are respectively

the first and second nearest-neighbor rubrene-rubrene couplings.

We diagonalize a 1000 site model. Each eigenstate is then weighted by the square of its com-
puted transition dipole moment to produce a weighted density of states (WDOS) for comparison to
experimental electroluminescence data (Figure [2-14). Encouragingly, the computed WDOS provides

a reasonable match to the experimental EL spectrum without fitting.

We find a dominant CT state at 1.0 €V, in line with the experimental peak. We fit the hole
density with a gaussian and find that it is delocalized with a standard deviation of 1.2 rubrenes. At
and above 1.14 eV, the CT state dissociates into a completely delocalized hole, in support of the
experimental hypothesis of band-like CT states. (The electron is localized in both states by fiat.)

Finally, we considered three alternative interfaces between rubrene and Cgg in order to see if
the band-like states are unique to the experimentally realized interface. We find that each of these
alternatives has a similar band center to the experimental system. However, they have much lower
optical intensities and also have stronger CT binding energies, due to greater distance of the hole
on rubrene from the electron on Cgy. Both of these features are unattractive for band-like charge

photogeneration, so the experimental system seems to be uniquely suited among the systems tested.

These computational models also offer insight into the design of OPV devices. First, we compute
an exciton binding energy of 70.1 eV in the crystal PHJ device, substantially lower the 0.6 eV
exciton binding energy computed for the BHJ device. This may greatly reduce energy loss for

charge separation in actual devices.

Second, we consider alternative crystalline interfaces between rubrene and Cgy in order to un-
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Figure 2-14: Weighted density of states for the lattice model (solid black) compared to experimental
electroluminescence data (black points). Each stick denotes an eigenstate of the lattice model at a
given energy. Heights of the sticks are in proportion to their optical weight (square of the transition
dipole moment). Colors of sticks correspond to the anionic Cgo (matched to colors in Figure [2-12]).
The stick spectrum is smoothed into a continuous peak using Kernel Density Estimation [293].

derstand the role of interfacial geometry in these devices. We see that both exciton binding energy
and optical transition intensity are governed by the distance between rubrene molecules in the di-
rection of the interface: more closely packed rubrenes lead to a lower exciton binding energy and
higher optical strength. At the same time, closer packing of rubrenes creates higher hole mobility.
Thus, the experimental interface realized in this work is optimal because it aligns the close-packed,
highly-conductive c-axis of rubrene along the interface.

These results in concert with experiments establish a novel mode of charge generation in OPVs.
This delocalization opens up a pathway for efficient charge separation, an advantage previously

available only in inorganic solar cells. Further details can be found in an upcoming work.

2.2.2.4 Computational details

Density functional theory calculations were performed using the Q-Chem 4.3 package [290] with
the B3LYP functional [23] in a 6-31g* basis set [I85]. Charge transfer state energies, couplings,
and transition dipole moments were computed using Constrained Density Functional Theory Con-
figuration Interaction (CDFT-CI) [365]. We expect CT state energies computed with CDFT-CI
to be accurate to within 0.2 eV. Dielectric effects were simulated using the conducting Polarizable

Continuum Model [57].

Molecular mechanics calculations were performed using the GROMACS package [3]. The Lennard-
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Jones parameters for carbon were ¢ = 0.3431 and € = 0.4396. The Lennard-Jones parameters for

hydrogen were o = 0.2571 and € = 0.1842.

2.3 Looking forward

In this chapter, we applied readily available, time-tested methods. Each section presented a different
application and extensions to each section suggest new directions for methods development.

In Section[2:2.2] we examined charge delocalization in a highly crystalline planar heterojunction,
constructing a single model Hamiltonian for the entire crystal. For the disordered bulk heterojunc-
tion, we made simplifying assumptions about charge localization in order to avoid building a model
Hamiltonian for each configuration of the disordered system. In Chapters [3] and [d] we introduce
a tool for studying such collections of disordered Hamiltonians, Random Matrix Theory. We then
apply this tool to the study of toy models of localization in disordered systems.

In Section [2.1] we examined the binding of a ligand to a protein. In principle, we would like
to simulate the entire protein, but computational cost prevents such a complete model. We create
a reduced model of the binding by truncating away all but the most relevant parts of the protein.
Another, more satisfying approach would be to retain the rest of the protein, but treat it using
a much cheaper theory. Such a set up is called embedding; in Chapters [5] and [l we develop an
embedding method.

Finally, throughout this chapter, we treated the effects of solvent implicitly. Explicit treatment
of solvation requires an accurate and cheap solvent model. In Chapter [7], we build a model for liquid

water.
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Chapter 3

Error analysis of free probability
approximations to the density of

states of disordered systems

Theoretical studies of localization, anomalous diffusion and ergodicity breaking require solving the
electronic structure of disordered systems. We use free probability to approximate the ensemble-
averaged density of states without exact diagonalization. We present an error analysis that quantifies
the accuracy using a generalized moment expansion, allowing us to distinguish between different
approximations. We identify an approximation that is accurate to the eighth moment across all

noise strengths, and contrast this with the perturbation theory and isotropic entanglement theory.

3.1 Introduction

Disordered materials have long been of interest for their unique physics such as localization [327, [05],
anomalous diffusion [38] [296] and ergodicity breaking [246]. Their properties have been exploited
for applications as diverse as quantum dots [19, B08], magnetic nanostructures [I38], disordered
metals [88] 85], and bulk heterojunction photovoltaics [254, 80, 370]. However, conventional elec-
tronic structure theories require diagonalization of many explicit sampled Hamiltonians, making
such calculations expensive. Alternatively, free probability theory allows a powerful nonperturba-
tive method for computing of eigenvalues of sums of certain matrices without rediagonalizing the
matrix sums [342]. This has been proposed as an approximation for general random matrices [28];
however, we are not aware of any rigorous study of its accuracy. This motivates us to describe
herein a general framework for quantifying the error in terms of discrepancies in the moments of the

probability distribution functions (PDFs).
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3.2 Comparing two PDFs

We propose to quantify the deviation between two PDFs using moment expansions. [53] These are
widely used to describe deviations from normality in the form of Gram—Charlier and Edgeworth
series [314] [34]. The general case applies also to non-Gaussian reference PDFs. For two PDFs w (£)
and @ (§) with finite cumulants k1, ko, ... and R, Re, ..., and moments py, pa,... and f1, fia,. ..

respectively, we can define a formal differential operator which transforms @ into w [346, [3T4]:

w(€) = exp [i i fn (jg)] (€). (3.1)

n=1

This operator is parameterized completely by the cumulants of both distributions. The resulting
Edgeworth series is asymptotic and only conditionally convergent [69].

The first k for which the cumulants k5 and &y, differ then allows us to define a degree to which the
approximation w = w is valid. Expanding the exponential and using the well-known relationships
between cumulants and moments allows us to state that if the first £ — 1 cumulants agree, but the

kth cumulants differ, then

w(©) =0 () + Pl (1o () + 0 (). (32)

This series inherits the same asymptotic convergence properties as the original Edgeworth series [69]
124]. Nevertheless, it is sufficient to use the leading order correction solely to quantify the error

incurred by approximating one PDF by another.

3.3 The free convolution

We now take the PDFs to be densities of states (DOSs) of random matrices. The DOS of a random
matrix X is defined using the eigenvalues {)\%m)} of the M samples X1,...,Xm,...,Xp by

1 & &
) <§)A}@mM;N;6(£A$@)- (33)

To approximate DOSs with free probability, we split the Hamiltonian
H=A+B (3.4)

into two matrices A and B whose DOSs, p() and p®) respectively, can be determined easily. In
general, it is not possible to calculate the eigenvalues of H by adding the eigenvalues of A and

B together; the general problem is complicated by A and B not commuting [I77]. In contrast,
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free probability tells us that for certain noncommuting matrices A and B, the exact DOS becomes

the free convolution A B B, i.e. p) ~ p(ABBE)

, a “sum” which can be calculated without exact
diagonalization of H [340]. We calculate the free convolution numerically by diagonalizing the free
approximant [79]

Z=A+Q 'BQ, (3.5)

where @ is a N x N random matrix of Haar measure. For real symmetric matrices A and B it is suf-
ficient to consider orthogonal matrices @, which can be generated from the QR decomposition [112]
of a Gaussian orthogonal matrix [79]. (This can be generalized readily to unitary and symplectic
matrices for complex and quaternionic Hamiltonians respectively.) The similarity transformation
Q™' - Q applies a random rotation to the basis of B with respect to A. In the N — oo limit, the
DOS p{?) converges to the free convolution ABB [342] [343].

The moment expansion above provides an error analysis via discrepancies between the kth mo-

ment of the exact DOS, u,iH), and the free approximant, ,u,(ﬂAEEB). By definition, the exact moments
are [215]
H A+B k
D =P = (a4 B)Y), (3.6)

where (Z) = E Tr (Z) /N denotes the normalized expected trace (NET) of the N x N matrix Z.

Expanding the (noncommutative) binomial produces a sum of joint moments (A" B™ ... A" B"r)

T

with the positive integer exponents ny,ms summing to » .,

(ns + ms) = k. The approximation of

freeness implies that the joint moments must obey, by definition [235], relations of the form

0= (Mg (A" = (A™)) (B™ — (B™))) (3.7a)

= (II;_, A" B"*) + lower order terms, (3.7b)

where the second equality results from the linearity of the NET. Testing for u,(CA+B) #* u,iAEEB)

then reduces to testing whether each centered joint moment of the form in (3.7a) is statistically
nonzero. Enumerating all unique joint moments of degree k is equivalent to the combinatorics of

binary necklaces, which can be generated efficiently [28T].

The procedure we have described ascribes a degree k to the approximation pt) ~ p(ABB) given
the splitting H = A+ B. For each positive integer n, we generate all unique centered joint moments
of degree n, and test if they are statistically nonzero. The lowest n for which there is at least one

such term is the degree of approximation k. This is our main result.

93



3.4 Decomposition of the Anderson Hamiltonian

As a concrete example, we focus on the Anderson Hamiltonian [10]

hy J
J hg
H= , (3.8)

J hn

where J is constant and the diagonal elements h; are identically and independently distributed
(iid) random variables with PDF py, (). This is a real, symmetric tridiagonal matrix with circulant
(periodic) boundary conditions on a one-dimensional chain. Unless otherwise stated, we assume that
h; are normally distributed with mean 0 and variance o2. We note that o/.J gives us a dimensionless

order parameter to quantify the strength of disorder.

So far, we have only required of the decomposition scheme H = A+ B that p4) and p®) be easily
computable. Are certain choices intrinsically superior to others? For the Anderson Hamiltonian, we

consider two reasonable partitioning schemes:

hy
hs J 0 J
H = A1 + Bl = + . (39&)
hs J 0 .
hy J 0
J 0 ho J
H=Ay+ By = hs J + J 0 . (3.9b)
J 0 hy

We refer to these as Scheme I and II respectively. In Scheme I, we have pa4, = p; since A; is
diagonal with each nonzero matrix element being iid. Bj is simply J multiplied by the adjacency
matrix of a one-dimensional chain, and therefore has eigenvalues A\, = 2J cos (2n7/N) [313]. The
DOS of By is pp, (§) = ZnN:1 0 (¢ — A\) which converges as N — oo to the arcsine distribution
with PDF pag (§) =1/ (W\/m) on the interval [-2]J|,2|J|]. In Scheme II, we have that

hy J
pPa, = pB, = px where px is the DOS of X = ! . The matrix X has eigenvalues

J 0
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Figure 3-1: Calculation of the DOS, p(€), of the Hamiltonian H of (3.8)) with M = 5000 samples of
2000 x 2000 matrices for (a) low, (b) moderate and (c) high noise (¢/J=0.1, 1 and 10 respectively
with o = 1). For each figure we show the results of free convolution defined in Scheme I (p(41EB1);
black solid line), Scheme IT (p(42852); green dashed line) and exact diagonalization (p*); red dotted

line).

ex (&) =h1 (&) /2 £ \/h2 (&) /4+ J? and so

px (§) = (1 + ‘g) Ph (E - J;) : (3.10)

3.5 Numerical free convolution

We now calculate the free convolution A B B numerically by sampling the distributions of A and
B and diagonalizing the free approximant . The exact DOS p(A+E) and free approximant
p(AEB) are plotted in Figure a)—(c) for both schemes for low, moderate and high noise regimes
(o/J =0.1, 1, 10 respectively). For Scheme I, we observe excellent agreement between p) and
pABB1) aeross all values of o/J, which is evident from visual inspection; in contrast, Scheme II
shows variable quality of fit. We can understand this difference using the procedure outlined above
to analyze the accuracy of the approximations p() ~ p(41851) and p(H) ~ p(428B52) For Scheme I,
the approximation is of degree k = 8; the discrepancy lies solely in the term <(A1B1)4> [260].
Free probability expects this term to vanish, but its true value is nonzero. The matrix A; weights
each path by a factor of h, while By weights each path by J and requires a hop to an adjacent site.
The explicit products of matrix elements can then be expressed diagrammatically with closed paths

as shown in Figure [3-2] Consequently, we can write explicitly
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+ ot J4
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Figure 3-2: Diagrammatic expansion of the term (A; B;A; B1A; B1 A1 By) in terms of allowed paths
dictated by the matrix elements of A; and By of Scheme I in (3.9a)).

<(AlBl)4> = (hiJhiy Jhi i1 J) + (hidhi1 JhiThi_1 J)
+ <hijhi_1JhiJhi_1J> + <hl‘]hl+1Jhthz+1J>

—2JYE (h)*E (h2) + 2J°E (h2)? = 0+ 275", (3.11)

where the second equality follows from the independence of the h;’s. This explains why the agreement
between the free and exact PDFs is so good, as the leading order correction is in the eighth derivative
of p(BBY) with coefficient 204J4/8! = (5.J)" /20160. In contrast, Scheme II is correct only to
degree k = 4, where the discrepancy lies in <A%B§> Free probability expects this to be equal to
(A3B3) = (A3) (B3) = <X2>2 = (J?+ 02/2)2, whereas the exact value of this term is J? (J? 4 02).
Therefore, the error is in the fourth derivative of p(AB5) with coefficient (—o*/4) /4! = —a*/96.

3.6 Analytic free convolution

Free probability allows us also to calculate the limiting distribution of p(4®5) in the macroscopic
limit N — co and M — oo, allowing the cost of numerical sampling and matrix diagonalization to
be sidestepped entirely. The key tool is the R-transform 7 (w) = ¢! (w) — w™! [340], where g~! is

defined implicitly via the Cauchy transform (i.e. its retarded Green function)

w = lim p(Al) (@
0 Jp g7 (w) — (€ +ide)

de. (3.12)

For freely independent A and B, the R-transforms linearize the free convolution, i.e. RABE) () =

R™ (w) + R®) (w), and the PDF can be recovered from the Plemelj-Sokhotsky inversion formula
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Figure 3-3: DOS, p(¢), of the Hamiltonian (3.8)) with M = 5000 samples of 2000 x 2000 matrices
with (a) low, (b) moderate and (c) high semicircular on-site noise (¢/J=0.1, 1 and 10 respectively

with o = 1), as calculated with exact diagonalization (red dotted line), free convolution (black solid
line), and perturbation theory with A; as reference (blue dashed line) and B; as reference (gray

dash-dotted line). The partitioning scheme is Scheme I of (3.9a)).

pABB) () — L <<g(AEHB))1 (f)) (3.13a)

s
gABB) () = RABB) (1) 4 1. (3.13b)

We apply this to Scheme I with each iid h; following a Wigner semicircle distribution with PDF

pw (&) = \/4 — €2/4x on the interval [~2,2]. (The analytic calculation is considerably easier than
for Gaussian noise.) First, calculate the Green function G4 (2) = (z — V22 — 4) /2. Next, take
the functional inverse g(41) (w) = (G(Al))71 (w) = w4 1/w. Subtracting 1/w finally yields the
R-transform 7(4) (w) = w. Similarly with p(®1) = psg, we find its Cauchy transform G(F1) (z) =

1/v/22 — 4J2, its functional inverse ¢%) (w) = (v/1 + 4J2w?) /w, and the R-transform RZY) (w) =
(-1 4+ V1+4J%w?) Jw.

To perform the free convolution analytically, we add the R-transforms to get R(41851) (w) =

RMAD (w) + RBY (w), from which we obtain ¢4 (w) = w + (V1 + 4J2w?) /w. The final steps
are to calculate the functional inverse (g(41851) ~! and take its imaginary part to obtain p(418B1).

-1 . . . .
Unfortunately, (g(AlEB 1)) cannot be written in a compact closed form; nevertheless, the inversion

can be calculated numerically. We present calculations of the DOS as a function of noise strength

o/J in Figure showing again that the free convolution is an excellent approximation to the exact

DOS.
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3.7 Comparison with other approximations

We compare the free approximations to the results of standard second-order matrix perturbation
theory [146], as shown in Figure Unsurprisingly, perturbation theory produces results that vary
strongly with o/J, and that the different series, based on whether A is considered a perturbation
of B or vice versa, have different regimes of applicability. Furthermore, it is clear even from visual
inspection that the second moment of the DOS calculated using second-order perturbation theory
is not always correct. In contrast, the free convolution produces results with a more uniform level
of accuracy across the entire range of o/J, and that we have at least the first three moments being
correct [222].

It is also natural to ask what mean field theory, another standard tool, would predict. Inter-
estingly, the limiting behavior of Scheme I as N — oo is equivalent to both the coherent potential
approximation (CPA) [229] 230, 23T] in condensed matter physics, and the Blue’s function formal-
ism in quantum chromodynamics for calculating one-particle irreducible self-energies [372]. The
breakdown in the CPA in the term <(A1B1)4> is known [32, [327]; however, to our knowledge,
the magnitude of the deviation was not explained. Our error analysis framework provides such a
quantitative explanation.

Finally, we discuss the predictions of isotropic entanglement (IE) theory, which linearly interpo-
lates the fourth cumulant between the classical convolution p(4*B) (¢) = 1= pA) (&) pB) (x — &) dx
and the free convolution p(AFB) (¢) [222, 223]. Given the eigenvalues A4, Ap of the matrices A
and B, the classical convolution p(4*B) (§) can be computed from the eigenvalues of the random
matrix Z, = Ay +II AT, where IT is a N x N random permutation matrix. This compares with
the free convolution sampled from Z’ = A4 + Q 'AgQ, which has the same eigenvalues as the free
approximant by orthogonal invariance of the Haar measure of ). As discussed previously, the
lowest three moments of Z and H are identical; this turns out to be true also for Z,; [222]. Therefore,

IE proposes to interpolate via the fourth cumulant, with interpolation parameter p defined as

HiH) B HA(IAEBB)

P=
HiA B) _ KELAEEB)

(3.14)

For Scheme I, IE always favors the free convolution limit (p = 0) over the classical limit (p = 1);

SLH) _ KiAlEEBl)

this follows from our previous analysis that x . In Scheme II, however, we observe

the unexpected result that p is always negative regardless of the noise strength o/J. From our

(A2%B2) 75 HiAQEBz)

previous analysis, niAerBZ) — miAzEEB?) = —o*/4. Additionally, k; where the only

discrepancy lies is in the so-called departing term (A;Bo Ao Bs) [222] [223]. This term contributes 0

to /QELAEB) but has value <A%> <B§> = (J2 + 02/2)2 in /@(1&*32)7 since for the classical convolution,
. r _ -2

(I7_, (AZ*BI™)) = <A22511”5> <B§5:1m5>. Thus p = —2 (2 (2) 2+ 1) which is manifestly

negative.

98



In conclusion, the accuracy of approximations using the free convolution depend crucially on the
way the Hamiltonian is partitioned. Scheme I describes an unexpectedly accurate approximation
for the DOS of disordered Hamiltonians for all system sizes N and noise strengths o/J. Our error
analysis explains why this approximation is correct to degree 8, and also provides a general framework
for understanding the performance of other approximations. We expect our results to be generally
applicable to arbitrary Hamiltonians, and pave the way toward constructing even more accurate
approximations using free probability with rigorous error bars. Our results represent an optimistic
beginning to the use of powerful and highly accurate nonperturbative methods for studying the
electronic properties of disordered condensed matter systems regardless of the strength of noise
present. Thus, we expect these methods to be especially useful for studying the unique physics

enabled by noise.
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Chapter 4

Densities of states for disordered
systems from free probability: live

free or diagonalize!

We investigate how free probability allows us to approximate the density of states in tight binding
models of disordered electronic systems. Extending our previous studies of the Anderson model in
one dimension with nearest-neighbor interactions [54], we find that free probability continues to pro-
vide accurate approximations for systems with constant interactions on two- and three-dimensional
lattices or with next-nearest-neighbor interactions, with the results being visually indistinguishable
from the numerically exact solution. For systems with disordered interactions, we observe a small
but visible degradation of the approximation. To explain this behavior of the free approximation, we
develop and apply an asymptotic error analysis scheme to show that the approximation is accurate
to the eighth moment in the density of states for systems with constant interactions, but is only
accurate to sixth order for systems with disordered interactions. The error analysis also allows us
to calculate asymptotic corrections to the density of states, allowing for systematically improvable
approximations as well as insight into the sources of error without requiring a direct comparison to

an exact solution.

4.1 Introduction

Disordered matter is ubiquitous in nature and in manmade materials [377]. Random media such as
glasses [120] [T0T] [76], disordered alloys [2211,[332], and disordered metals [122][88] [85] exhibit unusual
properties resulting from the unique physics produced by statistical fluctuations. For example, dis-

ordered materials often exhibit unusual electronic properties, such as in the weakly bound electrons

101



in metal-ammonia solutions [184) 511 [209], or in water [345] 275]. Paradoxically, disorder can also
enhance transport properties of excitons in new photovoltaic systems containing bulk heterojunction
layers [254) 213}, [370] and quantum dots [19, [308], producing anomalous diffusion effects [38] 296, [133]
which appear to contradict the expected effects of Anderson localization [10] 327, 25]. Accounting
for the effects of disorder in electro-optic systems is therefore integral for accurately modeling and

engineering second-generation photovoltaic devices [80].

Disordered systems are challenging for conventional quantum methods, which were developed to
calculate the electronic structure of systems with perfectly known crystal structures. Determining
the electronic properties of a disordered material thus necessitates explicit sampling of relevant
structures from thermodynamically accessible regions of the potential energy surface, followed by
quantum chemical calculations for each sample. Furthermore, these materials lack long-range order
and must therefore be modeled with large supercells to average over possible realizations of short-
range order and to minimize finite-size effects. These two factors conspire to amplify the cost of

electronic structure calculations on disordered materials enormously.

To avoid such expensive computations, we consider instead calculations where the disorder is
treated explicitly in the electronic Hamiltonian. The simplest such Hamiltonian comes from the
Anderson model [I0, 05], which is a tight binding lattice model of the electronic structure of a
disordered electronic medium. Despite its simplicity, this model nonetheless captures the rich physics
of strong localization and can be used to model the conductivity of disordered metals [327, 25| [83].
However, the Anderson model cannot be solved exactly except in special cases [125], [198], which
complicates studies of its excitation and transport properties. Studying more complicated systems
thus requires accurate, efficiently computable approximations for the experimental observables of
interest. While other methods exist to accurately treat similar tight binding models efficiently [I35],

136}, B17], they still require explicit sampling of many realizations of the disorder.

Random matrix theory offers new possibilities for developing accurate approximate solutions to
disordered systems [361], (24, [7] by treating the ensemble of disordered Hamiltonians all at once rather
than first sampling this ensemble and then averaging observables. In this chapter, we focus on using
random matrix theory to construct efficient approximations for the density of states of a random
medium. The density of states is one of the most important quantities that characterize an electronic
system, and a large number of physical observables can be calculated from it [I72], including band
structure, precursors to absorption spectra [I136], 210], chemisorption properties [127] and in turn
catalysis on surfaces [321I), 265], and transition rates from Fermi’s Golden Rule [40]. In disordered
electronics, the shape of the density of states is a key predictor of charge carrier mobility [240,
324], and has found such application in organic photovoltaics [212], bulk heterojunctions [269], and
organic/polymer transistors [330, 319, B25]. Furthermore, it only depends on the eigenvalues of

the Hamiltonian and is thus simpler to approximate, as information about the eigenvectors is not
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needed.

The density of states is not a complete description of a physical system. Other interesting
observables, such as correlation functions and transport properties require knowledge of eigenvectors.
While not a solved problem, the application of random matrix methods to eigenvectors remains an
active area of research [26]. Some intriguing results that suggest it may be possible to calculate some
transport properties, such as localization lengths, solely from eigenvalue statistics [35]. Nonetheless,
the calculation of the density of states for real systems is already a sufficiently challenging problem,
and we focus on more complex models in this chapter, leaving open the future possibility of applying
free probability to more complex classes of observables in these models.

We have previously shown that highly accurate approximations can be constructed using free
probability theory for the simplest possible Anderson model, i.e. on a one-dimensional lattice with
constant nearest-neighbor interactions [54]. However, it remains to be seen if similar approxima-
tions are sufficient to describe more complicated systems, and in particular if the richer physics
produced by more complicated lattices and by off-diagonal disorder can be captured using such free
probabilistic methods.

In this chapter, we present a brief, self-contained introduction to free probability theory in Sec-
tion[4:2] We then develop approximations from free probability theory in Section[4.3|that generalize
our earlier study [54] in three ways. First, we develop analogous approximations for systems with
long range interactions, specializing to the simplest such extension of a one-dimensional lattices
with next-nearest-neighbor interactions. Second, we study lattices in two and three dimensions. We
consider square and hexagonal two-dimensional lattices to investigate the effect of coordination on
the approximations. Third, we also make the interactions random and develop approximations for
these systems as well. These cases are summarized graphically in Figure and are representa-
tive of the diversity of disorder systems described above. Finally, we introduce an asymptotic error
analysis which allows us to quantify and analyze the errors in the free probability approximations

in Section (4.4l

4.2 Free probability

4.2.1 Free independence

In this section, we briefly introduce free probability by highlighting its parallels with (classical)
probability theory. One of the core ideas in probability theory [98] is how to characterize the
relationship between two (scalar-valued) random variables « and y. They may be correlated, so that
the joint moment (zy) is not simply the product of the individual expectations (z) (y), or they may
be correlated in a higher order moment, i.e. there are some smallest positive integers m and n for

which (x™y™) # (™) (y™). If neither case holds, then they are said to be independent, i.e. that
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Figure 4-1: The lattices considered in this chapter: (a) one-dimensional chain with nearest neighbor
interactions, (b) one-dimensional chain with many neighbors, (¢) two-dimensional square lattice,
(d) two-dimensional hexagonal (honeycomb) lattice, (e) three-dimensional cubic lattice, and (f) one
dimensional-chain with disordered interactions.

all their joint moments of the form (x™y™) factorize into products of the form (x™y™) = («™) (y™).
For random matrices, similar statements can be written down if the expectation (-) is interpreted
as the normalized expectation of the trace, i.e. (-) = %ETI‘ -, where N is the size of the matrix.
However, matrices in general do not commute, and therefore this notion of independence is no
longer unique: for noncommuting random variables, one cannot simply take a joint moment of
the form (A™1 B™ ... AmkB"™) and assert it to be equal in general to (A™1++me Brat+ni)
The complications introduced by noncommutativity give rise to a different theory, known as free
probability theory, for noncommuting random variables [234]. This theory introduces the notion of
free independence, which is the noncommutative analogue of (classical) independence. Specifically,

two noncommutative random variables A and B are said to be freely independent if for all positive

integers my,...,mg, N1,...,Nk, the centered joint moment vanishes, i.e.
<WW...WW>:O7 (4.1)

where we have introduced the centering notation A = A — (A). This naturally generalizes the notion
of classical independence to noncommuting variables, as the former is equivalent to requiring that all
the centered joint moments of the form (z™ y™) vanish. If the expectation (A) is reinterpreted as the
normalized expectation of the trace of a random matrix A, then the machinery of free independence

can be applied directly to random matrices [342].
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4.2.2 Free independence and the R-transform

One of the central results of classical probability theory is that if  and y are independent random
variables with distributions px (z) and py (y) respectively, then the probability distribution of their

sum z + y is given by the convolution of the distributions, i.e. [9§]

pxar )= [ " ox @)y (¢ — ) d. (4.2)

— 0o

An analogous result holds for freely independent noncommuting random variables and is known as
the (additive) free convolution; this is most conveniently defined using the R-transform [234, 341
304]. For a probability density p(z) supported on [a, b], its R-transform R (w) is defined implicitly

via

b X
G(z) = eli%l+ z—]zgc—)i—ie)dx (4.3a)
R(w) = G (w) — % (4.3b)

These quantities have natural analogues in Green function theory: p (z) is the density of states, i.e.
the distribution of eigenvalues of the underlying random matrix; G(z) is the Cauchy transform of
p (), which is the retarded Green function; and G~! (w) = R (w) + 1/w is the self-energy. The
R-transform allows us to define the free convolution of A and B, denoted AHB, by adding the
individual R-transforms

Rmp (w) := Ra (w) + Rp (w). (4.4)

This finally allows to state that if A and B are freely independent, then the sum A+ B must satisfy
Ryt (w) = Ragp (w) . (4.5)

In general, random matrices A and B are neither classically independent nor freely independent.
However, we can always construct combinations of them that are always freely independent. One
such combination is A + Q' BQ, where Q is a random orthogonal (unitary) matrix of uniform Haar
measure, as applied to real symmetric (Hermitian) A and B [89]. The similarity transform effected
by @ randomly rotates the basis of B, so that the eigenvectors of A and B are always in generic
position, i.e. that any eigenvector of A is uncorrelated with any eigenvector of B [7]. This is the main
result that we wish to exploit. While in general A and B are not freely independent, and hence ({4.5)
fails to hold exactly, we can nonetheless make the approximation that holds approximately, and
use this as a way to calculate the density of states of a random matrix H using only its decomposition

into a matrix sum H = A + B. Our application of this idea to the Anderson model is described
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below.

4.3 Numerical results

4.3.1 Computation of the Density of States and its Free Approximant

We now wish to apply the framework of free probability theory to study Anderson models beyond
the one-dimensional nearest-neighbor model which was the focus of our initial study [54]. It is well-
known that more complicated Anderson models exhibit rich physics that are absent in the simplest
case. First, the one-dimensional Anderson Hamiltonian with long range interactions has delocalized
eigenstates at low energies and an asymmetric density of states, features that are absent in the
simplest Anderson model [70, [74], [75], 204, 273]. These long range interactions give rise to slowly
decaying interactions in many systems, such as spin glasses [I0T], [30] and ionic liquids [259]. Sec-
ond, two-dimensional lattices can exhibit weak localization [4], which is responsible for the unusual
conductivities of low temperature metal thin films [82] 27]. The hexagonal (honeycomb) lattice is of
particular interest as a tight binding model for nanostructured carbon allotropes such as carbon nan-
otubes [278] and graphene [I41], [50], which exhibit novel electronic phases with chirally tunable band
gaps [126], 279] and topological insulation [49, [220]. Third, the Anderson model in three dimensions
exhibits nontrivial localization phases that are connected by the metal-insulator transition [10} 284].
Fourth, systems with off-diagonal disorder, such as substitutional alloys and Frenkel excitons in
molecular aggregates [377, [100], exhibit rich physics such as localization transitions in lattices of
any dimension [12], localization dependence on lattice geometry [148], Van Hove singularities [41],
and asymmetries in the density of states [I00]. Despite intense interest in the effects of off-diagonal
disorder, such systems have resisted accurate modeling [32] 178 94, [9T], 320, [31], 295] (288 287]. We
are therefore interested to find out if our approximations as developed in our initial study [54] can
be applied also to all these disordered systems.

The Anderson model can be represented in the site basis by the matrix with elements

where g; is the energy of site 4, d;; is the usual Kronecker delta, and J;; is the matrix of interactions
with J;; = 0. Unless otherwise specified, we further specialize to the case of constant interactions
between connected neighbors, so that J;; = JM;; where J is a scalar constant representing the inter-
action strength, and M is the adjacency matrix of the underlying lattice. Unless specified otherwise,
we also apply vanishing (Dirichlet) boundary conditions, as this reduces finite-size fluctuations in
the density of states relative to periodic boundary conditions. For concrete numerical calculations,

we also choose the site energies g; to be iid Gaussian random variables of variance o? and mean
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0. With these assumptions, the strength of disorder in the system can be quantified by a single

dimensionless parameter o/.J.

The particular quantity we are interested in approximating is the density of states, which is one
of the most important descriptors of electronic band structure in condensed matter systems [172].

It is defined as the distribution

i (@) = <Zs<x - ej>> (4.7)

where ¢; is the jth eigenvalue of a sample of H and the expectation (-) is the ensemble average.

To apply the approximations from free probability theory, we partition our Hamiltonian matrix
into its diagonal and off-diagonal components A and B. The density of states of A is simply
a Gaussian of mean 0 and variance o2, and for many of our cases studied below, the density of
states of B is proportional to the adjacency matrix of well-known graphs [313] and hence is known

analytically. We then construct the free approximant
H =A+Q"BQ (4.8)

where @ is a random orthogonal matrix of uniform Haar measure as discussed in Section [£:2.2] and
find its density of states pg. Specific samples of ) can be generated by taking the orthogonal part
of the QR decomposition [I12] of matrix from the Gaussian orthogonal ensemble (GOE) [79]. We
then average the approximate density of states over many realizations of the Hamiltonian and @
and compare it to the ensemble averaged density of states generated from exact diagonalization of
the Hamiltonian. We choose the number of samples to be sufficient to converge the density of states

with respect to the disorder in the Hamiltonian.

While this method is more costly than diagonalization of the exact Hamiltonian, it provides
a general and robust test for the quality of the free approximation for this exploratory study. A
far more efficient method would be to numerically compute the free convolution directly. The
Cauchy transform of the densities of states of A and B (equation can be computed via a
series expansion [242] . With careful numerics, the functional inverses of the Cauchy transform
can be computed, giving the R-transforms, which are then added (equations and [243].
This process is then inverted, where the inverse Cauchy transform is computed using Plemelj’s
lemma [I37]. While this process is fairly straightforward, it has proven numerically challenging. As
such, we use equation as a general and accurate test of the quality of the free approximation,
anticipating that further work could use the more efficient free convolution once the numerical issues

are solved.
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Figure 4-2: Comparison of exact density of states (lines) with free probability approximant (circles)
for the lattices in Figure with (b) showing the case of n = 4 neighbors. Data are shown
for multiple values of a dimensionless parameter quantifying the strength of disorder to show the
robustness of this approximation. For (a-e), this parameter is o/J, the ratio of the noisiness of
diagonal elements to the strength of off-diagonal interaction. In (f), the axis is chosen to be the
relative strength of off-diagonal disorder to diagonal disorder, oc* /o, with o/J = 1.

4.3.2 One-dimensional chain

We now proceed to apply the theory of the previous section to specific examples of the Anderson

model on various lattices. Previously, we had studied the Anderson model on the one-dimensional

chain [54]:

Hij = gi0i; + J (6ij41 + bij—1) (4.9)

which is arguably the simplest model of a disordered system. Despite its simple tridiagonal form,
this Hamiltonian does not have an exact solution for its density of states, and many approximations
for it have been developed [369]. However, unlike the original Hamiltonian, the diagonal and off-
diagonal components each have a known density of states when considered separately. To calculate
the density of states of the Hamiltonian, we diagonalized 1000 samples of 1000 x 1000 matrices, so
that the resulting density of states is converged with respect to both disorder and finite-size effects.
The results are shown in Figure a), demonstrating that the free approximation to the density of
states is visually indistinguishable from the exact result over all the entire possible range of disorder

strength o/.J.
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4.3.3 Omne-dimensional lattice with non-neighbor interactions

Going beyond tridiagonal Hamiltonians, we next study the Anderson model on a one-dimensional

chain with constant interactions to n neighbors. The Hamiltonian then takes the form:

> ikt 52-%,]1 . (4.10)

k=1

where we use the superscript to distinguish the one-dimensional many-neighbor Hamiltonian from
its higher dimensional analogs. Unlike the nearest-neighbor interaction case above, the density of
states is known to exhibit Van Hove singularities at all but the strongest disorder [327, [377].

We average over 1000 samples of 1000 x 1000 Hamiltonians, which as before ensures that the
density of states is numerically converged with respect to statistical fluctuations and finite-size
effects. We looked at the case of n = 2, ..., 6 neighbors with identical interaction strengths, and also
interaction strengths that decayed linearly with distance to better model the decay of interactions
with distance in more realistic systems. The free approximant is of similar quality in all cases. As
shown in Figure [4-2b) for n = 4 neighbors, the free approximant reproduces these singular features
of the density of states, unlike perturbative methods which are known to smooth them out [8] [134].
The reproduction of singularities by the free approximant parallels similar observations found in

other applications of free probability to quantum information theory [223].

4.3.4 Square, hexagonal and cubic lattices

We now investigate the effect of dimensionality on the accuracy of the free approximant in three

lattices. First, we consider the Anderson model on the square lattice, with Hamiltonian:

H*P =B or+1@BY + A (4.11)

where B'P is the off-diagonal part of the H'P defined in equation , I is the identity matrix
with the same dimensions as B'P, A is the diagonal matrix of independent random site energies of
appropriate dimension, and ® is the Kronecker (direct) product. We have found that a square lattice
of 50 x 50 = 2500 sites is the smallest lattice with negligible finite size fluctuations in the density of
states. As such, we calculated the density of states for 500 samples of 3600 x 3600 Hamiltonians. We
find that for both nearest-neighbors (shown in Figure[4-2|c)) and non-nearest-neighbors (specifically,
n =2,...,6), the free approximation is again visually identical to the exact answer.

Second, we consider the honeycomb (hexagonal) lattice, which has a lower coordination number
than the square lattice. Its adjacency matrix does not have a simple closed form, but can nonetheless
be easily generated. For this lattice, we averaged over 1000 samples of matrices of size 968 x 968,

and applied periodic boundary conditions to illustrate their effect. As in the square case of the two
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dimensional grid model, the density of states of the honeycomb lattice with any number of coupled
neighbor shells is well reproduced by the free approximant (Figure d)), even reproducing the
Van Hove singularities at low to moderate site disorder. Additionally, we see that the finite-size
oscillations at low disorder (¢/J ~ 0.1) are also reproduced by the free approximation.

Third, we consider the Anderson model on a cubic lattice, whose Hamiltonian is:

P = (BPelel)+(IeBPel)+(IeleBP)+A (4.12)

Figure e) shows the approximate and exact density of states calculated from 1000 samples of
1000 x 1000 matrices. This represents a 10 x 10 x 10 cubic lattice which is significantly smaller in
linear dimension than the previously considered lattices. We therefore observed oscillatory features
in the density of states arising from finite-size effects. Despite this, the free approximant is still able
to reproduce the exact density of states quantitatively. In fact, if the histogram in Figure e)
is recomputed with finer histogram bins to emphasize the finite-size induced oscillations, we still

observe that the free approximant reproduces these features.

4.3.5 Off-diagonal disorder

Up to this point, all of the models we have considered have only site disorder, with no off-diagonal
disorder. Free probability has thus far provided a qualitatively correct approximation for all these
lattices. To test the robustness of this approximation, we now investigate systems with random
interactions. The simplest such system is the one-dimensional chain, with a Hamiltonian of the

form:

Hij = gidij + hi (85,41 + dij—1) - (4.13)

Unlike in the previous systems, the interactions are no longer constant, but are instead new random
variables h;. We choose them to be Gaussians of mean J and variance (a*)Q. There are now two
order parameters to consider: o*/J, the relative disorder in the interaction strengths, and o* /o, the
strength of off-diagonal disorder relative to site disorder. As in the prior one-dimensional case, we
average over 1000 realizations of 1000 x 1000 matrices.

We now observe that the quality of the free approximation is no longer uniform across all values of
the order parameters. Instead, it varies with o* /o, but not ¢*/J. In Figure f), we demonstrate
the results of varying o*/o with o/J = 1. In the limits ¢*/o > 1 and ¢*/o < 1, the free
approximation matches the exact result well; however, there is a small but noticeable discrepancy
between the exact and approximate density of states for moderate relative off-diagonal disorder,
though the quality of the approximation is mostly unaffected by the centering of the off-diagonal

disorder. In the next section, we will investigate the nontrivial behavior of the approximation with
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the o* /o order parameter.

4.4 Error analysis

In our numerical experiments, we have found that the accuracy of the free approximation remains
excellent for systems with only site disorder, regardless of the underlying lattice topology or the
number of interactions that each site has. Details such as finite-size oscillations and Van Hove
singularities are also captured when present. However, when off-diagonal disorder is present, the
quality of the approximation does vary qualitatively with the ratio of off-diagonal disorder to site
disorder o* /o as illustrated in Section and the error is greatest when ¢* ~ ¢. To understand
the reliability of the free approximant in all these situations, we apply an asymptotic moment
expansion to calculate the leading order error terms for the various systems. In general, a probability
density p can be expanded with respect to another probability density p in an asymptotic moment

expansion known as the Edgeworth series [53], [314]:

o0

(m) _ g(m) d\™
K K
= —_— - o 4.14
(@) = exp (mz_ (- )mx) (1.14)
where £(") is the mth cumulant of p and #("™ is the mth cumulant of 5. When all the cumulants
exist and are finite, this is an exact relation that allows for the distribution p to be systematically
corrected to become p by substituting in the correct cumulants. If the first (n — 1) cumulants of p

and p match, but not the nth, then we can calculate the leading-order asymptotic correction to p

as:
plx) = exp (,W (_;;)" +.. ) plx) (4.15a)

= (1+F”(n);!';”w (—di)n—l-...)ﬁ(x) (4.15D)

=p(z)+ (_nll)n (n<”> - W)) %(x) +0 ( ZZZ’ > (4.15¢)

_h() + (_nl!)n (™ — ) %(l«) +0 (:‘Z:Z’) (4.15d)

where on the second line we expanded the exponential eX =1+ X + ..., and on the fourth line we

used the well-known relationship between cumulants £ and moments p and the fact that the first
n — 1 moments of p and p were identical by assumption.

We can now use this expansion to calculate the leading-order difference between the exact density
of states pg = pa+p, and its free approximant pg = pamp by setting p = py and p = py in

(4.15d)). The only additional data required are the moments MEZ[L) = (H") and ,ugl,) = ((H")"),

111



which can be computed from the sampled data or recursively from the joint moments of A and
B as detailed in the previous chapter. This then gives us a way to detect discrepancies, which
is to calculate successively higher moments of H and H’' to determine whether the difference in
moments is statistically significant, and then for the smallest order moment that differs, calculate
the correction using .

The error analysis also yields detailed information about the source of error in the free approxi-

mation. The nth moment of H is given by

H;?) =(H")=(A+ B)n> — Z (A™ B™ ... AT B (4.16)
M1,MN1 e, MK, NE

k _
2i—1mitn;=n

where the last equality arises from expanding (A + B)" in a noncommutative binomial series. If A
and B are freely independent, then each of these terms must satisfy recurrence relations that can be
derived from the definition [53]. Exhaustively enumerating and examining each of the terms
in the final sum to see if they satisfy thus provides detailed information about the accuracy of
the free approximation.

We now apply this general error analysis for the specific systems we have studied. It turns out
that the results for systems with and without off-diagonal disorder exhibit different errors, and so

are presented separately below.

4.4.1 Systems with constant interactions

We have previously shown that for the one-dimensional chain with nearest-neighbor interactions, the
free approximant is exact in the first seven moments, and that the only term in the eighth moment
that differs between the free approximant and the exact H is <(AB)4> [54]. The value of this joint
moment can be understood in terms of discretized hopping paths on the lattice [361]. Writing out
the term <(AB)4> explicitly in terms of matrix elements and with Einstein’s implicit summation

convention gives:

1
<(AB)4> = N]E (Aiyin Bigis Aigia Bigis Aigic Bigiz Airig Bigiy) (4.17a)
1
= NE ((giléiliZ) (‘]Mlzl?,) (gi36i3i4) (JMi4i5) (gi56i5ie) (JMi6i7) (gi75i7i8) (JMigil))
(4.17D)
1
= NE (91191293 9is T Miy iy Miyiy Miyi, M, ) - (4.17¢)

From this calculation, we can see that each multiplication by A weights each path by the site energy

of a given site, g;, and each multiplication by B weights the path by J and causes the path to hop to
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a coupled site. The sum therefore reduces to a weighted sum over returning paths on the lattice that
must traverse exactly three intermediate sites. The only paths on the lattice with nearest-neighbors
that satisfy these constraints are shown in Figure 3(a), namely (i1,42,13,14) = (k,k+ 1,k k + 1),
(k,k+1,k+2,k+1), (k,k—1,k,k—1), and (k,k — 1,k — 2,k — 1) for some starting site k. The
first path contributes weight E (g,%g,%_H) J=E (g,%) E (g,%_H) J* = g*J* while the second term has
weight E (gxg3,196+2) J* = E (k) E (97,1) E (gkt2) J* = 0. Similarly, the third and fourth paths
also have weight o%J% and 0 respectively. Finally averaging over all possible starting sites, we
arrive at the final result that <(AB)4> = 20*J* with periodic boundary conditions and <(AB)4> =
2(1 —1/N)o*J* with vanishing boundary conditions. We therefore see when N is sufficiently large,
the boundary conditions contribute a term of O (1/N) which can be discarded, thus showing the
universality of this result regardless of the boundary conditions.

Applying the preceding error analysis, we observe that the result from the one-dimensional chain
generalizes all the other systems with constant interactions that we have studied; the only difference
being that the coefficient 2 is simply replaced by n, the number of sites accessible in a single hop
from a given lattice site. In order to keep the effective interaction felt by a site constant as we scale

n, we can choose .J to scale as ﬁ In this case, the free approximation converges to the exact result

as L.
n
We can generalize the argument presented above to explain why <(E)4> is the first nonzero
joint centered moment, and thus why the approximation does not break down before the eighth

moment. Consider centered joint moments of the form:

<ﬂﬁAaszz N .mﬁ> (4.18)

for positive integers {a;,b;} such that ) (a; +b;) < 8. Since A is diagonal with iid elements, all
powers of A" are also diagonal with iid elements, and so A" = 0. Centered higher powers of B,
Bn, couple each site to other sites with interaction strengths J", but after centering, the diagonal
elements of B™ are zero and multiplication by B still represents a hop from one site to a different
coupled site. Therefore, the lowest order nonzero joint centered moment requires at least four hops,
so n > 4 is the smallest possible nonzero term, but but the only term of this form of eighth order or

lower is the one with a; = b; = 1, i.e. the term <(AB)4>.

4.4.2 Random interactions

When the off-diagonal interactions are allowed to fluctuate, the free approximation breaks down in

N2
the sixth moment, where the joint centered moment <(ABQ> > fails to vanish. We can understand

this using a generalization of the hopping explanation from before. In this case, B2 contains nonzero

diagonal elements, which corresponds to a nonzero weight for paths that stay at the same site. Thus,
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Figure 4-3: (a) Diagrammatic representation of the four paths that contribute to the leading order
error for the case of a two-dimensional square lattice with constant interactions and nearest neigh-
bors. Dots contribute a factor of g; for site i. Solid arrows represent a factor of J. Each path
contributes J* <gg> <g§> = 04J* to the error. (b) Build up of the diagrammatic representation the
leading order error in the case of a 1D chain with off-diagonal disorder. The two dashed arrows
contribute a factor of py — pu3. Because of the disorder in the interactions, multiplication by B?

allows loops back to the same site. The first of these loops, <Zﬁ>, has zero expectation value

because it contains an independent random variable of mean zero as a factor. Once two loops are
present, the expectation value instead contains this random variable squared, which has nonzero

expectation value.
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Table 4.1: Coefficients of the leading-order error in the free probability approximation in the Edge-

worth expansion (4.15d)).

’ \ Order \ Term \ Coefficient ‘

D | 8 T Tt (218
2D square )t Jiot/ (4-8))
L Tt/ (3-8
) )
)

2D honeycomb

3D cube

1D with n nearest-neighbors
1D with off-diagonal disorder

1 Tt/ (6- 8!
Y Tt/ (2n-8))
(AB*)” | 0 (s — 13) /6!

Oy |CO|CO| 0O 0o

(Z@)Q contains a path of nonzero weight that starts at a site and loops back to that site twice
(shown in Figure 3(b)). The overall difference in the moment of the exact distribution from that
in the free distribution is 202 (u4 — u%), where g4 and po are the fourth and second moments of
the off-diagonal disorder. As above, the o2 component of this difference can be understood as the
contribution of the two As in the joint centered moment. The other factor, 2 (u4 — ,u%), is the weight
of the path of two consecutive self-loops. The sixth moment is the first to break down because, as
before, we must hop to each node on our path twice in order to avoid multiplying by the expectation
value of mean zero, and (AB2)2 is the lowest order term that allows such a path.

We summarize the the leading order corrections and errors in Table At this point, we
introduce the quantity J = v/2n.J, which is an aggregate measure of the interactions of any site with
all its 2n neighbors. As can be seen, the discrepancy occurs to eighth order for all the studied systems
with constant interactions, with a numerical prefactor indicative of the coordination number of the
lattice, and the factor of 1/8! strongly suppresses the contribution of the error terms. Furthermore,
for any given value of the total interaction .J, the error decreases quickly with coordination number
2n, suggesting that the free probability approximation is exact in the mean field limit of 2n — oo
neighbors. This is consistent with previous studies of the Anderson model employing the coherent
potential approximation.[327, 230, 231] In contrast, the system with off-diagonal disorder has a
discrepancy in the sixth moment, which has a larger coefficient in the Edgeworth expansion .
This explains the correspondingly poorer performance of our free approximation for systems with
off-diagonal disorder. Furthermore, the preceding analysis shows that only the first and second
moments of the diagonal disorder o contribute to the correction coefficient, thus showing that this

behavior is universal for disorder with finite mean and standard deviation.

4.5 Conclusion

Free probability provides accurate approximations to the density of states of a disordered system,
which can be constructed by partitioning the Hamiltonian into two easily-diagonalizable ensembles

and then free convolving their densities of states. The previous chapter showed that this approxi-
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mation worked well for the one-dimensional Anderson model partitioned into its diagonal and off-
diagonal components. Our numerical and theoretical study described above demonstrates that the
same approximation scheme is widely applicable to a diverse range of systems, encompassing more
complex lattices and more interactions beyond the nearest-neighbor. The quality of the approxima-
tion remains unchanged regardless of the lattice as long as the interactions are constant, with the
free approximation being in error only in the eighth moment of the density of states. When the
interactions fluctuate, the quality of the approximation worsens, but remains exact in the first five
moments of the density of states.

Our results strongly suggest that free probability has the potential to produce high-quality ap-
proximations for the properties of disordered systems. In particular, our theoretical analysis of the
errors reveals universal features of the quality of the approximation, with the error being character-
ized entirely by the moments of the relevant fluctuations and the local topology of the lattice. This
gives us confidence that approximations constructed using free probability will give us high-quality
results with rigorous error quantification. This also motivates future investigations towards con-
structing fast free convolutions using numerical methods for R-transforms,[243] which would yield
much faster methods for constructing free approximations. Additionally, further studies will be
required to approximate more complex observables beyond the density of states, such as conductiv-
ities and phase transition points. These will require further theoretical investigation into how free
probability can help predict properties of eigenvectors, which may involve generalizing some promis-
ing initial studies linking the statistics of eigenvectors such as their inverse participation ratios to

eigenvalue statistics such as the spectral compressibility [I73] [35].
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Chapter 5

Density matrix embedding in an
antisymmetrized geminal product

wavefunction

Density matrix embedding theory (DMET) has emerged as a powerful tool for performing wave
function-in-wave function embedding for strongly correlated systems. In traditional DMET, an
accurate calculation is performed on a small impurity embedded in a mean field bath. Here, we
extend the original DMET equations to account for correlation in the bath via an antisymmetrized
geminal power (AGP) wave function. The resulting formalism has a number of advantages. First, it
allows one to properly treat the weak correlation limit of independent pairs, which DMET is unable
to do with a mean-field bath. Second, it associates a size extensive correlation energy with a given
density matrix (for the models tested), which AGP by itself is incapable of providing. Third, it
provides a reasonable description of charge redistribution in strongly correlated but non-periodic
systems. Thus, AGP-DMET appears to be a good starting point for describing electron correlation

in molecules, which are aperiodic and possess both strong and weak electron correlation.

5.1 Introduction

Accurate description of the electron correlation of molecules and materials is crucial for predicting
their physical and chemical properties. Kohn-Sham Density Functional Theory (DFT)[I43] [1°79] has
enjoyed great success for large, weakly correlated systems, and has been routinely used as a compro-
mise between accuracy and cost. However, it is now well known that most DFT approximations fail
to describe strong correlation: for example, almost all DFT functionals break down for Mott insu-

lators and transition metal oxides [255] [59]. Certain wave function methods, on the other hand, are
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more reliable for treating strong correlation in small molecular systems [282, [360, 52| 283], 274] [44].
Unfortunately, they have significant limitations due to their steep computational scaling and thus
cannot easily be applied to large and bulk systems. In particular, all correlated wave function meth-
ods will face an inevitable challenge in solids because of the computational effort required to evaluate
the integration over the Brillouin zone [I40]. Hence, it has become important to find new reliable

and feasible descriptions of both weak and strong correlations for large systems.

In the last decade, much progress has been made on this problem, and it has attracted widespread
attention. The central motivation is that electron correlation is local [266, 277, 15 130]. This fact
makes it possible to treat the whole system by decomposing it into a small local system (sometimes
called an impurity) and its extended environment (sometimes called a bath) where the former is
accurately treated under the influence of the latter. In other words, a small, tractable impurity
system is embedded in the rest of system, where the impurity and bath interact with each other in
some approximate but self-consistent manner. This system-bath breakup is the basis for a number

of important forms of embedding.

On the one hand, subsystem DFT[60, B59] achieves this breakup at the level of densities -
the density for the system is decomposed into an impurity (the subsystem) and a bath such that
Pimp(T) + Poath (r) = protar(r). Although the method was originally conceived as a route to DFT-
in-DFT embedding with the expectation of linear scaling computational cost, it has more recently
found success as a wave function-in-DFT embedding scheme. The energy of p;mp(r) is then com-
puted using a high level of theory while ppesn(r) can be treated at a lower level of theory. In this
case, the high level calculation is subject to a constraint potential v;m,(r) that forces the correlated
density to match p;p,(r). The resulting wavefunction-in-DFT embedding scheme can quite success-
fully describe systems where the subsystem has little correlation or coherence with the bath. For
example, it has been used to describe molecules at surfaces [I15], proteins [154], organic molecular

crystals [232], and molecules in solution [20].

An alternative approach to the density embedding scenario is dynamical mean-field theory
(DMFT) [217, 203] 107, [106]. Here, instead of embedding densities, one embeds the Green’s func-
tion. A local impurity Green’s function is constructed self-consistently with a larger bath Green’s
function. The local Green’s function is determined by employing a quantum impurity solver (usually
with high-level many-body theories or full configuration interaction (FCI)). The impurity Green’s
function is then used to construct the corresponding local self-energy. Self-consistency is obtained by
performing this calculation on each fragment (with the other fragments as a bath) and iterating until
the self energy converges. DMFT has been applied to solids with great success [219] 252], [29] 206, [73],
and was recently extended to finite systems as well [I55, 197 B333].

In practice, DMFT can be quite demanding, owing to the frequency integrals implicit in the

Green’s function formalism. Recently, Density Matrix Embedding Theory (DMET) has been pro-
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posed as a simplified version of DMFT that still captures the same basic physics [I75} [176]. Instead
of using the Green’s function, DMET employs a frequency-independent variable: the one-particle
density matrix (DM), <&;f&j>. The information of the wave function is mapped onto its DM, and
self-consistency is achieved by matching the DMs between the impurity solver and mean-field bath
wave function, i.e. Hartree-Fock (HF). In this sense, DMET is intermediate between subsystem
DFT and DMFT: it attempts to maintain the simple matching conditions of subsystem DFT while
still incorporating the important strong correlation physics of DMFT. DMET accomplishes this feat
by rigorously defining the impurity and bath in Fock space through Schmidt decomposition of the
mean-field wave function [258] 257]. Importantly, the Schmidt decomposition represents the bath
using the same number of states as the impurity, and thus greatly reduces the size of the active
space for the quantum impurity solver. Despite its simplicity, DMET is accurate for the 1- and
2-dimensional Hubbard models [I75] and simple chemical models such as hydrogen rings [176]. It
has been further simplified by Bulik et al. to density embedding theory (DET) [46], where only the

electron density is matched, with impressive performance on realistic infinite systems [45].

In this chapter, we will extend the original DMET to include a correlated bath. The original
DMET, hereafter called HF-DMET, uses a HF bath (i.e. FCI-in-HF embedding) and thus the
bath density matrix is not flexible enough to represent correlated systems because it must always
be idempotent. This can cause convergence problems as well as unexpected wrong behaviors in
the non-interacting limit (as we will discuss later), essentially because the DM cannot be matched
exactly even when the embedding should be exact. To remedy this problem, we specifically use
the antisymmetrized geminal power (AGP) [227, [33], [60, [I87] wave function for the bath. Because
AGP can obtain any N-representable one particle density matrix [211] FCI-in-AGP embedding can
enforce eract density matrix matching even though the bath is only approximate. This feature
has significant benefits for making DMET robust and well-behaved. As a side benefit, because the
DMET scheme becomes exact in the limit of FCI-in-FCI, it is expected that using a correlated bath

(FCL-in-AGP in our case) will lead to a systematic improvement of the approximation.

We organize this chapter as follows. We will first discuss the shortcomings of HF-DMET in
more detail in Section[5.2] In Section [5.3] we outline the steps required for AGP-DMET, noting that
AGP can be viewed as number-projected Hartree-Fock-Bogoliubov (PHFB) [39, [355], where HFB’s
broken electron number symmetry is restored by a projection operator [294, 289]. Therefore, one
can rely on the mean field nature of HFB to significantly ease the complexity of employing an AGP
bath. Section shows our results on illustrative examples of the Hubbard model and its variants,
including an alternating ABAB Hubbard model and a stochastic Hubbard-Anderson model. Finally,
we conclude this chapter and discuss future directions for DMET in Section [5.5}
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5.2 Motivation: DMET and independent pairs

5.2.1 DMET equations

Given a decomposition of N orbitals into Niy,, “impurity” (or system) orbitals and N — Ny, “bath”
(or environment) orbitals, any many particle wave function (including the exact ground state wave

function) can be decomposed as a sum over products of impurity states («) times bath states (5):

M
|¥) = Z)\I lar) [Br) (5.1)
=1

This decomposition is known as the Schmidt decomposition of the wave function [258, 257]. The
intriguing thing about this decomposition is that the length of the expansion (M) is limited by
the lesser of two things: the number of states available to the impurity and the number of states
available to the bath. Thus, in the common scenario where the impurity has a very small number of
states available to it, the Schmidt decomposition is very compact, even for a complicated |¥) and a
large bath.

In practice, it is very difficult to get the bath states without knowing the full wave function to
begin with. Thus, DMET takes the pragmatic path of approximating the bath states using a low

level of theory, typically mean field. In this case, the action of the full Hamiltonian

N N
H= " hpfag+ > pgretbasan (5.2)

pg=1 pqrs=1

in the Schmidt space can be exactly reproduced by the action of a reduced Hamiltonian

2N'im,p 2N'an
Hecg= > Tpglhiq+ > Dpgrsthéhist, (5.3)
pq=1 pqrs=1

in a space of fictitious quasiparticles [I75), [I76]. The first Niyp of the creation/destruction opera-
tors é; /&, are identical to the corresponding creation/destruction operators in the impurity. The
remaining operators are linear combinations of the bath creation/destruction operators defined in
such a way that whenever p is occupied in the Schmidt decomposition of ¥, p + Niyp is empty and
vice versa. More details on the algebra of how these quasi-operators are defined for a Hartree-Fock
state can be found in Ref. [40].

Now, for small numbers of impurity orbitals, the ground state wavefunction corresponding to
the Hamiltonian of Eq. can be found either exactly using CI[318| [I75], or very accurately using
coupled cluster[22], [45] or density matrix renormalization group [360] methods. Thus, the flow in
DMET is: 1) Pick a good mean field description for the bath; 2) Construct the corresponding
reduced Hamiltonian; (Eq. 3) Solve for the ground state of ﬁimp; 4) Report the energy of the

impurity (with no bath) as the expectation value of
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Figure 5-1: A summary of the DMET algorithm.

pgrs=1

Nim,p 2Nme 2N1mp
p = E e pcq + E qu,«sc él gCsCr | - (5.4)
p=1 qg=1 qrs=1

For an aperiodic system, one can break the system up into disjoint subsystems, perform DMET on
each subsystem, and then reconstruct the total energy by adding up the impurity energies (Eq.
for each fragment.

The only uncertain piece of the DMET algorithm is how one picks a “good” mean field description
of the bath. Physically, one expects that a good mean field description of a given subsystem will be
one that resembles what one would have obtained by doing DMET on the same subsystem. That
is, Uyr &~ UpumET, at least locally. Different DMET algorithms choose to enforce this approximate

condition in different ways [I75), (176} 45], all of which focus on the DM in the Schmidt space

Ppy = <éjzép> : (5.5)

One can then match either the full matrix, impurity-impurity block of the matrix, or the diagonal
elements of the matrix (with the latter being referred to as density embedding theory, or DET[45]
46]). For the duration of this chapter we will consider only DMET matching the impurity-impurity
block

(Pog " =) (@hn) = (@hin) e (5 P') (5.6)

for simplicity. Similar results and arguments can be found with the other matching conditions.

In order to enforce the matching condition, DMET borrows from subsystem DFT and adds an
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additional (nonlocal) potential dimp to each impurity

Nimp

Dimp = 3 0Pl

Vimp = vpatala,. (5.7)
pg=1

The mean field wave function is chosen to be the ground state of the original H plus this impurity

potential

Uop = min <H + @imp>. (5.8)

de{Determinants}
The impurity Hamiltonian then depends on ¥jy, in two ways. First, there is a direct dependence,
as the matrix elements involving bath states are computed using 0imp. Second, there is an indirect
dependence that arises because the Schmidt states are determined by Wy, which in turn depends
on Dimp.

We thus have that both PMF and P! depend on Dimp, S0 that the matching condition becomes

P;%IF ({)imp) = PZS]I (ﬁimz)) [p, qc Impurity] . (5-9)

The number of parameters (in diyp) is exactly equal to the number of unknowns (in PM¥) and thus
the proper adjustment of 0in, in practice can lead to exact fulfillment of the matching conditions.
In some ways, Eq. [5.9) can be thought of as a self-consistency condition: one chooses the potential
so that the impurity DM used in the Schmidt decomposition exactly matches the impurity DM
obtained from doing an exact calculation in this Schmidt space. Putting all the pieces together, the

resulting DMET algorithm is summarized in Figure

5.2.2 Independent pairs

Now, let us consider a system of two noninteracting electron pairs in a minimal basis - for example,
two LiH/STO-3G molecules (with frozen cores) infinitely far from each other. Consider the situation
illustrated in Figure [5-2) where one runs DMET on this system with two impurity sites. In this case,
the Schmidt decomposition is fairly easy: the impurity orbitals are just the orbitals on one of the LiH
molecules and the bath quasi-orbitals are just the physical orbitals on the other LiH molecule. Thus,
the Schmidt Hamiltonian is exactly equal to the full Hamiltonian and DMET with two impurity
orbitals should be exact for this case.

However, to this point we have neglected the effects of self-consistent density matching. It is clear
from the argument above that DMET is exact if the impurity potential (0imp) is zero. Unfortunately,
it is in general not zero when the bath is a mean field so that DMET fails to be exact in this simple
case. To see why this is so, note that because the two orbital pairs are infinitely far apart, the one

particle DM will be block diagonal. Both for the CI
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Figure 5-2: A pair of infinitely separated minimal basis LiH molecules. One molecule is chosen to
be the system, and the other serves as a bath. In this case, one obtains the same Hamiltonian in
the Schmidt basis as in the full basis.

Pt o
PC = " o (5.10)
0 Py
and the mean field
PMF o
PMF — " - (5.11)
0 Py

the DM consists of impurity-impurity and bath-bath blocks. The matching condition that we want

to satisfy is then

P%\i/IF ({)imp) = PSI (ﬁimp) (5'12)

In order for DMET to be exact, this condition would need to be satisfied when 9iy,, = 0. However,
this cannot be because the mean field DM must be idempotent (PP = P) whereas the CI density
matrix will generally be sub-idempotent (PP < P). In general, there exists no potential that can
make the CI density idempotent, and so the exact matching condition cannot be satisfied for the
simple case of noninteracting pairs.

In order for Eq. to be satisfied even in a least squares sense, one needs to apply an impurity
potential to the system. This potential will perturb the DMET solution, leading to an incorrect

result for non-interacting pairs. We note that a similar but weaker condition holds for DET. It is
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possible to apply a potential so that the densities of the MF and CI states match on the impurity.
However, once again, this potential will typically not be zero so that DET is not exact for this case

either.

To illustrate the inexact nature of DMET for noninteracting pairs, we consider a simple four site

Hubbard Hamiltonian [149, 93]

H= Z hijd;radjg + Z Ui, (5.13)

ij,o i
where the first term includes all one electron terms and the second describes on-site electron repulsion

with strength U. The one electron Hamiltonian takes the form

e t 0 O
t 00 O
h= (5.14)
0 0 € t
0 0t O

which describes two identical noninteracting pairs (1,2) and (3,4). The orbitals are coupled within
a pair by a hopping term ¢ and the odd orbitals are higher in energy by an amount € compared to
the even orbitals. The model mimics our example of two LiH/STO-3G molecules (with frozen cores)
infinitely far from one another. For a particular set of parameters (t=1, e=0.3, U=8) it is easy to
show that the exact answer for this system is Ecr = —0.086 (per site), which is identical to what
DMET gives when 0in, = 0. However, once the matching condition is satisfied, Oimp 7 0 and we

find EppmeT = —.416 so that DMET is clearly not exact for this case.

5.3 Theory

In order to allow DMET to be exact for noninteracting pairs, it is clear that we need more
flexibility in the DM. Specifically, we need to describe the environment by a correlated wave function,
so that the DM can be sub-idempotent. With this in mind, it becomes clear that the AGP wave
function [227] [I87, [60] is an ideal candidate for the environment. The AGP wave function is compact
[61], its computational scaling is similar to that of HF, it is easy to compute matrix elements between
AGP states [289], and most importantly, a suitably chosen AGP wave function can reproduce any
physical DM [2I1]. In what follows, we start by briefly reviewing the basic properties of an AGP

wave function.

124



5.3.1 The AGP wave function

The AGP wave function is built out of a single two-electron function (the geminal). Because it

describes two electrons, this geminal can be expanded in terms of orbital products:

g (SCh :Cg) = Z Cijﬁbi (zl)aj (Ig) . (515)

j

The AGP wavefunction for 2M electrons can then be succinctly written as [227]

Vaap (1,22, 23,...00) = Alg (x1,22) g (23, 24) . .. g (X2nr—1, T2nr)] (5.16)
where A is the antisymmetrizer. The resulting wave function clearly resembles ¢, motivating the
geminal power name.

For our purposes, the real space expression for ¥ 4gp is inconvenient, as it is not clearly related
to any mean field state, making the Schmidt decomposition tedious. Toward this end, we note that
the U 4 p is closely related to the HFB wave function [39] 855 [307]. In HFB, one mixes the creation

and destruction operators to create new quasi-particle operators

N
Vi = Z (Uji&j + Vﬂdj)

J
N
io= Y (Unal+ Vi) (5.17)

J

One then creates a mean field out of these quasi-particles

N/2
Vrrp) = H 4i 10) (5.18)
i=1

where |0) is the true vacuum containing no electrons. Note that because the quasi-operators mix

creation and destruction operators, yrg will not typically have a well-defined number of electrons.

The AGP wave function can be obtained from the HFB wave function by projecting it on to the

desired number of electrons [39, [355]

|Uacp) = Pu | urp) . (5.19)

Here Py is an operator that multiplies all states with M electrons by 1 and multiples all other states
by 0. It has been known for several decades [272] that this projection can be efficiently written as

an integral
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1 2m
2T 0
1 2w

= 3 e MO\ pp (0)) do (5.20)
T Jo

Py |Wprp) = ei(N=M)6 |Virpp)df

where N is the number operator and on the second line we have used the fact that eiNe |¥urp) can
be written as a new HFB wave function |¥(6)) with U;; — U;je? and V;; — Vije~ . Finally, one

notes that the integral over 6 can be evaluated by quadrature to give

Cacp) =Y w; |[Yurp (6))) . (5.21)

Thus the AGP wave function can be exactly written as a sum of mean-field HFB wave functions.

5.3.2 AGP schmidt decomposition

We are now in a position to write out the Schmidt decomposition for the AGP state. First, we note

that each Schmidt state can be obtained from the parent wave function by an appropriate operator

o) [B1) = Prs|¥). (5.22)

For example, with one impurity orbital and a state that conserves particle number

= Niing |¥)

)

) Nofiy (1= 1g)) [W)
IV = Nz (1—n)ng )

)

= Na(1—ny)(1—n4)|¥) (5.23)

where the N; are appropriate normalization constants.

Note that we are now using a more general basis than in equation [5.1] We have included cross
terms for two reasons. First, by including these terms, we can write the Hamiltonian in the Schmidt
space as a second quantized two body operator, which allows us to use standard full CI algorithms.
Second, we are using the Schmidt decomposition of the AGP bath wavefunction as an approximation
to the Schmidt space of the full CI wavefunction. We then perform a full CI calculation to refine
this approximation. By including the cross terms (i.e. I # J), we give the full CI wavefunction
greater variational flexibility.

We can combine Eq. [.22] with our expansion of the AGP wave function to write the matrix
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elements of the Hamiltonian in the AGP Schmidt basis as

(ar| (Bs| Hax)|BL) = (Wacp|PrsHPKL|Vacp)

= > wi (Vurp (0)|PryHPkL Y  w; [Vurs (0;))
i J

= Zwiwj <\I/HFB (01‘)‘75[(][:[75[(1,“1/]{}73 (93» (524)

j
so that the matrix elements of H in the AGP Schmidt basis can be efficiently computed as a weighted
sum of matrix elements between mean field HFB states. The matrix elements between the HFB

states can in turn be computed using a reduced Hamiltonian akin to Eq. [5.3] as we now show.

5.3.3 HFB matrix elements

We now need three key pieces of information in order to evaluate the matrix elements in Eq. [5.24]
First, we need to decompose the state into its Schmidt components, i.e. 731J |Pyrp). Second, we
need the Hamiltonian matrix elements between two arbitrary HFB states. To simplify the discussion,
we present a set of equations specific to the case of one impurity site. Finally, we need to rotate the
HFB state, |[¥yrp(0)) = e~ 0N |Purp). A lengthier discussion of the general case can be found in
Appendix

For one-site, the four electron configurations of the Schmidt space of an HFB wave function can

be written by applying number operators:

M) = 7fini |Yuars) (5.25)
) = 7 (1 —n4)|Pars) (5.26)
I = ni (1= i) [Vars) (5.27)
DI = (1 —ng) (L= 7g) [Yars) (5.28)

These wave functions are not easy to evaluate using the standard form of the HFB wave function,

but the Thouless form proves useful. The Thouless form of the HFB wave function is given by [326]:

1
‘\IJHFB> = exp (2 Z Zkla111 ah) ‘0) (529)
kl

where the Z is a matrix of coefficients, defined as V*U*~!. In this form, we can readily remove an

alpha or beta electron from the wave function by deleting a row or column (respectively) of the Z
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matrix. Let Z(*?) denote a Z matrix with row p and column v set to zero. Then, for example:

D1 =1 =ni) (1= n4)) [Purs) = exp (; ZZ,iﬁi)a£1alTl> |0). (5.30)

kl

We can now construct the basis in Egs. 5.28] as a linear combination of these “truncated”

HFB states:

DI = (1= ) (1= ) W) = Wi ) (5:31)
D) = (= a) [Wars) — | ¥ids) = |[0fikn) - [¥i0s) (5:32)
DI = (=) [Ten) — W) = |Ofiks) — [2i0s) (5:33)
) = MWurs) — |Wiikn) — |¥iikn) + | ¥iids) (5:34)

where we have introduced ’\I/gé)B> to mean the truncated state without an alpha electron in k& and

a beta electron in .
In order to evaluate matrix elements between two HFB states, we employ the generalized Wick’s

Theorem [272]. Given two HFB states, |®) and |¥), whose Thouless coefficient matrices are Z® and

YA

(P H ) 1
(|I) |\I’ Z hqu\IIIF) + 5 Z quTSP"tIII’(I)PS\I:](b + Z UP‘]"‘S \II(I)* sr ) (535)
pgqrs pqrq

where the transition density matrix and pairing matrix are defined as

PV — _z¥(1-2%27%) 'z, (5.36)
kY =z (1-z%2ZY) 7, (5.37)
KU = (1-2%2ZY) 'z (5.38)

The norm overlap is given by the Onishi theorem [244] 272]:

(@ |U) = £ /det [1 — ZP*ZY]. (5.39)

Note that the sign of the square root is undetermined in this form. However, we are using a singlet-

pairing HFB reference with real orbitals, which allows us to rewrite Eq. [5.39] as:

(@ |U) = det {1 + z‘P(T)z‘P} (5.40)
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where the lowercase letter indicates the a8 block of the coefficient matrix, i.e.:

7= . (5.41)

This result now has a well-defined phase.
Finally, in order to Schmidt decompose a number-projected HFB state (as in Eq. [5.24)), we need
to know how to produce the rotated HFB state in the Thouless form. Due to its exponential form,

the rotation is facile in this representation:

s 1 .
[Whrp (0)) = € |Unpp) = exp (2 > Zuc}, CL) |0). (5.42)
kl

Combining these equations, we reach the central result of this section: a means of evaluating
the matrix elements in Eq. [5.24] in terms of Wicks theorem involving a two-body operator in the

impurity+entangled space for one impurity site.

5.4 Results and discussion

5.4.1 Verification of embedding equations

We verified the accuracy of our code for evaluating the matrix elements between Schmidt states by
using a house-built Full CI code. Specifically, for a small number of total sites (N < 15), one can
represent the state |¥) as a vector in the many electron Hilbert space. A state like 7,7 |¥) can
then be directly evaluated by operating successive one electron operators (e.g. 7i;) on the vector
that represents |¥). Finally, matrix elements between states (e.g. (®|7;(1 — 7;)Hifn; |¥)) can be
evaluated using standard Full CI energy evaluation routines. By implementing this, we are able to
verify that our equations are correct for a random H and random left and right states, providing a

powerful proof of the accuracy both of the derivation and the implementation.

5.4.2 Results for model hamiltonians
5.4.2.1 The Hubbard model

To evaluate the performance of our AGP embedding method, we look at a number of extensions to the
Hubbard model [149, [93], a simple lattice model of electron correlation. The Hubbard Hamiltonian

is given in the lattice site basis by:
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N N
Hywy =—tY . >l aje +U D it (5.43)

(i,5) o€{1,1}
The first term creates nearest-neighbor one electron hopping, while the second term is an on-site two
electron repulsion. The model is governed by one dimensionless parameter, U/t, that determines
correlation strength: as this parameter increases, the system becomes more strongly correlated.

The one dimensional Hubbard model can be solved exactly via the Bethe Ansatz [196]. However,
in what follows we will also be interested in variations of this model that can only be solved nu-
merically by, for example, DMRG [52]. For the sake of consistency, then, we use a one-dimensional
Hubbard lattice with 30 sites with periodic boundary conditions. This allows us to strike a compro-
mise: we can use DMRG as a sufficiently “exact” answer, while still having a large enough lattice
to be bulk-like. We employ the BLock DMRG code [292] with M=2000 to obtain our reference
numbers.

Results for the Hubbard model at various fillings and correlation strengths are shown in Figure
5-3] where for HF-DMET we have used one and two impurity sites, respectively denoted as HF(1)
and HF(2). At low correlation strengths (U/t = 1), the AGP bath, like its HF counterpart, is
visually indistinguishable from the exact answer. As correlation strength increases, the AGP and
HF results diverge: HF embedding performs better for medium fillings, while AGP outperforms
at low and high fillings. Perhaps most importantly, AGP embedding is numerically exact for every
value of U and every number of sites when there are only two electrons. This result is to be expected,
as the AGP and FCI wave functions are identical in this case.

In general, one expects that the quality of DMET results should improve as the bath wave
function improves. As can be proven mathematically, DMET is exact for FCI-in-FCI embedding,
while it is only approximate for FCI-in-HF embedding [I76]. As the AGP wave function is clearly
closer to FCI than HF is, one might expect AGP-DMET to always be better than HF-DMET. The
fact that this is not the case suggests there is some cancellation of errors in HF-DMET for this case.

Nonetheless, both methods perform fairly well for this model.

5.4.2.2 Non-interacting AB Dimers

Now that we have established that the AGP-DMET prescription is at least as accurate as HF-
DMET for the crucial case of the Hubbard model, we turn our attention to noninteracting pairs of
sites as discussed in section To connect this to the Hubbard model that we know works well,
we create noninteracting pairs by adding two terms to Eq. we add an alternating coupling term

to zero out the hopping interaction between every second site and a potential bias § on alternating
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Figure 5-3: Filling dependence of the ground state energy of the Hubbard Hamiltonian (Eq. |5.43)
at various correlation strengths. AGP and HF denote the bath wave function, and numbers in
parenthesis are the number of sites in the impurity. We use DMRG as an exact answer to account
for finite size effects, though the Bethe Ansatz [196] is visually identical on this scale.

sites:

N N
Appap = Huw +t > Y dlae+0 Y. Y o, (5.44)
(ieven,j) c€{1,l} ieven oe{l,|}

This Hamiltonian describes an infinite number of noninteracting AB dimers and is identical to
Eq. when N = 4. The model now has two dimensionless parameters, U/t and 6/t. This new
parameter introduces a one-electron potential on every second site, creating pairs of adjacent “A”

and “B” sites.

Within a dimer, the potential difference between the “A” site and the “B” site leads to unequal
charge sharing, similar to what would be observed in an ionic bond. Between dimers, the interaction
is zeroed out by the removal of the hopping term. Again, just like the example in the introduction,

DMET will be exact for this as long as the self-consistency conditions are ignored.

This model is interesting because we do not know the electron populations on each site a priori,
as opposed to ]:IHub where all the lattice sites are equally occupied. If we use two sites in our
impurity, then the total number of electrons becomes well-defined. But for one site embedding
(which might be preferred for computational reasons) the ABAB model presents a challenge: does
the density matrix matching condition result in correct populations? In order to solve this problem
for one-site embedding, we modify the original DMET to have two equal and opposite fictitious

bath potentials: one that repeats on every A site and one on every B site. We then perform the
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embedding calculation twice, once each for an A site and a B site. Finally, the two bath potentials
are optimized to satisfy the DMET matching condition for both sites.

Results for this model are shown in Figure Looking first at the one-site data, both HF-
DMET and AGP-DMET give reasonable though not exact energies. The AGP data are somewhat
better, but the trends are both good. For two site embedding, AGP-DMET becomes exact (not
shown). Meanwhile, for two sites, HF-DMET fails to find an exact match for the density matrix
and the least squares solution gives qualitatively incorrect behavior: the energies are poor and the
slope is inaccurate. [Note: The two-site DMET does give the correct answer for the case of § = 0,
but for the wrong reason; it still fails to converge, but the correct initial guess is a local (and
perhaps global) minimum.] We thus see the problem outlined in the introduction clearly laid out:
for weakly interacting systems, the self-consistency condition in HF-DMET can actually make the
results significantly worse. AGP-DMET essentially fixes this problem - the results are acceptable
with one site and exact for two site embedding (as they should be).

We note that these results also suggest size-extensivity of our method: we have tested AGP-
DMET on strongly (6 = 1) and weakly (6 = 0) interacting infinite systems and recovered an
extensive correlation energy for both. We can make an argument about how our method achieves
size-extensivity. The total energy in DMET is the sum of the energies of the embedded fragments.
Thus, the total energy will be size extensive as long as the correlation energy of each embedded
fragment is non-vanishing. This should be the case if the fragments are chosen to be localized,
where practically any impurity solver will give a finite correlation energy. Because the fragments
are finite in size (and required to be small by computational limitations), even a non-size-extensive
correlation method (e.g. CISD, AGP) will give a finite correlation energy, resulting in a size-extensive

total energy.

5.4.2.3 ABAB Solid

Next, we examine a hybrid of the previous two examples: a Hubbard model with broken translational

Symmetry:

N
Hapas = Huwn +6 Y > o, (5.45)

ieven oe{l,1}
but again with periodic boundary conditions. Physically, this Hamiltonian could be crudely analo-
gized to a one dimensional ionic solid.
Results for this model from embedding in a HF and an AGP bath are shown in Figure[5-5] Again,
the one site embeddings are quite good: AGP-DMET is slightly better, but the slopes are essentially
correct. At first blush, two site embedding for HF-DMET appears to improve matters. The one-
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Figure 5-4: § dependence of ground state energy of the non-interacting Hamiltonian (Eq. [5.44) at
half-filling and correlation strength U/t = 8.

and two-site results are essentially indistinguishable for § = 0 (which corresponds to the original
Hubbard model) and the two site results get closer to the exact results when 6 # 0. However, similar
behavior is seen for the non-interacting limit (the 6 # 0 energies are systematically lower than 6 = 0)
and in that case the § # 0 results are clearly wrong. The drop in energy when § # 0 is more muted
here, but is likely coming from the same source - the self-consistent density is systematically worse
than the non-self-consistent density for § # 0. The only reason the energies are better is cancellation
of errors - the initial energy is too high, and the error lowers the energy. Because DMET is not
variational, a lower energy does not imply a better approximation to the ground state. As a result,
in this case we see that the flaws of the HF-DMET matching condition even have an impact on a

strongly interacting system where the matching can be performed exactly.

5.4.2.4 Hubbard-Anderson Model

Finally, in order to test the limits of our AGP embedding method, we turn to the Hubbard-Anderson
model[II]. This model combines the two electron correlation of the Hubbard Hamiltonian with the

site disorder of the Anderson model:

N
Hapap = Huuy + Zgi(oa o?) Z il i (5.46)
i oe{l,1}
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Figure 5-5: § dependence of ground state energy of Hapap (Eq. D at half-filling and correlation
strength U/t = 8. The “AGP(1)-C” series were produced by a constrained embedding as described
in the text of the Hubbard-Anderson Model section.

Energy per site, E/t

where the g; are normally distributed random site energies with mean 0 and variance 2. We use
this model to show the benefits of embedding over an AGP treatment of correlation. We note
that because of the random g;, the Hubbard-Anderson model is not a single Hamiltonian but an
ensemble of many Hamiltonians. In this context, it only makes sense to consider results that have

been obtained by sampling many, many such Hamiltonians.

Results for ¢ = 2 with M = 26 are shown in Figure For the purposes of this model, it
is not computationally feasible to perform a self-consistent optimization of the embedding wave
function at each site for every realization of the Hamiltonian. Instead, we perform a more limited
simulation where the embedded wave function is constrained to match the populations of the overall
AGP embedding wave function, in a scheme we will call AGP-C. This approximation is reasonably
accurate. For example, in the ABAB Hubbard model from the previous section, AGP-C is essentially
the same as full AGP-DMET for 6 < 0.4 and clearly better than HF-DMET for all § < 1. (See
Figure We thus expect that the AGP-C numbers here will be representative of the results of
full AGP-DMET embedding for this problem.

In Figure [5-6l we show the average energies of the AGP-C and DMRG calculations as a function of
U/t. Clearly the trends observed for the pure Hubbard model are maintained even when a random,
non-symmetric potential is added. Finally, we also plot the standard AGP wave function result to
show that embedding dramatically improves the correlation energy; as correlation strength, U/,

increases, the bare AGP gives increasingly poor results. This is to be expected because the AGP

134



DMRG —
AGP
AGP(1)-C = -

| |
o o
E N\
| |
|

Energy per site, E/t

1.8 L L L L L L

1 2 3 4 5 6 7 8
Correlation Strength, U/t

Figure 5-6: U strength dependence of the Hubbard-Anderson model (equation | with ¢ = 2 and
26 electrons. AGP is the standard AGP wave function. AGP(1) is one-site embedding in AGP. The
data series show the mean of 500 samples. Each data point has a standard deviation of ~ 0.06.

correlation energy is not size consistent, while AGP-DMET is. Thus, even though AGP and AGP-
DMET are based on the same density matrix here, the correlation energy per site in AGP is very
small, while the correlation energy from AGP-DMET for these randomly selected Hamiltonians is
clearly very accurate at any correlation strength.

The Hubbard-Anderson model also provides an opportunity to examine the computational scaling
of AGP-DMET. The two potential limiting steps are the cost of the full CI calculation and the
cost of integral transformation (equation [5.24). For our case of one impurity site, the integral

transformation is the rate limiting step. For N total orbitals and Nj,, orbitals per embedded

fragment, each fragment requires O [N 3log N ] work for this transformation, and there are NN

imp

fragments, resulting in a scaling of O [W} In principle, this scaling compares favorably to
imp

other correlated methods.

5.5 Conclusions

The recently proposed density matrix embedding theory has proven successful for many strongly
correlated systems. However, in its original formulation, the density matrix matching condition
of DMET has a problem; for many systems, including some trivial cases, it cannot be exactly
satisfied. This problem stems from the mean field nature of the underlying bath wave function;

its idempotent density matrix cannot match the correlated density matrices of embedded wave
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functions. To solve this problem, we have proposed to embed an impurity in a correlated wave
function: the antisymmetrized geminal power in place of the mean field wave function, i.e. HF.
The AGP reference has the advantages that it can have any one-particle density matrix, making
the exact matching condition possible in theory, and that it is one step closer to the FCI-in-FCI
embedding limit.

In order to perform DMET with the AGP bath, we have developed equations for Schmidt decom-
position of the AGP wave function. The idea behind it is that AGP is regarded as number-projected
HFB. Therefore, AGP-DMET essentially boils down to Schmidt decomposition of the HFB wave
function followed by number symmetry projection. We applied this AGP embedding to several prob-
lems beyond the basic Hubbard model to demonstrate some of the strengths of AGP embedding. It
was shown that the AGP bath can solve the two-electron system exactly, confirming the exactness
of DMET mapping. AGP embedding is also able to yield the site energy correctly when interaction
is zero (or very weak) between impurity and bath, while HF-DMET especially with two impurity
sites breaks down due to the lack of proper self-consistency.

Moving forward, this chapter suggests a number of interesting directions for future research
related to DMET. First, the ambiguous results with the existing matching condition suggest there is
something wrong with the current DMET self-consistency conditions. In particular, it does not seem
physically reasonable that mean field embedding should fail for non-interacting fragments. Is there
a DMET matching condition that consistently improves the quality of results and is still exact for
cases where DMET ought to be exact? Second, it will be interesting to look at DMET for excited
states. In this light, projected wave functions like AGP are particularly interesting as it can be
difficult to obtain excited wave functions that have the correct symmetry in HF, and projection can
restore that symmetry, providing a good bath wave function for a particular excited state. Finally,
it will be extremely interesting to apply these kinds of ideas to realistic molecular systems, as has

been done with the original HF-DMET [176], 45].

5.6 Appendix: Second Quantized Matrix Elements for AGP
Embedding

In section [5.3.3] we introduce equations for one-site embedding in AGP via the Thouless form of
the HFB wave function. While this form is quick and numerically favorable, it does not provide a
way to do embedding for more than one impurity site. For this, we need to reformulate the Schmidt

decomposition in terms of the HFB quasiorbitals.

Any HFB state can be specified by its quasiparticle coefficients
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V*
W = (5.47)
U*
Here W is a 2N x N matrix that contains the coefficients of the IV “occupied” quasi-orbitals in terms

of the 2N creation and destruction operators. To maintain normalization, we want W to be unitary

wWiw =viv: L UTUu* = 1. (5.48)

In analogy to Hartree-Fock, we can also specify the HFB state in terms of its quasiparticle density

matrix (qDM) [272]

v*vT v*uT P K <€LT&>
u*vT u*u” -Kk* 1-P* <&TdT> <ddT>
where, in the last equality we have defined the density matrix (P) and the pairing matrix (k) that
determine the HFB state. The qDM is idempotent (RR = R) and has trace N (the number of

quasi-particles) making it the analog of the DM familiar from HF theory.

Because the HFB state is completely determined by R, every expectation value for a given HFB

state is also determined by R [272]. Thus, for example

(Ugrp| H|Ygrp) 1 1 i
e %: g Pap + 5 ;Sqump,.ppsq +3 ];esv,,qmnpqﬂsr. (5.50)

Likewise, it is possible to work out every matrix element involving the Schmidt projection operators

Prs and H in terms of R.

Much as was the case for Hartree-Fock [258| 257 [I76], we want to use the qDM to define
some impurity orbitals and some entangled orbitals. In order to deal with the special status of the
impurity orbitals, we will re-order the indices of R. Specifically, we will re-order the indices so that
particles and holes alternate and all the impurity operators (i, j, k,[...) come first followed by the

bath operators (a, b, c,d...). Call the re-ordered R — R.

Now, define 7,; = Rq;. T contains the portion of R that describes coherence with the impurity.
Thus, 7; is a good candidate for the coefficients of the bath orbital that is entangled with the impurity
i. Note that there are 2Njn, vectors here, as there is one for each impurity creation operator and
one for each destruction operator. These vectors are not orthonormal, but we can orthogonalize

them

v=S"Y2r S = TTT} (5.51)
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and then define the transformation to the impurity+entangled basis as

1 0
T= . (5.52)
0 v

We can then transform the density matrix into the impurity+entangled basis by

Q=TRT (5.53)

Now, Q is idempotent (QQ = Q) and so we can make a unitary transformation to bring it into

canonical form [272]

P K

o -=-UlQU = (5.54)
K 1-P
where
Pij = mnidij

We can further transform the Hamiltonian into the canonical basis

UiThTU

=
|

[U'T! @ U'TT] v [TU ® TU] (5.56)

<
|

and also express the bath portion of the gDM

Qpuin = R — TUQUITT. (5.57)

Note that all of this algebra is analogous to the Hartree-Fock case [46].

In terms of these quantities, the matrix elements of the full Hamiltonian in the Schmidt basis

are reproduced by the reduced Hamiltonian

4Nimp 4ANimp
Hred = Qbath § .qu rbath C Cq + § qursc C Cscr (558)
pg=1 pgrs=1

where E [Qbath] is the HFB energy (Eq. |5 associated with the bath qDM and f [Qbath] is the
quasi-Fock matrix associated with the bath gDM [307]. Eq.[5.58 m allows one to compute the matrix

138



elements of the Hamiltonian between any two Schmidt states for a single Uypg.

Now, in order to evaluate Eq. we need to be able to evaluate matrix elements between
the Schmidt states of two different HFB parent states (i.e. different states for the bra and the
ket). Thankfully, as is the case for HF [200], the algebra here is only minorly different than the
symmetric, bra=ket case. Assume these two states (® and W) have quasiparticle coefficients W<

and WY respectively. Then the overlap between the occupied quasi-orbitals is

S*Y — wewY (5.59)

If the states are individually normalized, then the overlap is then given by

(® |W) = PfS*Y (5.60)

where 'Pf’ denotes the Pfaffian.

We can then go on to define the transition quasiparticle density matrix via

P\IJ<I> H‘II<I>

RY® = WY (s*¥) Twri= [ T vor |- (5.61)
K 1-P
Like the qDM, the transition gDM is idempotent and has trace V. EI However, it is not Hermitian
(ie. kY® £ g®¥(T) and PY®t £ PY?). Instead, the left and right vectors correspond, respectively,
to the ket and bra states ¥ and ®.
In analogy to the symmetric case, in the asymmetric case, any normalized matrix element between
® and ¥ can be worked out in terms of the transition qDM. For example, Eq. can be easily

seen. One can therefore perform the same transformations as was done for the symmetric (bra=ket)

case to compute matrix elements in the Schmidt space when the left and right states are distinct:

e Define left (1 = R;,) and right (77! = R,;) entangled vectors and biorthogonalize them so

that vitof = 1.

e Build the left

. 1 0
T = 0 ot (5.62)
v
and right
1 0
TF = A (5.63)
v

1Note that if S has a zero eigenvalue, then the proper interpretation of S~! is as a pseudo-inverse. In this situation,
the trace of R will be equal to the rank of S.
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transformation matrices.
e Build the canonical system-+impurity density matrix QLR = ULITLIRLRETRUR

e Transform the Hamiltonian into the canonical basis

Bt = uMTHRTRUR

vl = [UliTH @ UMTH] v [TRUR @ TRUT) (5.64)

and also express the bath portion of the gDM

o — R — TLULQURITET, (5.65)

e Finally, evaluate Matrix elements in the Schmidt space using Eq. [5.58

We have attempted to verify these results for more complicated cases than single site embedding but
have thus far been stymied by the difficulty of maintaining the proper overall phase of the matrix
elements in performing the grid integration. Thus, at this point the second quantized form of the

equations is more of a curiosity than a real computational tool.

5.7 Acknowledgments

The work described in this chapted was undertaken with Takashi Tsuchimochi. He is listed as a

co-author in reference [331].

140



Chapter 6

Bootstrap embedding

Strong correlation poses a difficult problem for electronic structure theory, with computational cost
scaling quickly with system size. Fragment embedding is an attractive approach to this problem. By
dividing a large complicated system into smaller manageable fragments "embedded" in an approx-
imate description of the rest of the system, we can hope to ameliorate the steep cost of correlated
calculations. While appealing, these methods often converge slowly with fragment size because of
small errors at the boundary between fragment and bath. We describe a new electronic embedding
method, dubbed "Bootstrap Embedding," a self-consistent wavefunction-in-wavefunction embedding
theory that uses overlapping fragments to improve the description of fragment edges. We apply this
method to the one dimensional Hubbard model and a translationally-asymmetric variant, and find
that it performs very well for energies and populations. We find Bootstrap Embedding converges
rapidly with embedded fragment size, overcoming the surface-area-to-volume-ratio error typical of
many embedding methods. We anticipate that this method may find lead to a low-scaling, high

accuracy treatment of electron correlation in large molecular systems.

6.1 Introduction

The computational cost of accurate electronic structure calculations typically rises superlinearly with
system size. A potential approach to this problem is fragment embedding: divide the system into
smaller fragments and treat each small fragment individually at a high level of theory. To account
for the interaction of the fragment with its surroundings, each fragment is embedded in a bath that
mimics the influence of the rest of the system on the fragment. Fragment embedding then amounts
to a method for describing this bath and the fragment’s interaction with it. There are many methods
for fragment embedding, including fragment molecular orbital methods [1711 [96] 97, 169, [367], divide
and conquer [368| [110], partition density functional theory [90], frozen density embedding [66 [359],

subsystem density functional theory [I54, [114], and many more.
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Figure 6-1: Four different fragment partitionings (A, B, C, D) for the same molecule. In Boot-
strap Embedding, all four partitionings are used and the overlapping portions of the fragments are
constrained to match.

One promising new method for fragment embedding is Density Matrix Embedding Theory
(DMET) [I75] [I76], a wavefunction-in-wavefunction theory that treats the embedded fragment as
an open quantum system entangled to its bath. A powerful feature of this approach is that frag-
ments can in principle be chemically bonded to the bath, allowing for embedded calculations of
large strongly coupled systems, such as molecules. DMET has shown great potential for treatment
of strong correlation, in particular for the Hubbard model [149] 03] and for periodic systems [45].

As with many fragment embedding methods, much of DMET’s error arises from its description
of the edges of the embedded fragment and their interaction with the bath. The center of the
fragment, the “most embedded” part, is best described as it feels the effects of the approximate bath
least. Meanwhile, the edges of the fragment, adjacent to the bath, can be as strongly coupled to the
approximate bath as they are to the more accurate center of the fragment. The approximate nature
of this edge-bath interaction then leads to a large and dominant source of error; we will later see
numerically that the overall correlation energy error in DMET is proportional to the surface area to
volume ratio of the embedded fragment. For a one dimensional system of length L, this results in
a slow % convergence (see Figure . The convergence is even slower in higher dimensions (L~/¢
for d dimensions), leading to the common result that, while small fragments can give reasonable

results, increasing fragment size produces only very slow convergence to the exact result.

In this chapter, we take a fragment embedding approach: divide a molecule into many separate
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fragments, perform an embedded calculation on each fragment, and then recombine the results. At
the outset, we must partition the molecule into fragments. There may be many such choices that
have similar fragment size, similar surface-to-volume ratio, and thus similar accuracy (see Figure
. Although similar in shape and size, the fragments in Figure 1 aren’t equivalent: the atoms
at the edge of fragment A sit at the center of fragment C. Therefore, they are better described
in fragment C than in fragment A. The idea is then to improve the accuracy of fragment A by
matching its edge atoms to their replicas in the center of fragment C. This leads to what we will
call “Bootstrap Embedding”: we partition the system in multiple ways, with overlapping fragments.
Then, we use the centers of fragments in one partitioning to improve the edges of fragments in
another partitioning. This way, we remove the inaccurate description of edge atoms. By matching
centers to edges in various partitionings and requiring self-consistency, the fragment embedding

calculation can “bootstrap” itself.

6.2 Theory

Before further describing Bootstrap Embedding, we will briefly summarize the key tools from DMET
on which it is based. The fundamental idea underlying DMET is the Schmidt decomposition [257]
258, (174]. Given the exact wavefunction for a system with N states overall and Ny states chosen to
comprise our fragment (which we assume to be a minority), we can decompose the full wavefunction

as

Ny
) = > Ailas) 189, (61)

where |a;) are the fragment states and |5;) are an equal number of effective bath states. Remarkably,
this new wavefunction is exact despite being represented by only N pairs of states. However, we

do not in general know the exact wavefunction.

The key approximation of DMET is to describe the effective bath states at a lower level of theory,
in this case mean field (MF). Then, these bath states, ’@M B >, result from the Schmidt decomposition

of the MF wavefunction for our system. We can then project the electronic Hamiltonian,
N N
H = Z hpqudq + Z ’quT‘Sd;&(Edsd’(‘a (6.2)
prq pqrs

onto the space of our chosen fragment states |a;) and our MF approximate bath states ’ pME >,

resulting in a reduced Hamiltonian for the embedded fragment,

2Ny 2Ny
Hemp =Y hpglléq + > Upgrsbhéliésty. (6.3)
pq pars
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The second quantization operators, ¢, are the union of the fragment and effective bath states. For a
small number of fragment states, this embedded Hamiltonian can be solved exactly. The resulting
Full Configuration Interaction [3I8] (FCI) wavefunction represents an embedding of a correlated

wavefunction in a mean field bath. Its energy is evaluated as:

Nf N Nf N
Eemp = <Z > hpgdlag +> > qursa;a;asar> : (6.4)
p q P qrs

(The restriction on the sum prevents double-counting.) We then partition the system into disjoint

fragments, perform this embedding calculation on each fragment, and sum their energies.

Unfortunately, naively performing this calculation gives poor results due to the approximate
nature of the bath states. Density Matrix Embedding Theory draws its name from its solution to this
problem. It seeks to improve the mean field bath states by matching the one-particle reduced density
matrix (IRDM) of the FCI embedded wavefunction and that of the MF embedding wavefunction in
the embedded space. That is

Picr = Pirp, (6.5)

where A represents the embedded space corresponding to a fragment, A. This constraint is enforced
by applying a one electron potential, 5\7 and choosing the mean field embedding wavefunction to be

the ground state of the system Hamiltonian (6.2)) plus this potential:

|Upr) =  argmin <Ef + 5\> ) (6.6)

| W) edeterminants
The MF embedding wavefunction depends directly on . Because the Hamiltonian for the embedded
fragment lb depends on the mean field, the embedded wavefunction also depends implicitly on A
It is now clear that the DMET matching condition represents a sort of self-consistency between the

embedding (MF) and embedded (FCI) wavefunctions:
Pior (A) = Pite (A) (6.7)

In practice, this condition cannot be precisely met; different authors have remedied this by
choosing to either satisfy equation in a least squares sense [I75], or choosing to exactly match
subblocks of the IRDM [46].

Previous efforts to extend DMET have focused on using an improved bath wavefunction to
better satisfy the DMET matching condition (equation |6.5). These extensions have improved the
description of the bath by using a more detailed, but still mean-field-like, wavefunction, including
unrestricted Hartree Fock [40], Hartree Fock Bogoliubov [375], and the Antisymmetrized Geminal
Power [331] (number-projected Hartree Fock Bogoliubov [307]) wavefunctions. In this chapter,
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Figure 6-2: Illustration of the Bootstrap Embedding procedure for a lattice model with three sites
per fragment. The three rows show the three possible partitionings of the lattice into fragments.
The wavefunction of the center fragment site of each partitioning constrains the edge sites of the
other two.

we use a Hartree Fock (HF) bath for simplicity, and focus instead on improving the embedded
fragment directly. However, the new ideas presented can easily be combined with these improved

bath wavefunctions.

Instead of the DMET matching condition, we propose an alternative: match the FCI 1IRDM of
the center of a fragment to the FCI 1RDM of the edge of a partially overlapping fragment from a
different partitioning of the system (illustrated in Figure . We assume that the wavefunction on
the central sites is more accurate than the wavefunction on the edge sites, and apply a potential to

constrain the edge site wavefunction one fragment to match the central site wavefunction on another.

In this chapter, we match three properties of the wavefunction: (1) the one-electron populations,
(2) the one-electron coherences, and (3) the on-top two-electron densities. That is, let A and B be
overlapping fragments, and let e and ¢’ index central sites of fragment A and at least one edge site
of fragment B. Then, we want for all e and ¢’:

P4, = PB (6.8)

ee’ ee’

Il = T, (6.9)

where P and I' are the FCI one- and two-electron density matrices of the embedded fragments in

their respective embedded spaces.

We enforce these constraints with two potentials added to fragment B: a one-electron potential
on its edge sites to constrain populations and coherences, and a diagonal two-electron potential on

its edges to constrain diagonal elements of I'®. The Hamiltonian for embedded fragment B then
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becomes

Ny Ny
ﬁembﬁons = : emb T Z Aélez élée’ + Z Ag) éléeélém (610)

and A(M) and A are optimized to satisfy the constraints in equations and These constraints
are repeated for the edge sites of all fragments. Finally, we apply an overall one-electron chemical
potential to constrain the total number of electrons on all fragments. The constraints are applied

to all fragments and optimized simultaneously.

As an example, consider a lattice model with 3-site fragments (Figure . In partitioning B,
the fragment spanning sites 2, 3, and 4 has a good center site and two edge sites. We wish to correct
the edge sites (2 and 4) while leaving the center site (3) untouched. Notice that site 2 is a central
site in partitioning A while site 4 is a central site in partitioning C. We can improve the fragment
in B by making the population on its site 2 equal to that in partitioning A and by making the

population on its site 4 equal to that in partitioning C'. Concretely, we want:

PE = P (6.11)

P = PS. (6.12)

This is accomplished by applying potentials to sites 2 and 4 in partitioning B:

HeBmchons = Heme + A2326562 + A43462164 (613)
Then, we simultaneously optimize A%, and AZ, until conditions and are satisfied. Similar
constraints are applied to sites 1 and 3 in partitioning A and to sites 3 and 5 in partitioning C.

Finally, this can be extended to general one- and two-particle density matrix elements as following

equations and

Notice that in Eqs the bath wave function has not been modified at all. All constraints
are applied within the embedded FCI wave functions. Optimization of the mean field bath can thus
be done completely separately from the bootstrap procedure, with bootstrap defining an optimal
embedding for any approximate bath.We note that, unlike the original DMET problem, the bootstrap
constraints can always be satisfied exactly. This is because in DMET, we attempt to match the
less flexible MF to FCI, whereas in Bootstrap Embedding we match FCI to FCI. This also makes
Bootstrap Embedding less sensitive to the initial choice of the embedding wavefunction because
we are not matching the fragment to the bath, but rather to an embedded fragment in a different

embedding.
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Figure 6-3: Energy per site of the one-dimensional Hubbard model as a function of electron filling

with strong correlation (U/t = 8). Even-numbered fragment sizes are omitted for visual clarity, but
their errors are shown in Figure [6-4}

6.3 Results

As a first test of Bootstrap Embedding, we consider the one-dimensional Hubbard model [149] 03], a
simple lattice model of electron correlation. The Hubbard Hamiltonian in the site basis for a lattice
of N sites is
N N
Hyp ==t Y alaje+U D i, (6.14)
(4,3) o€{1,1} i
The first term represents nearest-neighbor one-electron hopping. The second term represents on-site

two electron repulsion.

Results for the one-dimensional Hubbard model are shown in Figure [6-3] Here, we examine
qualitatively the convergence of Bootstrap Embedding as a function of the number of sites per
embedded fragment over a range of electron fillings. The method shows good performance across

the entire range of fillings and converges quickly with fragment size.

Figure [6-4] quantifies the rate of convergence of Bootstrap Embedding with fragment size, with
comparison to DMET [I75]. We see that the DMET energy error is inversely proportional to the
fragment size (Ny). This is consistent with the error being dominated by the surface sites adjacent
to the bath. Meanwhile, Bootstrap Embedding converges at a far faster (possibly exponential)
rate because the leading Nif error term has been eliminated. As an illustration of the disparity in
convergence rates, DMET would require an (extrapolated) 174-site fragment to match Bootstrap’s

6-site error.
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Figure 6-4: Convergence of two DMET-based methods and Bootstrap Embedding for the one-
dimensional Hubbard model. Energy RMSDs are computed over the range of fillings from 0 to 1.
DMET refers to the matching condition of reference [I75]. DET refers to the matching condition
of reference [46]. (For the matching condition in reference [I76], we were unable to converge the
calculation for fragments larger than three sites.) Grey trendlines are included to guide the eye.
DMET and DET data are fit to a N ) ! trendline. Bootstrap data are fit to an exponential trendline.
(Note the axes are both logarithmic.)

In Figure [6-5) we examine the effect of bootstrapping different wavefunction properties. We
start by matching only the one-electron populations at the edge, P.., as a baseline. Additionally
matching either the one-electron coherences (Pe.r) or the two-electron on-top pair densities (I'eeee)
results in a better answer. Matching all three quantities results in the best answer. As we constrain
the embedded wavefunction at the edges of the fragment to look more like the wavefunction at the
center, the energy improves.

To further explore the performance of the Bootstrap Embedding method, we consider a modified

Hubbard model, which we dub the “ABAB model”

N
H=Hpp+6 Y, > dlbi (6.15)
icodds o€ {1,|}
This model adds a new dimensionless parameter, §/¢, which can be thought of as an “electronega-
tivity difference” between alternating “A” and “B” sites. This Hamiltonian can be thought of as a
crude model of a one-dimensional ionic solid. The additional parameter creates a new and interest-
ing observable of the wavefunction (in addition to the energy) that we do not know a priori: the
population difference between the A and B sites. This is especially intriguing because the site popu-
lations are fundamental to the matching in Bootstrap Embedding. Figure shows this population

difference as a function of §/t.
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Figure 6-5: One-dimensional Hubbard model energy error for various constraint schemes. Fragments
were 6 sites in size.
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Figure 6-6: Population difference as a function of “electronegativity difference,” §/t, for the 1D
ABAB Hubbard model at a filling of (n) = 0.5. DMRG [52], 292] (on a lattice of 30 sites) is shown
as a highly accurate answer for comparison.
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6.4 Conclusions

In conclusion, we have described Bootstrap Embedding, a method which attempts to removed edge-
based errors from embedding by matching the wavefunction at fragment edges to that at fragment
centers. Bootstrap Embedding is based on the tools of DMET, but shows far faster convergence
in the models tested: the Hubbard model and “ABAB” model. We have seen that matching more
properties of the wavefunction leads to better energies, supporting the theory’s conceit.

Bootstrap Embedding has a number of additional advantages over previous schemes. First, it
constrains exact wavefunctions to match exact wavefunctions, rather than matching exact wavefunc-
tions to approximate ones. This allows the embedding boundary conditions to be satisfied exactly,
rather than approximately satisfied by least squares. This also means that the embedding calcula-
tion is less sensitive to the choice of the approximate embedding wavefunction. Second, Bootstrap
Embedding has a self-consistent choice for the boundary conditions of the fragments: match embed-
ded fragments to embedded fragments. Third, Bootstrap embedding trivially allows for overlapping
fragments. Fourth, Bootstrap Embedding is less sensitive to the choice of partitioning of the system
into fragments; multiple partitionings are chosen and made consistent with each other.

In the future, Bootstrap Embedding can be extended in a number of directions. Up to this
point, we have dealt only with the ground state. This chapter could be extended to handle excited
states, either through direct excitation in the embedding and/or embedded wavefunction, or via
linear response [36]. As another next step, this chapter can be extended to treat molecular systems
(e.g. Figure [6-1)). Both of these extensions could also involve iteratively improving the underlying
mean field, perhaps by minimizing the embedded energy (equation with respect to the mean
field orbitals.
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Chapter 7

Why many semiempirical molecular
orbital theories fail for liquid water

and how to fix them

Water is an extremely important liquid for chemistry and the search for more accurate force fields for
liquid water continues unabated. Neglect of diatomic differential overlap (NDDOQO) molecular orbital
methods provide and intriguing generalization of classical force fields in this regard because they can
account both for bond breaking and electronic polarization of molecules. However, we show that
most standard NDDO methods fail for water because they give an incorrect description of hydrogen
bonding, water’s key structural feature. Using force matching, we design a reparameterized NDDO
model and find that it qualitatively reproduces the experimental radial distribution function of water,
as well as various monomer, dimer, and bulk properties that PM6 does not. This suggests that the
apparent limitations of NDDO models are primarily due to poor parameterization and not to the
NDDO approximations themselves. Finally, we identify the physical parameters that most influence
the condensed phase properties. These results help to elucidate the chemistry that a semiempirical
molecular orbital picture of water must capture. We conclude that properly parameterized NDDO
models could be useful for simulations that require electronically detailed explicit solvent, including

the calculation of redox potentials and simulation of charge transfer and photochemistry.

7.1 Introduction

Water is ubiquitous in nature. At the same time, water is notoriously difficult to model.[18] This has
spawned not just a multitude of models of water, but even a spectrum of classes of models of water.

On the more accurate end of the spectrum are ab initio molecular dynamics simulations,[I89] which
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are robust and (at least in principle) allow for simulation of chemical reactions and photochemistry.
However, these methods are expensive for all but the smallest of model systems and even these
methods do not always give physical results.[129, [192] [306] [337] This has led to the development
of many computationally inexpensive empirical molecular mechanics models for water.[160, [121]
However, these methods are limited in their applicability to reactions and electronically excited

systems because they do not account for electronic degrees of freedom.

Between these extremes are polarizable force fields, which seek to describe the electronic physics
of water via a phenomenological treatment of molecular polarizability. These methods include
charge-on-spring Drude particles,[190} 347, B7T] multipole expansions,[335] and fluctuating charge
models.[27T], 270] These methods have found successful application, but each presents its own
difficulties. [352] [55]

Instead of attempting to classically reproduce the effects of polarizability, we can instead use
a model that contains polarizability implicitly. Semi-empirical quantum chemical methods [373]
approximate the Hartree Fock method and then recover accuracy with a set of empirical parameters.
Because they are still quantum-mechanical at their core, these methods contain the physics of
polarizability that is difficult to capture with a phenomenological classical interaction. In addition,
they are undergirded by the same underlying mature algorithms used in quantum chemistry, giving
them great numerical stability. At the same time, these methods are also faster than traditional

electronic structure.

Within the set of semi-empirical methods, we examine the popular family of Neglect of Diatomic
Differential Overlap (NDDO) methods.[262] These methods have been widely used to describe sys-
tems that include effects that cannot be easily captured by conventional force fields — such as bond
breaking and charge transfer — but that are too large for a fully ab initio calculation. Often, NDDO
methods are used in studies of properties of water, including hydrogen bonding, [I8T] solvation, [6§]
the structure of water clusters,[163] and water’s role in chemical reactions. 113}, [186]

With this in mind, we wanted to understand how well NDDO methods perform for the description
of bulk water. As a first test, we focus on a popular NDDO method, PM6,[311] and look at an
important structural descriptor of water, the oxygen-oxygen pair distribution function (Figure
11). We find that the PM6 method gives a very poor description water’s structure, with nearest
neighbor peaks that are too distant, too diffuse, and with overall understructuring. Since the pair
distribution function serves as a proxy for important properties of water,[303] such as hydrogen
bonding and solvation, this result calls into question the utility of PM6 as a model of bulk water.

Further, we look at the hydrogen bonding structure of PM6 water since hydrogen bonding is the
most important effect in organizing water.[I57] Figure (a) shows the binding potential energy
between a water dimer. PM6 favors a hydrogen bond that is too long, and a bond angle far from

the physical 180 degrees. Figure c) shows a snapshot of hydrogen bonding in PM6 water, taken
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Figure 7-1: Oxygen-oxygen pair distribution function for two popular NDDO water models compared
to experimental results.[303] While we focus on the PM6 method in this chapter, we include the
successor to PM6, PM7, to show that it does not offer an improved description of the structure of
water.

from MD. It is clear that PM6 water gets the radial and angular components of hydrogen bonding

wrong, and that this in turn results in an incorrect pair distribution function.

This result raises the natural question: what is wrong with PM6? The PM6 model has two
components: an approximate Hamiltonian and a set of empirical parameters for that Hamiltonian.
PMB6 is parameterized to describe chemistry in general, with a universal set of parameters per atom;
it could be the case that, similar to MM force fields, a separate set of parameters is needed for oxygen
and hydrogen in water molecules than in, say, organic molecules. On the other hand, it is possible
that the PM6 Hamiltonian simply lacks the flexibility to describe water. Because of the minimal
basis set used in PM6, it may have too little capacity for polarizability.[363] And since this is critical
to the intermolecular interactions of water, it may be that PM6 cannot get water’s structure right

regardless of parameters.

To answer this question, we reparameterize the PM6 Hamiltonian specifically for water, an
approach that has been explored recently.[376, 207] We first discuss the force-matching method for
parameterization. Next, we present the properties of bulk water using our reparameterized PM6.
Finally, we discuss the key differences between our parameters and those of the original PM6 model,

and explain how reparameterization fixes the errors in PM6.
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7.2 Reparameterizing PM6 for water

7.2.1 Force matching

Force matching [92, [153] uses a set of ab initio structures and attempts to fit a model to reproduce the
energies and forces of those structures. Explicitly, this amounts to minimizing an objective function,
X2, which we define as the average residual of the force and energy, X, for model parameters k, over
some distribution of coordinates P. The energy and force are given weights w and 1—w, respectively.

This amounts to:

Y2 = /P(r; k) |X(r, k; w)|? dr (7.1)
IX(r, k;w)|* = AY (r, k) Cov(You) 'AY (x, k) (7.2)

w (Envm(r, k) — EQu(r))

{,)N (Fia (e k) = FG (1)
AY = (F%(r,k) 5 ) (73)

L (R (0.0 = FSY )
Cov(Youm) = (You ® You) (7.4)

where N is the number of atoms, F() is the force on the ith coordinate, Cov denotes the covari-
ance matrix, and Y is a vector of weighted energy and force components. Improving on previous
work,[348] we account for energy-force covariance in our residual, anticipating that it will give a
more statistically rigorous objective function.

We use the PM6 [311] Hamiltonian for our model. We chose this semi-empirical method over the
more recent PM6-DH+ [182] and PM7 [312] methods because initial tests showed that these gave
worse results for the radial distribution function of water and because they are both slower than
PM6. We also found that the greater flexibility of the PM6 model gave better results than the older,
well-established PM3 [310] model.

We fit the parameters of the PM6 model to match quantum chemical forces and energies for
clusters of 18 water molecules. Ab initio data were calculated at the RI-MP2 [353] [354] /aug-cc-
pVTZ [86] level of theory using the frozen core and dual-basis [362] approximations. Ab initio
calculations were performed using the Q-CHEM [291] quantum chemistry package. Semi-empirical
calculations were performed using the MopAcC [309] package. 5100 structures were sampled from the
Boltzmann ensemble at 300K by running molecular dynamics on the force field of Wang et. al.[348]
with a harmonic restraining potential in the GROMACS [139] package. Samples were separated in

time by 1ps to reduce statistical correlation. The energy and force were given equal weight. Local
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Figure 7-2: (a) and (b): Binding potential energy for a water dimer. The OH-O bond angle refers
to the angle formed by the oxygen and hydrogen participating in the bond and the oxygen attached
to said hydrogen. (c) and (d): Ilustrative hydrogen bonding structures of water in bulk. PM6
water adopts hydrogen bonding geometry between the tetrahedral and see-saw configurations, while
the force-matched model prefers the physical tetrahedral configuration. Further, the force-matched
water has OH-O bond angles around 180 degrees, while the PM6 hydrogen bond angles are more

disordered. These structures were taken directly from MD simulation discussed in section @
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minimization of the objective function was performed using the BFGS [237] algorithm with finite
difference first derivatives starting from the original PM6 parameters.[311]

Another model was created in which the energy, force, and net dipole moment of the clusters
were all fit with equal weight, but the parameters and properties of this model did not change
significantly. Because it offers no improvement, and the energy and force matching is conceptually
simpler and has fewer parameters, we will use the energy and force matched PM6 parameters for

the remainder of this discussion.

7.2.2 Comparison to experiment

To validate our water model, we compare its monomer, dimer, and bulk liquid properties to exper-
imental data. Monomer and dimer properties were calculated at the model’s equilibrium geometry
using MOPAC. Liquid water properties were averaged over structures sampled using NVT molecular
dynamics in a version of the GROMACS package modified to interface with MOPAC for energy and
force calculations. Ten independent trajectories of 115 waters were simulated with periodic bound-
ary conditions for 100 ps with a 1 fs time step. To allow for equilibration, samples were taken only
after the first 5 ps. Simulations were run at 300K using the Nosé-Hoover thermostat [238] [145] at a
density of 999.50 kg/m?> (corresponding to a square cell 1.51 nm on a side).

Figure shows the radial distribution function (RDF) for our model as compared to neutron
scattering experiments.[303] Table provides a comparison between our model and experimental
data for a variety of water properties. Results for the PM6,[311] dispersion and hydrogen bonding
corrected PM6-DH+,[182] and PM7 [312]models are also included to provide a baseline for com-
parison. Finally, Figure (b) shows the dimer binding potential for our model and Figure d)
shows a sample taken from bulk simulation to illustrate its hydrogen bonding structure.

These observables break down into two classes: structural parameters that include the geometry
of each water molecule as well as the geometry of hydrogen bonding, and electronic properties such
as polarizabilities, dipoles, and dielectric constants. Our model shows consistent improvement of
the former and scattered improvement of the latter. We note that none of the properties in these
figures and tables were fit directly; they all arise as a consequence of force matching.

Our model does well for the simplest structural parameters of water, the gas phase bond length
and angle. Often, these parameters are fit directly in force fields, but our force matching produces
the same result. Figure shows that the basic hydrogen bonding structure is correct in our model,
with 180 degree O-H---O bond angles and tetrahedral packing in the bulk liquid. Meanwhile, as
mentioned before, PM6 favors bond angles closer to 100 degrees, leading to a much more disordered
hydrogen bonding network. This effect may also explain the discrepancy in self-diffusion constants:
PM6 (and other NDDO methods) have too large self-diffusion constants, due to their disordered

hydrogen bonding creating a weaker solvation cage around individual water molecules. Our repa-
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rameterized method, with its improved hydrogen bonding structure, has a self-diffusion constant
which is lower and much closer to experiment.

The radial distribution function shows that our model reproduces two body interactions well.
The PM6, PM6-DH-+, and PM7 models perform poorly in comparison, showing that our force
matching is necessary to properly capture the basic structure of water. Surprisingly, the PM7 model
is worse for the structure of water than PM6, despite having more parameters. Our model shows
slight overstructuring in the oxygen-oxygen RDF and larger overstructuring in the oxygen-hydrogen
and hydrogen-hydrogen RDFs. Since this effect grows as we look at lighter nuclei, we attribute this
overstructuring to nuclear quantum effects which are not included in our classical molecular dynamics
simulations. Again we note the hydrogen bonding seems to be the key effect distinguishing our model
from standard PM6. Focusing on the oxygen-hydrogen RDF (Figure b)), we notice that the first
two hydrogen bonding peaks are understructured for PM6. This in turn creates the understructuring
in the oxygen-oxygen RDF.

However, our model does not correctly describe the electronic properties of water in the gas
phase, with too large dipole moments for the monomer and dimer. PM6 and NDDO methods are
known to have too small a gas phase polarizability, and our method does not correct this. Despite
having incorrect electronics in the gas phase, our model does reproduce the electronics of our target
phase, liquid water. The low and high frequency dielectric constants are both in agreement with
experiment. It is important to note that the PM6 model also does well for these observables. This
supports our initial motivation to use semi-empirical methods because of their built-in treatment of

polarization effects.

7.2.3 Why PMBG6 fails

In light of the improvement wrought by force matching, we now ask: why is the new model better?
Specifically, we wish to understand which parameters are important to this new model and how
these parameters affect the physical properties of our water model. We tackle this question by
performing knockout experiments where we replace one parameter in our model with its PM6 value.
We then look at the effect of this knockout on two key observables, the energy RMSD of this new set
of parameters (averaged over ten thousand snapshots) and the oxygen-oxygen RDF (as simulated
before). We find that 14 parameters cause the RMSD to rise substantially, 14 parameters result in
an unphysical RDF, and that 12 of these parameters do both, indicating that they are key to the
physics of our model.

These parameters fall into two classes: half concern core-core repulsion between oxygen and
hydrogen and half concern the electronic structure of oxygen. In PM6, the core-core repulsion is
handled using empirical potentials. We find that parameters involving the oxygen-hydrogen core-

core repulsion are important to our model, and that the modifications made these parameters in our
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Figure 7-3: (a) O-O, (b) O-H, and (c) H-H radial distribution functions for water as predicted by
PM6, PM6-DH+, PM7, and this work, and as measured in Ref [303]. Note that the horizontal scale
differs between plots to show the region of interest.
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model uniformly serve to weaken the oxygen-hydrogen repulsion. The core-core repulsion is summed
pairwise and has both diatomic and monatomic parameters. The core-core repulsion between atoms
i and j separated by R;; is given by:

. P— 2 B )2
En(Ri)) = Z: 7, [(sisi| 5585) (1 + wyze=oult) g o =e)™ 4 ghiFi=es) (7.5)

where Z; is the atomic number of atom ¢ and z, «, a, b, and ¢ are PM6 parameters. Of these, the
diatomic parameter app, and the monatomic parameters ay and cp are the most important to our
force matched model. In our parameterization, cpy decreases, resulting in reduced range of the the
oxygen-hydrogen repulsion. ag and cy also both decrease, creating a wider basin of attraction with a
shorter radius. Since hydrogen-hydrogen core-core repulsion is not frequently encountered in liquid
water, the changes in these three parameters change to correct the oxygen-hydrogen interaction.
Both PM6 and our model describe the covalent OH bond well, so we conclude that this weaker
and shorter cut-off core-core interaction between oxygen and hydrogen is necessary to get correct
hydrogen bond energetics and geometries.

The second class of parameters concern the electronics of oxygen and determine approximate one-
and two-electron integrals within the NDDO approximation. Of these, the three most important
parameters to our model are Gy, Uy, and Usg, all for oxygen. The U parameters are the one electron
integrals (site energies), while G, influences two electron integrals involving the sp combination of
oxygen atomic orbitals. Scanning across G, shows that large values result in a linear water geometry
while small values give too acute a bond angle. In our model, G, decreases by half. Taken at
face value, this corrects water’s bond angle in the gas phase. Looking deeper, we also see that
the electronic geometry of water becomes more tetrahedral, resulting in correct hydrogen bonding
network geometry. However, G, also controls the intra-atom two electron repulsion on oxygen and
the coupling between oxygen and hydrogen. When this parameter decreases, ceteris paribus, oxygen
becomes extremely electronegative and forms ionic bonds with hydrogen. To compensate for this
behavior, U, and U, increase, decreasing the electronegativity of oxygen.

Considering the effects of all of these parameters, we can now understand the results in Figure
PMG6 forms poor hydrogen bonding networks for two reasons. First, it has too much core-core
repulsion between oxygen and hydrogen, which weakens hydrogen bonds. Second, the electronic
geometry of oxygen is wrong, making tetrahedral hydrogen bonding networks energetically unfavor-

able.

7.3 Conclusions

NDDO methods offer an attractive alternative to polarizable force fields for capturing complex

electronic phenomena in condensed phases at lower cost than fully ab initio methods. However,
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these methods, specifically PM6, provide a poor description of the structure of liquid water as
characterized by its pair distribution function and hydrogen bonding structure. We asked whether
this result is due to a fundamental flaw in the PM6 Hamiltonian or whether the parameters for
PM6 are just ill-suited for liquid water. To approach this question, we used force matching to
reparameterize PM6 for liquid water. Comparing to experiment, we found that this new force-
matched model had improved structural and electronic properties for water especially in the liquid
phase, as well as in the gas phase. This led us to conclude that the PM6 Hamiltonian is in fact
capable of describing liquid water. We then looked at which PM6 parameters effected this change
and looked at their physical purpose. The main changes were a decreased oxygen-hydrogen core-core
repulsion and electronic modifications to oxygen that promoted a tetrahedral electronic geometry.
Both of these effects produced more physical hydrogen bonding and thus a better structure for liquid
water.

This study allows us to understand the physics that are important to modeling water, and to
show that NDDO methods are capable of capturing such physics. This opens up the possibility of
applying these semi-empirical methods to the development of models that are cheaper that full ab
initio simulations, but also capture the complex physics of water.

Because they treat electronic properties explicitly, NDDO models have great potential for de-
scribing complex condensed phase systems. For example, these methods could be used for calculation
of redox potentials, solvation energies, and even excited state properties in solution, problems that
are traditionally hard for molecular mechanics. While NDDO does not natively provide an accurate
description of the condensed phase, we have shown that it still contains the essential physics and

needs only to be reparameterized.

7.4 Appendix: Force field parameters

Table 7.2: NDDO parameters from force matching compared to original PM6 parameters [311].

Parameter PMG6 Value Force-Matched Value Percent Change

Hydrogen
Uss -11.247 -10.709 4.78
Bs -8.3530 -7.7084 7.72
Zs 1.2686 1.3361 5.32
Jss 14.449 15.701 8.66
a 024184 0.17697 631
b 3.0560 3.9826 30.3
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c 1.7860 1.2050 32.5

Oxygen
Uss -91.679 -67.069 26.8
Upp -70.261 -63.489 9.64
Bs -65.635 -52.252 204
Bp -21.623 -21.553 0.324
Zs 5.4218 4.5999 15.2
Zy 2.2710 1.8675 17.8
Jss 11.304 12.865 13.8
Jsp 15.807 9.5353 39.7
Iop 13.618 12.516 8.09
p2 10.333 11.052 6.96
hsp 5.0108 3.6867 26.4
a -0.017771 0.027321 254
b 3.058310 4.3324 41.7
c 1.8964 1.6071 15.3
Diatomic
OHH 3.5409 4.7169 33.2
THH 2.2436 2.6515 18.2
oo 2.6240 2.5750 1.87
7o%e) 0.53511 0.69485 29.9
aQoH 1.2609 1.9896 57.8
ToH 0.19230 0.22185 15.4

7.5 Appendix: Size extrapolation of static dielectric constants

Our simulation box is not large enough to directly calculate the static dielectric constants listed in
Table I of the main text. Instead, we employ an extrapolation procedure. We cut random spheres of
varying size (N=30-60 in increments of 5) from our MD trajectory, and compute a dipole moment
for each sphere. We then employ the formula for the dielectric constant of an isolated sphere [233]
for each value of N. Finally, we extrapolate to infinite N. This extrapolation is shown in Figure

7-4 Errors in Table I of the main text are standard errors of the y-intercept of our fits. (We do
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Figure 7-4: Size extrapolation of the static dielectric of water from our method as well as three
common NDDO Hamiltonians.

not extrapolate the high-frequency dielectric of the molecule as we find that our simulation box is

effectively the infinite limit for this shorter-range property.)
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Chapter 8

Conclusions

In this thesis, we have explored many approaches to large systems. We studied subsets of experimen-
tal systems using density functional theory. We applied to tools of random matrix theory to solve
Anderson models. We developed embedding theories for strongly correlated systems. We employed

semiempirical molecular orbital theory as a force field.

In Chapter 2] we saw the power of traditional approaches. Using molecular dynamics and density
functional theory, we were able to corroborate experiments on site-specific cysteine arylation. We
showed the m-clamp conformer forms under ambient conditions and that it promotes reactivity. We
also explained trends in reactivity upon mutation of the w-clamp-forming residues and upon the
addition of salts. Constrained density functional theory allowed us to compute the emission energies
of exciplexes, but these energies only loosely match experiment. We also computed binding energies
for these exciplexes. Finally, we modeled a crystalline rubrene/Cgg interface. Using constrained
density functional theory configuration interaction, we computed an electroluminescence peak and
line shape that matched experiment. We also computed that charge separation is much more facile

in this system compared to its disordered counterpart.

In Chapters [3|and [l we employed random matrix theory to study disordered systems. We used
free probability to approximate the density of states of the Anderson model, as well as some of its
extensions. Qualitatively, we found the approximate density of states to be visually identical to the
exact density of states. To quantify this, we developed an error analysis and found that in most

cases, the leading error was in the eighth moment of the density of states.

Looking forward, this work could be extended in three ways. First, our error analysis allows us
to compute the leading order correction to the density of states. This correction could be applied
to cases where the free probability approximation is not sufficient, such as the case of off-diagonal
disorder. Second, so far we have concerned ourselves with eigenvalues only; eigenvectors are also

important for understanding disordered systems. Specifically, the localization length of particles in

165



Energy (eV) Energy (eV) Energy (eV)

Localization Length (A)

a) Exact Diagonalization b) Free Convolution  c) Spectral Compressibility

Figure 8-1: Comparison of methods for computing the density of states and localization length
of excitons in metal-free phthalocyanine. Horizontal histograms at the top of each plot show the
density of states. Vertical histograms at the left of each plot bin localization lengths, computed as
the root variance of the position operator. The colored plots are heat maps of the cross-correlation of
localization length and energy, smoothed with kernel density estimation. a) The exact result shows a
relationship between energy and localization. b) Free convolution gets the correct density of states,
but randomizes localization length and its correlation to energy. c) the spectral compressibility of the
density of states predicted by free probability in (b) contains some information about localization.

disordered materials is a key property (e.g. exciton diffusion lengths in solar materials and charge
conductivities in electroluminescent materials). Third, this work could be extended to describe real
systems beyond the Anderson model. Preliminary results for the latter two directions are shown
in Figure From QM/MM simulations of disordered metal-free phthalocyanine under ambient
conditions, an ensemble of one-exciton Hamiltonians was generated. These Hamiltonians were first
exactly diagonalized, resulting in a cross-correlation between energy and localization length (panel
a). Free convolution reproduces the density of states well, but gives incorrect localization lengths
and destroys the cross-correlation (panel b). This is because the free approximation is equivalent
to randomly rotating the eigenvectors, so all eigenvalue-eigenvector correlation is lost. It may be
possible to recover information about localization from statistics of the density of states. Panel ¢
shows the result of replacing the localization length with the spectral compressibility [173}, 35, [245]:
the cross-correlation is qualitatively restored. Other approaches to this problem may also prove

fruitful [226], 26].

In Chapters |5| and @ we extended Density Matrix Embedding Theory (DMET), an embedding
theory for strongly correlated systems. First, we introduced an antisymmetrized geminal product
(AGP) wavefunction to describe correlations in the bath. The resulting formalism has a number of
advantages. First, it properly treats the weak correlation limit of independent pairs, which DMET
is unable to do with a mean-field bath. Second, it associates a size extensive correlation energy with
a given density matrix (for the models tested), which AGP by itself is incapable of providing. Third,
it provides a reasonable description of charge redistribution in strongly correlated but non-periodic

systems. We next introduced a new embedding theory that we call “Bootstrap Embedding”. It uses
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overlapping fragments to improve the description of fragment edges. We found Bootstrap Embedding
converges rapidly with embedded fragment size, overcoming the surface-area-to-volume-ratio error
typical of many embedding methods.

Going forward, the grand challenge for these methods is generalization to molecules. A number

of questions must first be answered:

e What is the optimal choice of fragments? Different choices of fragments will lead to different
quality embeddings. In simple model systems, this choice is often intuitive, but for molecules
the choice can be complex. One potential solution is to use the entanglement entropy of the
Schmidt decomposition (equation to quantify the quality of a partitioning. Following the
bootstrap idea, another possibility is to use many overlapping partitionings, but this quickly

grows expensive as the system grows larger.

e How should the energy be evaluated? Currently, energy is evaluated democratically — that
is, each fragment’s contribution to the energy is given equal weight. This system fails when
poorly chosen fragments are mixed in. Ideally, every added fragment should improve the energy

because it carries new information about the system.

e Which fragment best describes a given site, atom, or orbital? Bootstrap embedding relies on

a choice of a best fragment to match, but this choice is not always obvious in a molecule.

e How should the bath wavefunction be optimized? Multiple bath wavefunction self-consistency
criteria have been proposed, and each can give significantly different results [364]. In order to

be a general method, DMET needs an unambiguous best choice.

In Chapter E, we employed semiempirical neglect of diatomic differential overlap (NDDO) methods
as force fields for liquid water. Using force matching, we designed a reparameterized NDDO model
and found that it qualitatively reproduces the experimental radial distribution function of water, as
well as various monomer, dimer, and bulk properties that standard NDDO method do not. Next for
this method is application. It could prove useful for simulations that require electronically detailed
explicit solvent, including the calculation of redox potentials and simulation of charge transfer and
photochemistry. Such a simulation could be performed by using NDDO water as the bath in a simple

charge embedding or a more complicated density embedding [20].
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