University of Louisville

ThinkIR: The University of Louisville's Institutional Repository

Electronic Theses and Dissertations

5-2007

Self-consistent and environment-dependent
Hamiltonian for quantum-mechanics materials
simulations.

Christopher R. Leahy 1972-
University of Louisville

Follow this and additional works at: https://irlibrarylouisville.edu/etd

Recommended Citation

Leahy, Christopher R. 1972-, "Self-consistent and environment-dependent Hamiltonian for quantum-mechanics materials
simulations." (2007). Electronic Theses and Dissertations. Paper 800.
https://doi.org/10.18297/etd /800

This Doctoral Dissertation is brought to you for free and open access by ThinkIR: The University of Louisville's Institutional Repository. It has been
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of ThinkIR: The University of Louisville's Institutional
Repository. This title appears here courtesy of the author, who has retained all other copyrights. For more information, please contact
thinkir@louisville.edu.


https://ir.library.louisville.edu?utm_source=ir.library.louisville.edu%2Fetd%2F800&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.library.louisville.edu/etd?utm_source=ir.library.louisville.edu%2Fetd%2F800&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.library.louisville.edu/etd?utm_source=ir.library.louisville.edu%2Fetd%2F800&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.18297/etd/800
mailto:thinkir@louisville.edu

SELF-CONSISTENT AND
ENVIRONMENT-DEPENDENT HAMILTONIAN FOR
QUANTUM-MECHANICS MATERIALS SIMULATIONS

By

Chris Leahy
M.S., University of Louisville, 1998

A Dissertation
Submitted to the Faculty of the
Graduate School of the University of Louisville
in Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

Department of Physics
University of Louisville
Louisville, Kentucky

May 2007



SELF-CONSISTENT AND
ENVIRONMENT-DEPENDENT HAMILTONIAN FOR
QUANTUM-MECHANICS MATERIALS SIMULATIONS

By

Chris Leahy
M.S., University of Louisville, 1998

A Dissertation Approved On

Date

by the following Dissertation Committee:

Dissertation Director




ACKNOWLEDGEMENTS

I would like to thank the committee members, Professors Buchanan, DuPré,
Jayanthi, Pack, and Wu, for reading my thesis and for their guidance during my
time as a student in this program.

I would also like to express my gratitude to Professors Wu and Jayanthi for
suggesting this research and for their guidance and encouragement throughout this
project.

[ would also like to thank my colleagues, I. Chowdhury, C. Ghosh, S. Shen,
H. Simrall, L. Smith, P. Tandy, M. Yu, A. Tchernatinsky, in the Condensed Matter
Theory Group for their support, particularly Drs. M. Yu and A. Tchernatinsky, and
Mr. S. Shen, for their support and assistance.

I would also like to acknowledge funding for this research from a University

Fellowship, and from the National Science Foundation and the U.S. Department of

Energy.

il



ABSTRACT

SELF-CONSISTENT AND ENVIRONMENT-DEPENDENT HAMILTONIAN
FOR QUANTUM-MECHANICS MATERIALS SIMULATIONS

Chris Leahy

May 12, 2007

I will report the development of a semi-empirical self-consistent and
environment-dependent model Hamiltonian, which is intended to treat large systems
in the order of 10000 atoms. This covers a range of important physical phenomena
that are too large to be treated with first-principles calculations. Our model
features an aggressive treatment of environment-dependent effects, which are known
to limit the accuracy of two-center models which do not include them. Specifically,
we account for multi-center integrals, and we use a full iterative treatment of the
self-consistency problem, which addressed the important role of charge
redistribution. Our results indicate that our treatment is superior to other
semi-empirical models that treat environment-dependency in a more
phenomenological manner, and either ignore the charge redistribution, or treat it
not at equal footing as the environment-dependency. The feasibility of this

methodology has been tested for silicon.
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CHAPTER I
INTRODUCTION

The field of computational materials science always goes back to the fact that
a straightforward application of the known laws of physics to a problem of
real-world interest, results in a burden of calculation far beyond the capabilities of
any known calculating machine. The ever-increasing availability of faster computers
at lower prices can not alleviate this problem, in part because the required
calculations scale very slowly, but also because there is an ever-increasing demand
for more complicated problems, resulting in something of an arms race among those
involved. All is not lost, however, as even though a straightforward application of
the laws of physics is not workable, a complicated application of the laws of physics
is. Starting with the laws of quantum mechanics, these workable models can be
interpreted as applying various layers of approximations to reduce the burden of the
calculation. The goal is to cut out as many calculations as possible while still
maintaining some meaningful level of accuracy.

It is useful to make some gross classifications of the wide variety of resulting
models. First, one can distinguish models that use only fundamental physical
constants from those that use adjustable parameters. Models in the first category
are called “first-principles” or “ab-initio”, while those in the second are usually
called “empirical” or “semi-empirical”. Next, one can distinguish models that
calculate electronic structure properties from those that do not. The first category
is usually recognizable by the existence of an eigenvalue problem, where particle
interactions contribute to a Hamiltonian matrix. The second category includes

“molecular mechanics” models, which replace the eigenvalue problem with a more



Newtonian formula where particle interactions contribute directly to the total
energy. Finally, one can distinguish models that account for the locations of
individual atoms from those that do not. This second category includes “finite
element methods”, which, although usually encountered in engineering problems,
are increasingly seen in computational physics and chemistry.

Although useful, these gross classifications are becoming increasingly blurred
as models become more complicated. First-principles methods can be chosen based
on their accuracy in calculating experimentally known properties; in some ways this
choice itself amounts to an empirical selection. At the same time, empirical models
can be adjusted to match the results of first-principles calculations, and one can
then argue that the resulting model is in some ways not empirical at all. Along
these same lines is the increasing use of combining parts from different categories to
produce hybrid and multi-scale models. Multi-scale modeling takes advantage of the
fact that interesting physical processes often have a very small region where
something interesting is happening, surrounded by a much larger region that serves
mainly as ballast.

One should be careful to avoid arguments that, for example, empirical models
are better than first principles models. First-principles models address the need for
calculations on systems of very limited size (typically not more than 100 atoms),
while empirical electronic structure models address the need for larger systems
(10000 to 20000 atoms), and molecular mechanics can treat systems into the
millions of atoms. In practice there is usually only one class of models suitable for a
specific problem; a 1000 atom oxide surface calculation almost certainly means that
one will be using an empirical electronic structure model.

This report concerns the development of a model in the category that uses
adjustable parameters, the category that calculates electronic structure, and of
course the category that accounts for the locations of individual atoms. The model

is intended to address a wide range of important problems in materials science that



mnvolve 1000s of atoms. This includes semiconductor surfaces, most notably Si,
which is a more mature and arguably over-studied area of materials science. Also
carbon nanotubes and related “nano-structures”, which are currently the most
popular applications, although the future of nanotubes as a consumer technology is
not clear. Perhaps more interesting are potential applications in less saturated
areas, such as oxides and transition metal surfaces.

Deserving special mention are biological applications. Although widely
studied using electronic structure calculations, there appears to be a sharp divide
between models such as our own, which have their origins in the semiconductor
community, and those that are currently used to study biological systems. This
divide might be related to the larger numbers of atoms needed for biological
calculations, although it is probably due more to historical patterns of specialization
in narrow areas of research. In any event, the types of models that are the subject
of this report are rarely used for biological applications, which makes their potential
for use in this area very interesting.

The primary goal of this research was the development of a self-consistent
and environment-dependent model or methodology intended to be used to study
large-scale systems. Although silicon is used as a representative example, the
methodology has been developed with a broader range of materials in mind. Indeed,
an important, part of this thesis is the development of second “prototype” model
that addresses the need to extend such models to organic and biological materials.
During the course of the research, a significant number of insights into orbital
models themselves were obtained, which are interesting outside the context of any
specific calculation. Such results are discussed throughout this thesis along with the
discussion of our environment-dependent model.

In addition to the successful development of our environment-dependent
model, it is useful to point out here some of the more general conclusions that

present themselves in this work:



e The two-center part of such orbital models is usually not given enough
attention; indeed a careful treatment of the two-center part appears to be
critical to the success of the overall model. This is discussed in detail in

Chapter II.

e In addition to what might be called a “derivation” approach to developing
such models, i.e. starting with a set of equations and attempting to derive
approximate solutions, a “policy-based” approach, which starts with a list of
requirements that a model must satisfy, appears to be very useful. The radial
function prototype discussed in Chapter IV was obtained primarily from such

a policy-based approach.

e The actual source code needed to perform any numerical calculation is also
usually not given enough attention. Although our discussion does not
emphasize this issue as much as others, our discussion of optimization
algorithms in Chapter V serves as a relatively brief example of the large

amount of “nuts-and-bolts” work that has gone into our model.

e Semi-empirical orbital models, despite being widely used in modern research,
still carry a large amount of obsolete “baggage” from the early years of their
development. This concept appears in our discussion of the limitations of

existing models in Chapter III.

The thesis is organized as follows: In Chapter II, we discuss the two-center
part of our model. This includes the development of a parameterized functional
form for the overlap and Hamiltonian matrix elements. We also discuss some
important results that can be thought of as more highly theoretical, i.e. results that
appear to be valid outside the context of any particular material. This includes a
novel derivation or interpretation of the widely used Hiickel approximation, and also
a new interpretation of orbital-based models in terms of the limiting values of the

matrix elements for small values of the atomic site separation R. In Chapters III
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and IV we discuss new ideas for the what might be called the “next generation” of
orbital-based models. The central concept is that the current generation of models
is simply not suitable for more complex calculations and materials. Specifically, this
occurs when one attempts to model (1) the d orbitals, (2) multi-element systems,
and (3) organic materials, specifically those involving nitrogen and oxygen. A new
radial function prototype is presented which addresses these issues.

In Chapter V we turn our attention to optimization algorithms, which are a
central part of the source code that is used to obtain the semi-empirical parameters.
One of the purposes of this chapter is to illustrate, with selected examples, the large
amount of work that was done in the development of the actual source code.
Indeed, this is the area in which my own work was most heavily concentrated.
Finally, in Chapter VI we discuss the environment-dependent parts of our model,
i.e. the parts of our model that were not discussed in Chapter II. Also in this
chapter we report the parameterization and of our model for silicon, and we show
some representative applications of this model: the structure of the

intermediate-sized Siz; cluster, and the reconstruction of the Si (001) surface.



CHAPTER II
TWO-CENTER TECHNIQUES

A “Nine functions”

The atomic-scale modeling technique that we use goes by a variety of names.
In the past, it was referred to as tight-binding, although this name now often refers
to less-computational and more analytical techniques. The name linear combination
of atomic orbitals (LCAQ) is appropriate, although this name also describes several
other techniques. Since the technique uses free parameters or empirical parameters
chosen to give the best calculated values, it can be referred to as parameterized or
empirical or semi-empirical. The atomic-scale interactions are based on two-center
integrals, with modifications for higher-order interactions called
environment-dependent interactions. So, the names two-center and
environment-dependent can also be used. Since the two-center integrals use a
non-orthogonal basis set, the name non-orthogonal is also occasionally used.
Finally, the higher-order interactions involve a self-consistent calculation of the
electron numbers, and so the name self-consistent can also be used.

The two-center part of the technique, i.e. without the environment-dependent
modifications, has a long history. The development of this technique can be
interpreted as a series of layers of approximations, starting with the fundamental
equation of quantum mechanics, the Schrodinger equation. This equation is
intractably difficult to solve, either analytically or numerically, for any system with
more than a total of a few electrons and nuclei. So, a series of approximations are

made to obtain a tractable computational problem. We will discuss certain areas of



these approximations in detail as they relate to our specific empirical orbital model.
However, a detailed discussion of each layer of approximation is outside the scope of
this thesis.

The result of these approximations is that physical properties can be
calculated from a small number of two-center interactions or two-center integrals.
Specifically, each interaction is a scalar function of the scalar separation R between
two atoms. Loosely speaking, each function represents the strength of a particular
type of interaction between the atomic orbitals of two atoms separated by a
distance R. For a basis set consisting of s and p orbitals, there are a total of 9 such
functions, 4 each for the overlap and Hamiltonian interactions, and 1 for a two-body

repulsive interaction:

overlap: Sssa(R), Sspe(R), Sppo(R), Sppr(R)
Hamiltonian: Heoo(R), Hepo(R), Hppo(R), Hppr(R) (1)
repulsive: E,ep(R)

The early development of these functions is attributed to Slater [1]. For a particular
configuration of atoms then, these overlap and Hamiltonian functions are used to
set up the overlap matrix S and the Hamiltonian matrix H. The resulting
eigenvalue equation is then solved for the energy eigenvalues E. The electrons are
then assigned to the energy eigenvalues using a distribution such as the Fermi
distribution. The resulting energy is the band energy Ep..qg. The band energy is
then combined with the repulsive energy E,., to give the total energy Fio.
Unfortunately, after the pre-computational 1954 paper by Slater, it is not
clear exactly who to attribute the later development of these functions to. Harrison
(2] developed much of the early less-computational “tight-binding” theory, which
was widely used to obtain closed-form analytical expressions for material properties.
Chadi [3], in a series of papers in the late 1970s, developed a widely-used orthogonal
model. These types of early orthogonal models did not use overlap functions S or a

repulsive energy E,.,. It is also Chadi [4] who is credited with using a two-body
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repulsive interaction in 1979 (earlier models often did not require the specification of
a total energy because they calculated properties that depended only on the band
energy Fang). Tomédnek and Schiilter [5] are usually credited with applying these
types of models to clusters in 1986 (carlier models were almost exclusively for
systems with periodic boundary conditions, such as crystalline Si). One of the
earliest models to use overlap functions, i.e. a non-orthogonal model, is that of
Allen, Broughton, and McMahan in 1986 [6]. In 1992 Wang and Ho [7] developed a
model for both cluster and bulk C, and in 1993 Mercer and Chou [8] developed a
similar model for Si and Ge. In our opinion these are the first two models that have
the same “look and feel” as the models that are currently in use.

Now, we are using a parameterized technique, which means that the shape of
each of these 9 functions will be adjusted to give the best calculated values. The
implementation of such a technique into a computer program requires the
development and testing of a large amount of source code, which is quite difficult
and time-consuming. Still; since the calculated energies are determined entirely by
the 9 scalar functions, it seems that this two-center model should be a “closed case”.
What remains to be said about the two-center model? Actually, a great deal
remains to be said. Improvements to the two-center model have been a major
success of our work. These include improvements to the computational model,
which should be of interest to the atomic-scale modeling community, and also
improvements to the theoretical interpretation of empirical orbital models, which
should be of interest to the broader community. So, in this chapter we will discuss
our two-center model, i.e. the two-center part of our model before we apply our

environment-dependent modifications.

B Hyperbolic function

The first item that we need is a parameterized functional form for the 8

overlap and Hamiltonian functions in eq. 1. The repulsive energy is treated



separately. Now, from a less-computational perspective, one is interested in the best
shape of the entire function, i.e. ds if the function had an infinite number of
parameters, where each parameter would be the value of the function at a specific
value of R, and where R can take on all values from 0 to oo. However, for the
numerical problem one needs a relatively small number of parameters. A brute-force
attempt might be to use a grid or mesh of around 200 points uniformly spaced from
R = 0 to some maximum value R = R,,,,. This would result in around 1600
empirical parameters, i.e. 200 for each of the 8 functions in eq. 1, which is quite
beyond the capabilities of a modern computer system. A second attempt might be
to use a function such as a polynomial, and to treat the coefficients of the
polynomial as parameters. To allow for a function of a reasonably arbitrary shape,
L.e. a smooth function without too many oscillations, it would be necessary to use
about 10 or 12 coefficients or parameters for each function. This would result in
around 100 empirical parameters. Now, if finding the best set of parameters is a
local optimization problem, then one can probably use 100 parameters. However, we
have found after much experimentation that finding the best set of parameters is a
global optimization problem. We have also found that this is a particularly difficult
global optimization problem. It is our position that, with the computational
resources currently available, it is not possible to find the global minimum with
reasonable confidence for such a large number of parameters.

Our search for a functional form with a smaller number of parameters began
by considering the work of Frauenheim et. al. in Ref. [9], [10], [11]. Frauenheim
used first-principles calculations to obtain the two-center integrals in eq. 1 for
Carbon, Silicon, and Germanium. Their method, described as “density functional
tight binding”, consists of solving a modified version of the atomic Kohn-Sham
equations for each element of interest. The eigenfunctions obtained from the
Kohn-Sham equations are then used to construct the two-center integrals. It is

important to clarify that we do not expect our final parameters, i.e. after empirical



fitting, to exactly reproduce these first-principles integrals. Loosely speaking, these
functions serve as “internal” quantities that one does not expect to be able to
compare with any experiment. Different first-principles methods will give different
values for these integrals. Even if they did all give the same values, the concept of
empirical modeling is to allow certain quantities that are not of interest to the “end
user” to have values that are slightly different from the known values. This
flexibility allows other quantities that are of interest to the end user to have values
that are more accurate, i.e. the empirical model recovers some of the accuracy that
1s lost in the various layers of approximations discussed in Section A.

The integrals of Frauenheim are shown in Figure 1 for Silicon. We noted that
for each function there appear to be two different regions of behavior; the first for
R > 2.0A where the functions are quickly decreasing to zero, and the second for
R < 2.0A where the shape is linear. The behavior for R > 2.0A is due to the
physical constraint that the interactions must go to zero outside a small range. The
behavior for R < 2.0A is due to physical constraints on the integrals for R — 0. The
behavior for R ~ 2.0A is due to a competition between these constraints. Our
parameterized form begins with the concept of two regions of behavior separated by
a crossover separation S,...s, which is treated as a free parameter. We start with a
variant of the Fermi distribution function, which features such a two-region

behavior:
first attempt GXp(—SeIp : (R — Scross))

1 + exp(—Sexp : (R - Scross))

This form also already features the desired exponential decrease to zero; the range

S(R)

of the interaction is determined by the free parameter S..,. To allow for a small
number of oscillations in each function, we include a polynomial factor with free

parameters Sy and Si:

. GXp(#Seggp : (R - Scross))
1+ exp(—Sezp : (R ”‘ Scross))

S(R) second;xttempt (SO + Sl ) R>

Finally, we are also interested in the value of the functions for R — 0. With a small

10



modification we can force Sy to be the value of the function at R = 0:

S<R) ﬁnal:form (SO + Sl ’ R + (SO + Sl : R) ’ eXp(_Seacp ' Scross)) (2)

' eXp(—Sexp . (R - Scross))
1 -+ eXp(—Semp . (R - Scross))

This is the final form of our parameterized function.

As an initial test, we fit our functional form in eq. 2 to the integrals of
Frauenheim for Silicon shown in Figure 1. With 8 functions, and 4 free parameters
S0, S1, Seps Seross for each function, we used a total of 32 parameters in this test.
The results are shown in Figure 2. The agreement is quite remarkable; all features
of the integrals are accurately reproduced. Also, the numerical values of the free
parameters are in agreement with the physics of the material. For example, the
values of S...ss are all around 2.0A, which is the value that separates the two
regions of behavior for Silicon. Similar agreement is also found for C and Ge. We
should again point out that this test fitting is not in any way an attempt to obtain a
final set of parameters for Si. Here, we are only demonstrating the ability of our
functional form to take on the variety of shapes that are expected for two-center
integrals.

Using 32 parameters is still a rather large number for a poorly-behaved global
problem. Since our parameters can be directly related to the physics of the
material, it is possible to further reduce the number of parameters using constraints.
After a significant amount of experimentation, we have found that the parameters
Sezp a0d Seross can be constrained to have the same value for each of the 4 overlap
functions. This also works for the Hamiltonian functions, i.e. with values H.,, and
H,... that are different from the overlap values. This reduces the number of
parameters from 32 to 20, which is a significant improvement. However, further
experimentation has shown that these constraints might not be appropriate for C,

and we are also moving away from using these constraints for Si and Ge.
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C Overlap integrals for R — (

For real materials, even under the most extreme conditions, atoms do not
come much closer to each other than they do under normal conditions. For example,
the nearest-neighbor distance for Si in a diamond anvil cell at an extreme pressure
of 250GPa is only about eight percent smaller than the nearest-neighbor distance at
atmospheric pressure [12]. For these reasons it is often argued that the two-center
integrals in eq. 1 do not contain any useful information for small values of R.
However, the strong repulsion of the atomic nuclei, which is responsible for the
atoms not coming close to each other, is not present in the two-center integrals. In
fact, the two-center integrals are well-defined for all values of R, including the limit
as R — 0, and including the values at R = 0. This can be seen from the explicit

form of the two-center integrals:
SSSU<R) = fr q)s (I‘ - Rl) . (I)s (I‘ - Rg) -dr with R = ||R2 - R1||

Hyo(R) = [®,(r—Ry)-H-®,(r—Ry)-dr  with R = Ry — Ry

Here, we have used the sso interaction as an example; the discussion in this section
applies in general to all such two-center integrals, including other orbitals such as
the d-orbitals.

Following the diamond anvil cell argument, we can see that small values of R
and values in the limit as R — 0 will never be present in any matrix elements for
any physical system that might be of interest in the field of materials science.
However, the values at R = 0 are always present; these are just the “on-site” matrix
elements, which are associated with the interaction of an atomic orbital with itself
and with other atomic orbitals at the same nucleus. In the literature the on-site

matrix elements are often discussed without reference to R, as in:

=[ & (r (r) - dr

SSU |on site

Ssg‘on site f (I) (I‘) ~dr
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The crux of the matter is whether the diamond anvil cell argument means that one
can ignore the behavior of the two-center integrals for small values of R. This has
been the traditional argument, that one can use a function that has the appropriate
behavior for experimentally relevant values of R, but that might be divergent or
undefined for small values of R, and that the on-site matrix elements can be treated
separately, without reference to R, as in this expression. We will argue in this study
that the values of the two-center integrals at small values of R contain significant
information that can improve both the computational aspect and also the
theoretical interpretation of the model.

We will consider the overlap integrals first; these integrals are simpler since
they do not involve the Hamiltonian operator H. If we use the analogy of a knob
that can be used to turn down the value of R, we have two important results. First,
the value of the integral in the limit as R — 0 is equivalent to the value of the
integral at R = 0. Second, at R = 0 the two-center integral becomes a one-center
integral, and the value of the integral is then determined by the fact that atomic
orbitals at the same site are orthogonal and normalized. Since the sso interaction
involves the same orbitals ®, and &, we must have S, (R)|;_, = 1. Similarly, since
the spo interaction involves two different orbitals ®, and ®, we must have

Sepo(R)| g = 0. We then have:

limp o Ssso(R) = Sesa(R) | go = 1
limp o Sepo (1)) = Sepe(F)| g = 0 (3)
limpg o Sppo (1) = SPPU(R)‘R:O =1
limp o Sppr (R) = Sppr (B)| g = 1

One should not dismiss as trivial the result that the limit as R — 0 is equivalent to
the value at R = 0. Although this result is valid for the overlap integrals, it 1s not
valid for the Hamiltonian integrals.

We can see clear evidence in Figure 1 and 2 that the overlap integrals

extrapolate to these limiting values. This same behavior is also observed for C in
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Ref. [9] and Ge in Ref. [11]. From this we can begin to make the argument that the
values of the two-center integrals, at values of R that are not experimentally
relevant, affect the values of the two-center integrals at values of R that are
experimentally relevant. For example, the parameters Sy in eq. 2, when fit to the
first-principles integrals of Frauenheim, all have values around either 1.0 or 0.0
consistent with eq. 3. One could continue to develop this argument based on other
features in Figure 1 and 2. For example, in the range of chemical bonding, Sy, is
always significantly larger (in magnitude) than S,,,, and this seems to be related to
the different limiting values of S,,, and S;,,. However, we feel that the best
argument for the importance of treating small values of R is the practical benefit
this provides to the search for the best set of parameters. We will discuss this issue

in more detail, in the more general context of parameter constraints, in Section F.

D Hamiltonian integrals for R — 0

The behavior of the Hamiltonian integrals for R — 0 is more complicated
because of the Hamiltonian operator II. We first need the expanded form of the

Hamiltonian:

H=V:4+V(r)

This form is valid within the mean field approximation, which is one of the layers of

approximation discussed in Section A. The expanded form of the potential V' (r) is:

Vir) =32 Vi (lr — Ral])

where the sum is over all the atomic nuclei indexed by k. This form is valid within
the central field approximation, which is also one of the layers of approximation

discussed in Section A. This will result in the following terms in the Hamiltonian

matrix elements:
Hz’j,V = fr ‘I%' (I‘ - RZ) . Vg . (I)j (I‘ - R]> . dI‘
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Hyp= [, ®i(r =R)- Vi (llr = Refl) - @; (r ~ R;) - dr (4)

The terms H;; ;. are in general three-center integrals, i.e. involving the three centers
or three atomic nuclei at R;, R;, Ry. Within the two-center approximation,

integrals involving three distinct centers are taken to be zero:
Hij,kzo fOl"Z?é]%k

Before proceeding, it is important to note that the layers of the mean field
approximation, central field approximation, and two-center approximation are
already required by the empirical orbital model, i.e. required in order to construct
an overlap and Hamiltonian matrix from the functions in eq. 1. This means that
this expansion of the Hamiltonian is exact within the approximations that are
already required by the model.

We now consider the limiting behavior of the terms eq. 4 for R — 0. It is
now very important to carefully distinguish between the R — 0 limit and the values

at R = 0. The limiting behavior of the V2 terms is not problematic; we have:
}{i{% Hyv(R) = Hijw(R)|p_o = Hiv

For the H,;, terms, one must consider that even for very small values of £, the
centers R, and R; are still distinct, and thus the potential terms V; and V are also

distinct:
]11.1310 Hi(R) = }gﬂ@ Hijv + zliaig}o Hiji + }zii% Hyjj = Hiv + Hiy + Hi,g

However, for the values at R = 0, the centers R; and R; are equivalent, and thus
the potential terms V; and V; are equivalent, i.e. there is only one potential term for
which k£ =4 or k = j. Furthermore, at R = 0 the terms in eq. 4 that one might be
tempted to discard as three-center integrals, are actually two-center integrals. That
is, at R = 0 we have i = j, and there are no combinations of i, j, k& for which

i # j # k. There are no three-center integrals that can be discarded at R = 0. This
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gives:
Hij(R)| g = Hiv + Hiiy + Zk# Hi; g

These results can be combined to give:

Hij(R)| o = limpo Hyj(R) — Hiss + 34z Hiik (5)

This is a very important result that we will return to throughout this chapter.

For the purposes of our discussion in this section, eq. 5 shows that the
limiting behavior of the Hamiltonian integrals is not equivalent to the values at
R = 0. This result applies both to the more general form H,;(R) in eq. 5, and also
to the specific forms Hg., (R) etc. in eq. 1. For example, if we keep in mind that
Hs(R) is just a particular type of integral H,;(R) where the orbitals @, and ®; are

both required to be s-orbitals ®,, we have:

Hoso(R)| o = limgo Hoso(R) = [ s (r —Ry) - Vi (flr = Ryj]) - @, (r —Ry) - dr
+ 3 ksi Jo @ (r = Ri) - Vi (Jlr — Rifl) - &5 (r = Ry) - dr
We can now proceed to set up the of constraints on the Hamiltonian integrals as we

did on the overlap integrals in eq. 3. For this we will need two additional results:
limp g Hypo (R) =0

limg .0 Hppr (R) = limp o Hppo (R)
These results can be obtained by noting that both the operator V2 and, within the
two-center approximation, the potential terms V; (|ir — R;||) and V; ({lr — R,]|),
modify only the radial parts of the orbitals ® (r — R) and not the angular parts. As
R — 0, the angular parts of the integrals become orthogonal, but the modified

radial parts do not become normalized. This gives:

limp.0 Hyso(R) = €, # Heso(R)|p—g
limp_,o Hepo(R) = 0 7& Hspcr( )N r=o (6)
limg_,o Hppo(R) = Hppo (R) 5
lim g0 Hypr(R) = Hppre(R)| 2o



/

which can be interpreted as a definition of €, and &/. Here, we have used ¢/ and Ep

rather than €, and ¢,; these latter symbols are usually already reserved for the

on-site energies, which will be discussed later.

E Hamiltonian integrals at R =0

In Section C and D we considered the relationship between the R — 0 limit
and the values at R = 0, with the goal of obtaining expressions for the R — 0 limit
in eq. 3 and 6. In this section we consider the same relationship, but with the goal
of obtaining expressions for the values at R = 0. Historically, the values at R = 0,
called the on-site energies, were developed first. However, following the order of the
development in this chapter, we will take the perspective that we already have a set
of 8 functions Hys,(R) etc. with well-defined R — 0 limits, and that we still need to
specify how our empirical orbital model is going to treat the functions at R = 0. For
the overlap functions, we already have the values at R = 0 from eq. 3, and so it
remains only to treat the Hamiltonian functions. Of course, if one wants to take the
more historical perspective that one already has the on-site energies and that one
wants to specify the R — 0 limit in terms of these on-site energies, it is a
straightforward matter to work backwards from the results in this section to the
results in Section C and D.

Let us then return to eq. 5:
Hij(R)IR:O = hmR_,o Hij (R) - Hii,i + Zk;ﬁi Hii,k

Following a more historical perspective, one can argue that H,, , is expected to have
a larger contribution to the Hamiltonian than ), oy H,; . because H,;; is a one-center
integral while all the terms in ), 4 H,; , are two-center integrals. An alternative
argument that leads to the same result is that >, 4 H,; . must be discarded in order
to treat the values at R = 0 as empirical parameters. This is due to the fact that

the value of 3, . H;; x depends on a specific configuration of atoms, i.e. depends on
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the all the potentials Vi (|[r — Ry||) located at all the other atomic nuclei at Ry, (see

eq. 4). Following the same arguments as in Section D, we can then show that:

not quite
Hopa(R) ey = 0
H (R nutiuitc i R
por (1) o ppo ()| g
and:
not, quite
Hoso(R)| gy = &
not quite
Hopo(R) gy = 0
not quite (7)
Hppo(R)lpg = &
not quite
HPPW(R>'R:0 = €p

which can be interpreted as a definition of £, and ¢,. These expressions are valid
only if all the terms in 3, , H; x are neglected.

For the Hamiltonian matrix then, one has 4 functions of R with well-defined
limits &’ for R — 0, and with well-defined values € at R = 0, but with ¢ # . Before
continuing, it is useful to look ahead to some of the results that will be developed
later in this chapter by considering the expected numerical values for the energies ¢
and ¢'. Since we are dealing with bound states, the on-site energies ¢ are expected
to be negative. We can go so far as to obtain explicit values for the on-site energies
by considering that, for a system consisting of only a single atom, the energy
eigenvalues are just the on-site energies ¢. For example, a density-functional theory

calculation for a single atom gives the following results:

C Si Ge
e, —0.563 Ht —0.439 Ht —0.463 Ht (8)
e, —0223Ht —0.166 Ht —0.161 Ht

These results were obtained using the Gaussian-03 software package with the
MPW1PW91 hybrid functional and the cc-pVTZ basis set. As with any DFT
calculation, there are several caveats about how to obtain and interpret the results;

however, we are using the results here only as a representative example.
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We can now return to eq. 5, substituting the results in eq. 7, 6, and 4 to

obtain:
~ [0 R V(e — Rifl)- O, (x — R, dr
[, (r—R) V(e ~RiJ) - &, (r — R.) - de
Since we are still dealing with bound states, the integrals in this expression, which
involve the potential V', are expected to be negative. This means that the limiting
values £ and e}, are expected to be more negative than the on-site values ¢, and Ep.
We can obtain approximate numerical values for ¢, and g, by noting that the on-site
energies €, and €, and the integrals in this expression are both strictly one-center
mtegrals. In the absence of any other information, one might expect the values of
the potential integrals to be approximately equal to the values of the on-site
energies, giving:
e~ 2. g
; (9)
€p~ 2 &p
If one considers only the fit in Figure 2, the evidence for this limiting

behavior of the Hamiltonian is inconclusive. Indeed, one can creatively extrapolate
the functions in Figure 2 to just about any energy from 0.0Ht to —1.0Ht. One issue
here is that the MPWI1PW91 energies in eq. 8 are not the on-site energies used by
Frauenheim. It is also quite possible that the functions in Figure 2 are showing the
limitations of the mean field approximation and the central field approximation,
which are needed to obtain eq. 6. However, as with the overlap functions, we feel
that the evidence for this limiting behavior is provided by our extensive experience
in obtaining reasonable results by incorporating this limiting behavior in our model,
and our extensive experience in obtaining unreasonable results without this. For
example, we have found that, when incorporated into a full-scale empirical
optimization, we can not obtain reasonable results with &' = e. This invariably leads

to a poor fit, or to parameter values which are not physically meaningful.
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F Parameter constraints

In Section B, we discussed that the parameters S.,, and S...ss can be
constrained to have the same value for each of the 4 overlap functions, and that the
parameters H.,, and H,.s can be constrained to have the same value for each of
the 4 Hamiltonian functions. We also showed that for each function, the parameter
So or Hy is the value of the function in the limit as & — 0. From our discussion of
the behavior of these functions for small values of R, we have obtained expressions
for the values of these functions in the R — 0 limit and for the values at R =0 in
eq. 3, 6, and 7. These results can be used to further reduce the number of empirical
parameters. One can then select from several different models or parameterizations
depending on which constraints are used. First, there is the most general

parameterization with no constraints:

model with no parameter constraints:

4 parameters for each overlap function
4 parameters for each Hamiltonian function
on-site energies ¢, and ¢,

34 total parameters (two-center part only)

Then there is a parameterization with the exp and cross constraints discussed in

Section B:

model with exp and cross constraints:

2 parameters for each overlap function, plus Seyp and Seross
2 parameters for each Hamiltonian function, plus H.yp and Heross
on-site energies €, and €,

22 total parameters (two-center part only)
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Then there is a parameterization with the R — 0 constraints. Here, the parameters

Sg or Hy are replaced with the appropriate limiting values from eq. 3 and 6:

model with R — 0 constraints:

3 parameters for each overlap function
3 parameters for each Hamiltonian function, plus €/ and £
on-site energles €, and ¢,

28 total parameters (two-center part only)

Finally, there is a parameterization with both the exp and cross constraints and the

R — 0 constraints:

model with exp and cross and R — 0 constraints:

1 parameter for each overlap function, plus Seqp, and Seress
. . : , ,
1 parameter for each Hamiltonian function, plus H.,p and Heposs, plus € and €,
on-site energies ¢, and ¢,

16 total parameters (two-center part only)
(10)

These parameterizations address two key issues in empirical modeling: to
reduce the total number of parameters, and to provide accurate initial values for the
parameters. To understand the importance of these issues, we must keep in mind
that our empirical optimization problem requires a very large number of evaluations
of a least-squares function, i.e. a number large enough to exhaust any
computational resources that we might have available. For such problems, if one
uses too many parameters, or if one uses inaccurate initial values for the
parameters, it is quite possible to have an unsolvable or intractable numerical
problem. By applying parameter constraints, we have reduced the number of
parameters to about 20 for the two-center integrals (the final total number of
parameters will be about 2x this with the environment-dependent modifications,
which are not discussed in this chapter).

These constraints also allow us to provide accurate initial values for the
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parameters. That is, even if the constraints are not applied during the fitting
process, they can still be applied before the fitting process to obtain the initial
values. Values for the on-site energies €, and ¢, can be obtained directly from
first-principles calculations as in eq. 8. Values for £/, and €;) can be obtained from
eq. 1. Values for Se.p, Serosss Hewp, Heross can be obtained from a knowledge of the
two-atom cluster of the element of interest. In the most straightforward case, Seoss
and f,,,ss are just the equilibrium dimer bond length or nearest-neighbor distance
of the material, and S,,, and H.,, specify the range over which the atoms interact
significantly. For example, it is well-known that the Si-Si interaction extends to only
about 5A. The remaining 8 parameters, 1 for each overlap and Hamiltonian integral,
specify the strength or relative strength of the particular interaction. Although not
as straightforward as the other parameters, initial values for these parameters can
often be obtained from the existing literature (the relative strengths of the
two-center interactions were widely used in early tight-binding calculations, which

were often less computational and more analytical).

G Extended Hiickel approximation I

The topic of this section, the Hiickel approximation, appears in many different
forms, some of which might not bear any overt resemblance to each other. Our
discussion follows a non-standard development that is more suitable to the context
of this report and to a modern computational treatment. If one considers the fact
that both the overlap and Hamiltonian functions in eq. 1 represent interactions

between atomic orbitals, one might consider the relation between these functions:

Hssa<R) = KSStT(R) ’ SSSU(R)

This equation, which has a very similar form to the Hiickel approximation, is at this
point nothing more than a definition of the function K, (R). Without making any

approximations, one can set up the functions Ky (R), Kepo(R), Kppo(R), Kppr(R),
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and then reformulate the model to consist of these 4 functions rather than the 4
Hamiltonian functions.

Next, if we consider the limiting value of Ko (R) for R — 0 we have:

hmRﬂg HSSU<R) = hmR__,o KSsU(R) . limR_,o SSSO(R)

or:

E‘; = hIIlR_,O Kssg(R) -1

We can then reformulate the model again to consist of 4 unitless functions k,,, (R)

etc., each of which has a limiting value of 1 for R — 0:

HSSO'<R) =&, - kssa(R> : SSSO’<R)

S

This reformulation becomes an approximation when one makes the argument that
the 4 unitless functions ks, (R) etc. can be replaced with a single unitless function
k(R):
Hyso(R) = € - k(R) - Ssso(R)
Hepo(R) = 4, - k(R) - Sipo (R)
HPPU<R) = ; k(R> ' SPPU(R)
Hype(R) = €,

Note that in our development it is necessary to introduce a new parameter 5/Sp

(11)

because the limiting values of H,, and S;,, are both zero, leaving the limiting value
of K, undefined.

We have now arrived at one of the many variants of the extended Hiickel
approxifnation. The original development of this approximation is attributed to
Anderson [13] and Hoffmann [14]; it was not until much later that the approximation
was used in a model similar to our own by Menon [15]. In some early variants the

function k(R) is taken to be a constant k(R) = 1 for all R. In many variants the

25



prefactors €’ are constructed from the on-site energies ¢ using a single parameter Ky:

This approximation was widely used in early less-computational calculations, with
empirical values of K from 1.75 to 2.25 [13].

If we consider these results in the context of our discussion of the limiting
values of the Hamiltonian integrals in Section E, we have obtained a novel
explanation of the Hiickel approximation in terms of the behavior of the two-center
integrals in eq. 1 for small values of R. This is a remarkable result, because all
standard explanations of the Hiickel approximation rely on a questionable argument
that the atomic orbitals ¢ are approximate eigenfunctions of the Hamiltonian
operator H with approximate eigenvalues ¢ (see Ref. [13]), which results in a

questionable proportionality between the Hamiltonian and overlap matrix elements:
[ @ (r) H - ®y(r)-drme [ (r) & (r)

In contrast, we have obtained such a proportionality based entirely on the limiting
behavior of the two-center integrals for R — 0. Most importantly, our explanation
of the difference between the limiting values £ and the on-site values ¢ in eq. 9 and
5 is consistent with the widely-used values of Kg from 1.75 to 2.25. The widely-used
extended Hiickel approximation then, provides strong evidence for our argument of

the importance of small values of R in empirical orbital modeling.

H Extended Hiickel approximation 11

In Section F we made the argument that there are enough similarities in the
shapes of the overlap and Hamiltonian integrals that one can choose from a variety

of constraints to reduce the number of empirical parameters. In this section we are
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going to make a novel argument that the extended Hiickel approximation can be
interpreted as a particular set of constraints on the parameters of the overlap and
Hamiltonian integrals. Let us begin by considering a highly simplified model where
each of the 8 functions S, (R) etc. has the functional form e *#, ie. a model with
a total of 8 parameters o, etc.. Now, suppose that we are required to reduce the
number of parameters from 8 to 1. The only reasonable choice would be to use the
same value of o for each of the 8 functions. Next, suppose that we are required to
reduce the number of parameters from 8 to 2. The important question now is
whether we can find a reasonable separation of the 8 functions into 2 groups, so that
we can use one parameter o for each group. There is of course such a reasonable
separation; there is one group of overlap functions and one group of Hamiltonian
functions. Note that this 8 — 2 case is very similar to one of our choices in Section
F, where two exp parameters S, and H.,, are used for all 8 functions.

Continuing this line of reasoning, suppose that we are required to reduce the
number of parameters from 8 to 4. Is there a reasonable separation of the 8
functions into 4 groups? There is indeed, it is just the separation into the groups
sso, spo, ppo, ppr. With this particular separation, each overlap function is
grouped with its corresponding Hamiltonian function; with this separation we

obtain a Hiickel approximation for this highly simplified model:

For illustrative purposes only. Do not attempt to use.
HSSJ(R) - EO ' SSSO’(R> = EO T ETP (_&ssa ' R)
)

=3

= Fy - exp (—spo

(R) (R) (— oo -
Hppo (R) = Eo - Sppo(R) = Eo - exp (— o -
(R) = EO ) Sp;mr(R> = EO - exrp (— .

T

)
Ctppr - R)
Here we have included an energy prefactor Ej solely for the purpose of having a
Hamiltonian with the appropriate units. Using this line of reasoning, we can see

that a Hiickel approximation is one of many possible reasonable groupings of the

overlap and Hamiltonian functions.

27



We have discussed groupings for 8 — 1,8 — 2, 8 — 4, and 8 — 8 parameters.
It might be useful to point out that one can use more complicated groupings to
obtain almost any conceivable number of parameters. For example, one could argue
that the ppo and ppr functions should be grouped together because they both
involve interactions between two p-orbitals. This leads to 8 — 3 and 8 — 6
groupings. As a final example, one could obtain a 8 — 5 Hiickel approximation by
using exponents « for the overlap functions and exponents o + A« for the
Hamiltonian functions, i.e. with 4 different a’s and only one A«. This corresponds
to a widely used variant of the Hiickel approximation where the function k(R) in eq.
11 is taken to have the form e~ 2%,

It is clear that if we move away from this highly simplified model and return
to the functional form in eq. 2, our line of reasoning, that the Hiickel approximation
1s a particular set of parameter constraints, still holds. We could at this point
attempt to specify exactly how the Hamiltonian parameters in eq. 2 can be
reformulated to result in a proportionality between H and S that satisfies the
Hiickel approximation in eq. 11. For example, it is evident that if H,,,(R) is to have
an overall factor of €/, one must reformulate not only Hy — ¢/ - Hy but also
H, — ¢, - H;. However, such a reformulation is not useful or even necessary. The
Hiickel approximation relies on the usefulness of dividing a Hamiltonian function by
its corresponding overlap function. This usefulness depends more on the shape of
the functions, as in Figure 1, and less on a specific parameterization of the
functions. In many ways we have already established this usefulness by our
consideration of the shapes of the integrals in Figure 1 and the parameter
constraints in Section F. The Hamiltonian and overlap functions have the same
range of 5.0A, the same crossover at 2.0A, and the same relative strength. This is
really all that is necessary to have a useful Hiickel approximation.

In practice, if one uses a Hiickel approximation, eq. 2 will not be used to

construct the Hamiltonian functions, the Hamiltonian functions will be constructed
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using eq. 11. We have used a Hiickel approximation in much of our work on C, Si,

and Ge. Our form for k(R) follows that used by Menon in Ref. [15]:

k(R)=exp(—K.p- R)

There does not appear to be any benefit to using a more complicated form for k(R).
This is likely due to the fact that the two-center integrals go to zero outsize a small
range, and thus k(R) is well-defined only for R < 5.0A (using Si as an example). In
our work Kg, 1s almost always small and negative during the fitting process,
indicating that the Hamiltonian integrals have a slightly longer range than the
overlap integrals. We should also point out that this form for £(R) does not
correspond exactly to using He,, = Seyp + Keyp for the exp parameter in eq. 2
because the exp parameter is involved other parts of eq. 2. In the context of the

discussion in Section F, this leads us to another choice for a parameterization:

model with and R — 0 and Hiickel constraints:

3 parameters for each overlap function
0 parameters for each Hamiltonian function, plus €| and ¢, plus £, and Ke.p
on-site energies €, and €,

18 total parameters (two-center part only)
(12)

We have occasionally combined this parameterization with exp and cross
constraints in eq. 10, but we usually return to the parameterization in eq. 12, which

uses exp and cross parameters for each of the 4 overlap functions.

I Repulsive energy

With a parameterized form for the 8 functions for the overlap and
Hamiltonian in eq. 1, it remains to specify a parameterized form for the repulsive

energy function E,.,(R), which is used to construct the repulsive energy ., for a
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system of atoms indexed by 7 and j as:

Emp = Zw Erep<Rij>

This simple two-body or pairwise energy is added to the band energy after the
eigenvalue equation has been solved, i.e. this energy is not involved in the
eigenvalue equation. In the formalism of first-principles or ab-initio approaches, the
total energy F,,; consists of three combinations of interactions between nuclei and

electrons:
Etot = Eelectrans—nuclei + Enuclei—nuclei -+ Eelectrons—electrons
The band energy Fj,.q accounts for the interaction between electrons and nuclei,

but for mathematical reasons Ep,,q also contains an unavoidable “double-counting”

of the energy between electrons and other electrons:

Eband = Eelectrons—nuclei + 2- Eelectrons—electrons

This results in an expression for the total energy F,,; in which the energy E.,..

appears with an explicit negative sign:

(13)

Etot = Eband + Enuclei—nuclei - Eelect'rons-electrons

The repulsive energy, or more appropriately the energy not accounted for by the

band energy, is then:

Enon—band = Enuclei—nuclei - Eelectrons-electrons

This result follows very closely a discussion by Chadi [4].

The traditional argument for replacing the very complicated first-principles
energy Frnon-tand With the very simple empirical energy E.., is that the energies £, ,,
and F..., which are both long-range, under certain conditions combine to give a
short-range energy that is repulsive and can be constructed from a pairwise energy

E,ep(R). However, although one can say that the resulting empirical model is
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accurate, it is apparently very dangerous to make claims about the accuracy of the
intermediate steps used to arrive at E,.,. In a detailed analysis on this topic,
Foulkes and Haydock {16] compared tight-binding (TB) to density-functional theory
(DFT) and concluded:

The origin of [the TB expression for the total energy] is not at all
clear. It looks rather like [the DFT expression for the total energy|, but
the double-counting (and nuclear-nuclear repulsion) terms are now
assumed to be pairwise and short-ranged (which is certainly not the case
if charge transfer leads to long-range interatomic Coulomb forces) and
the [energy eigenvalues| are now the solutions of a non-self-consistent
Schrodinger equation rather than a self-consistent one. It seems,
therefore, that [the TB expression for the total energy| ignores
self-consistency and assumes that all the important nonpairwise
behavior in the interatomic forces comes from the sum of the
one-electron eigenvalues. In fact, as we will explain, neither of these
conclusions is quite right and the approximations behind [the DFT
expression for the total energy| are rather more subtle and sophisticated

than they appear. [16]

There have been several attempts to develop empirical orbital models with
more elaborate repulsive energies, i.e. more elaborate than a two-center or pairwise
function E,.,(R). For example, Mercer and Chou [8] include higher-order energy
terms that depend on the angles associated with three atoms. We prefer to think of
such higher-order terms as modifications to models which consist strictly of the 9
functions in eq. 1. There are two reasons for this. First, the broader context of our
report is the development of environment-dependent models. In this context, these
more elaborate repulsive energies look very much like specific cases of
environment-dependence. Our environment-dependent model does not even have a

repulsive energy:; it treats the total energy using an expression similar to eq. 13.
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The second reason is that there does not appear to be any “standard extension”,
either in theory or in practice, to a pairwise repulsive energy. Various extensions
using bond angles, coordination numbers, and atomic charges are all in current use
8]. In an empirical orbital model, the only standard form for the repulsive energy is
a two-center pairwise form.

When we need to use a self-contained two-center model, i.e. a model with no
environment-dependent modifications, we use the following simple form for the

repulsive energy:
Erep(R) = (Eo+ Ey - R)-exp(—FEeyp - R)

The parameter £, should be relatively small, or more appropriately, should have a
relatively small effect on the shape of the function; the repulsive energy is always
positive, it does not oscillate. The range of E,.,(R) is apparently always
significantly smaller than the range of the overlap and Hamiltonian integrals, i.e.
the exponent F.,., should be significantly larger than S,,, and Hezp. We have
observed this behavior across a large range of empirical parameter fittings for C, Si,
and Ge. This is the same behavior that is observed by Foulkes and Haydock [16]
and by Frauenheim [9], [10], [11] by extracting a pairwise energy from
density-functional theory calculations.

Unlike the overlap and Hamiltonian functions, the repulsive energy does not
appear to contain any useful information for any values of R smaller than those
which might be observed experimentally. There is no benefit to using a functional
form such as & - e =% that has a more appropriate behavior for R — 0. The
repulsive energy should be interpreted as being defined only for experimentally
relevant values of R, or for values of R used during the fitting process (as it is often
desirable to use smaller-than-experimental values for fitting). We have also observed
a behavior that has not been reported in the literature. The calculated values of the
fitting properties do not depend strongly on any properties of the repulsive energy

other than the value of the repulsive energy at the nearest-neighbor distance of the
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material. This suggests that the repulsive energy might do little more than count

the number of nearest-neighbors:

Etot = Eband + Ncoord ' Ecoo’rd

where N.o.rq 18 some average coordination number and E.,..4 1S some average

coordination energy.
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CHAPTER II1

NEXT-GENERATION MODELS

A Too many functions

Our parameterization of the 9 functions in eq. 1 ends with our discussion of
the repulsive energy in the previous section. In this chapter I will discuss concepts
for what might be called the “next generation” of two-center techniques. My
mterest in these concepts grew out of a frustration with a particular mathematical
“feature” of the overlap matrix that results in a failure, both in theory and in
practice, to solve the eigenvalue equation for a system of atoms. I will discuss this
issue of non-positive-definite overlap in detail in this chapter. However, the resulting
concepts are best tied together by the fact that they address the issue of applying
two-center techniques to more complicated materials, and it is with this issue that
we will begin.

It is becoming clear from the recent literature, conferences, and also from
recent trends in funding, that several features will be demanded of the next
generation of empirical orbital models. First, the model must treat multi-element
systems natwely. Although there will still be important applications that involve
only a single type of atom, such as carbon nanotubes and silicon surfaces, such
applications have become marginalized by the demand for problems with more than
one type of atom. Similarly, the model must be able to treat the most important
elements in biochemistry and pharmaceuticals. Since most models are already able
to treat hydrogen and carbon, what this really means is that the model must be able

to treat nitrogen and oxygen. Similarly, the model must treat d-orbitals and
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near-valence orbitals natively. These orbitals are needed for the transition metals,
the calculation of optical and spectroscopic properties, and (arguably) to improve
the accuracy of s, p orbital calculations.

Next, the model must treat the calculation of properties other than the energy
natively. Traditionally, the core of material science calculations has been the energy
landscape, i.e. the energy as a function of the coordinates of the nuclei. From this
one can calculate equilibrium energies and geometries, forces and elastic coefficients,
band structures (if individual energy eigenvalues are included), and also a very large
variety of kinetic and thermal properties. However, this core is arguably being
replaced by the ever-increasing need to calculate properties that can not be
obtained from a knowledge of the energy landscape only. The electron density p(r)
1s a representative example of such a property. Finally, I will add to this list my own
requirement that all reasonable configurations of atoms must have a calculatable
energy. This requirement is related to the issue of non-positive-definite overlap,
which will be discussed later.

At this point in our discussion, it is not clear that models based on the 9
functions in eq. 1 do not already satisfy these requirements. In fact, empirical
orbital models are widely used for multi-element systems, d-orbitals and
near-valence orbitals, nitrogen and oxygen, and not-just-energy properties. [ will
make the argument in this report that models based on the 9 functions in eq. 1 do
not satisfy these requirements. To begin this argument, let us consider a system
consisting of the elements H, C, N, O, and Fe. This is intended to represent a
biological system; iron has been chosen to illustrate the effect of d-orbitals. The
standard or minimal basis set that one would use consists of s orbitals for hydrogen;
s, p orbitals for carbon, nitrogen, and oxygen; and s, p, d orbitals for iron. How
many functions, corresponding to the 9 functions in eq. 1, must be specified for this
system? For the H-H interaction there is only one function sso. For the C-C, N-N,

and O-O interactions there are sso, spo, ppo, ppr. For the Fe-Fe interaction there
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H-H sso

C-C  sso, spo, ppo, ppr

N-N  sso, spo, ppo, ppr

O-O  sso, spo, ppo, ppm

Fe-Fe sso, spo, ppo, pprr sdo, pdo, pdr, ddo, ddr, ddd

H-C  sso, spo

H-N  ss0, spo

H-O  sso, spo

C-N  sso, spo, ppo, ppm pSo
C-O  sso, spo, ppo, ppr pSo
N-O  sso, spo, ppo, ppr pso
H-Fe sso, spo, sdo

C-Fe  sso, spo, ppo, ppr sdo, pdo, pdr PSO
N-Fe  sso, spo, ppo, ppr  sdo, pdo, pdr pso
O-Fe  sso, spo, ppo, ppr sdo, pdo, pdm PSa

Figure 3. Tabulation of the functions that must be specified for a system consisting
of the five elements H, C, N, O, Fe.

are ten functions sso, spo, ppo, ppr, plus sdo, pdo, pdrn, ddo, ddr, ddé.

Next, we must consider the H-C, H-N, and H-O interactions. Each consists of
only two functions sso and spo (ppo and ppr are not present here because p
orbitals are not used for hydrogen). Next, the C-N, C-O, and N-O interactions each
consist of the four functions sso, spo, ppo, ppr. However, it turns out that one
must also include a fifth function pso. Such additional functions are necessary in
general for interactions between two different elements. For example, the spo
function for C-N represents an interaction between two different types of atoms
(carbon and nitrogen) and two different types of orbitals (s and p), and thus
requires a corresponding functioﬁ pso. Turning now to the Fe interactions, for H-Fe
we have only three functions sso, spo, sdo. Again, functions such as pdo and ddo
are not present for hydrogen. Finally, for C-Fe, N-Fe, and O-Fe we have all the
functions that consist of s, p in the first position and s, p, d in the second position.
This includes sso, spa, ppo, ppm, plus sdo, pdo, pdm, plus the corresponding
function pso. These results are tabulated in Figure 3.

It is evident from Figure 3 that we have a problem. There are too many
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Junctions. If we account for both the overlap and Hamiltonian interactions, there
are 142 functions for a system consisting of only five different types of atoms. To be
fair, we should point out that in practice many of these interactions can be taken to
be zero, either because a particular element is known not to bond to another
particular element, or because the orbitals involved in the interaction are known to
interact weakly. We should also emphasize that it is never intended to fit all these
functions simultaneously. In the best-case scenario, each pair of elements would be
fit separately, i.e. one fitting for each row in Figure 3, and so the dimensionality of
the optimization problem is affected only by the number of functions in each row,
and not by the total number of functions in all rows. However, starting with a s, p
model for a single element, it is clear from this table that adding a different element,
or adding d-orbitals or near-valence orbitals, results in what might be called an
explosion in the number of functions and empirical parameters. The interaction
between two different transition metals requires a whopping fourteen functions sso,
spo, ppo, ppr, plus sdo, pdo, pdm, ddo, ddm, ddé, plus pso, dso, dpo, dpm, not
including the ten functions each for the interactions between the same type of atom.
From this we can make the argument that a model based on the 9 functions
in eq. 1 was never designed for such systems, similarly that if asked to develop a
model for such systems from scratch, one would not develop the current model, and
similarly that the model does not treat these systems natively. Before proceeding, it
is useful to briefly discuss two issues that help put this problem in context. The first
issue is that of averaging. There is a general feeling in the community, which some
might even call an axiom, that a model for multi-element systems should be able to
be constructed from the individual models for each single-element system, i.e. with
little or no additional parameter fitting. This would mean that any multi-element
interaction could be constructed from the corresponding single-element interactions,

using some type of averaging scheme, for example:
C‘Nssa = % ' (C'Csscr + N‘Nssa) (14)
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In this context, we can reformulate the requirement for multi-element systems to
say that the model must treat multi-element averaging natively. Models based on
the 9 functions in eq. 1 definitely do not treat averaging natively.

The second issue is that of first-principles-style models. This is related to the
previously-mentioned technique of discarding functions based on a prior knowledge
that certain interactions either do not occur or are weak. Although often very
useful, such techniques work against the concept of having as arbitrary or as general
a model as possible. This arbitrariness is a very well-liked feature of first-principles
models; one can ask for a calculation on almost any configuration of atoms no
matter how exotic. This feature is so well-liked that it is becoming expected of
empirical orbital models. For example, if one discards the Fe-Fe interactions, one
can treat systems where Fe atoms are known not to bond to other Fe atoms.
However, such a model could never be used to study surfaces of crystalline iron.

This issue of arbitrariness is closely related to the historical development of
empirical orbital models. Following our previous discussion, it was not until the mid
1990s that the overlap and Hamiltonian functions came to be regarded as arbitrary
or general functions of a scalar variable R. In earlier calculations, only the values at
the first few nearest-neighbor distances were used. These earlier models actually
treated multi-element systems more naturally or more natively than the later
models. This is because the identification of nearest-neighbor values, combined with
other techniques such as hybridization and crystal symmetry, did not result in an
explosion in the number of functions and parameters. The result is something of a
paradox, in that the earlier models are in some ways more adept at complex systems
than the later models. The important point is that the treatment of multi-element
systems becomes more problematic, not less, as one takes the more modern approach

of treating the overlap and Hamiltonian functions as arbitrary functions of R.
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B Non-positive-definite overlap

The first sign of trouble was that our source code was reporting errors (or
“exceptions” in the language of software engineering), specifically that for certain
sets of empirical parameters the fitting properties could not be evaluated. The
program’s error handling and error reporting features (essential features for any
large program) traced the problem to the failure of the eigenvalue equation solver to
calculate the energy eigenvalues. The eigenvalue equation solver was reporting that
the overlap matrix was not positive definite. At first this did not seem to be a
problem, as it simply meant that the offending sets of parameters needed to be
discarded (which they were). However, [ became convinced over time that this was
indeed a serious problem. Although this exception often occurred for the more
“extreme” fitting properties, such as those with unusually small bond lengths, it
also occurred for some likely experimentally observable properties. Also, we would
find that a best or optimized set of parameters, i.e. a set that worked during the
fitting process, would sometimes not work when applied to other configurations of
atoms. We have also observed this behavior for other models similar to our own,
where the parameters for these models are available in the published literature.

The problem of non-positive-definite overlap is not just a low-level
computational problem. It is a high-level theoretical problem. The eigenvalue

equation that results from using a non-orthogonal basis set is:
Hia i - Cipr = Siajo - Cipp - En
or in matrix form:
H-C=5-C-E

where H and S are the Hamiltonian and overlap matrix, C is the eigenvector matrix,
and E is the eigenvalue array. Now, for the orthogonal problem, it is well-known that
if H is Hermitian the energies E are guaranteed to be real. This is so important that

it is considered to be axiomatic that any modeled Hamiltonian must be Hermitian.
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However, for the non-orthogonal problem, if I is Hermitian then the energies E are
not guaranteed to be real. This can be seen in the context of the orthogonal
problem by constructing the orthogonalized Hamiltonian V = S~! . H which results
in the orthogonal equation V- C = C- E. Even with both H and S Hermitian, V is
still not Hermitian, and the energies E can not be guaranteed to be real.

In the context of the non-orthogonal problem, one avoids taking the inverse

of S and instead constructs the Cholesky factorization U of the overlap:
S=U"-U

where U is an upper triangular matrix. The non-orthogonal problem can then be

cast in the orthogonal form [17]:
((U~1)T ‘H- Ufl) (U-C)=(U-C)-(E)

The cast Hamiltonian (U™1)". H. U~} is guaranteed to be Hermitian, and the
energies & are guaranteed to be real. However, the crux of the matter is that the
Cholesky factorization U exists only if the overlap matrix S is positive definite. In
fact, the existence of U can be taken to define whether a (symmetric) matrix is
positive definite. The important result is that for the non-orthogonal problem, one
can have a Hermitian Hamiltonian and still have configurations of atoms that do
not have a calculatable energy. Our calculatable energy requirement in the previous
section can then be reformulated to say that the overlap matriz must be positive
definite. Undesirable non-positive definite overlap is a fundamental feature of
models which use the 9 functions in eq. 1, as we will discuss in the next section.
The lack of requiring the overlap matrix to be positive definite is arguably a
flaw or oversight in the historical development of empirical orbital models. Although
tight-binding models date back to Slater’s 1954 paper, the importance of using a
non-orthogonal Hamiltonian was not recognized until a 1993 paper by Canel,
Carlsson, and Fedders [18], and it was not until the late 1990s that non-orthogonal

models were relatively widely used. In all models it was always taken as axiomatic
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that the Hamiltonian matrix was required to be Hermitian. However, the main
reason for this requirement is to guarantee that the energy eigenvalues are real. As
a transition was made to non-orthogonal models, the Hamiltonian was still required
to be Hermitian, but this requirement is somewhat pointless if the overlap matrix is
not also required to be positive definite. It is interesting to note that orthogonal
models, which have a longer history and have been more widely used, already satisfy
our requirement of positive definite overlap. This is of course because for orthogonal
models, the overlap matrix is just the identity matrix, which is always positive

definite.

C Integrability constraints I

How is it possible for the 9 functions in eq. 1 to result in systems with no
calculatable energy? More specifically, what are the theoretical properties of overlap
matrices that are responsible for maintaining positive definite overlap? In this
section we will show that it is the construction of overlap matrix elements as actual
integrals of actual atomic orbitals that maintains positive definite overlap, and that
the loss of this property is responsible for systems which do not have a calculatable
energy. It is useful to begin with an informal argument based on the “degrees of
freedom” involved in the overlap matrix. For the empirical model the 4 functions
Ssso(R), Sspo(R), Sppo(R), Sppr(R) can be interpreted as 4 degrees of freedom; in
the most general case these functions are parameterized independently of each
other. Each degree of freedom is a scalar function of a scalar variable R defined for
values of R from 0 to co. However, the functions S, (R) etc. are intended to

represent integrals of atomic orbitals:

Seso(R) = [ &, (r —Ry) &, (r ~ Ry) - dr
Sepo (1) = frq)s (r—Ry) -, (r—Ry)-dr with R = |Rs ~ Ry (15)
Sppo(R) = [ @5 (r = R1) - @, (r — Ry) - dr
Sppr(R) = fr ¢, (r—Ri) P, (r—Ry)-dr



where the symmetry notation o and 7 refers to the relative orientation of the
orbitals at positions R, and Ry: for the p-orbitals, o refers to a p, orbital oriented
along the same axis as Ry — Ry, while 7 refers to a p, or p, orbital oriented along
the same axis as Ry — Ry (of course for the s-orbitals there is only one possible
orientation, o). How many degrees of freedom are there if these integrations are
performed explicitly? There are 4 atomic orbitals @, (r), ®,, (r), @, (r), ®,, (r).
The angular parts of these three-dimensional functions are fixed, and there are only
2 independent radial functions, or degrees of freedom, ¢, (r) and ¢, (r), which are
defined for values of 7 from 0 to co. Without the integration then, there are 4
degrees of freedom, but with the integration there are only 2 degrees of freedom.

This conflict in the number of degrees of freedom is more dramatic if one
considers the d-orbitals. If one adds d-orbitals to an existing s and p orbital model,
there is only one new radial function ¢, (r). However, there are siz new two-center
integrals Ssgo (R), Spao(R), Span(R), Sado(R), Sadr(R), Saas(R). This is an example
of the explosion in the number of functions discussed in Section A. The conflict is
even more dramatic if one considers the five-element example in Figure 3. Here,
there is 1 radial function for hydrogen, 2 each for carbon, nitrogen, and oxygen, and
3 for iron, for a total of 10 radial functions or degrees of freedom. There are a
whopping seventy-one degrees of freedom Figure 3.

This can be stated more formally by saying that the integrals in eq. 15 are
convolutions of atomic orbitals, and that the atomic orbitals are deconvolutions of
the integrals. That is, the convolutions are mathematical operations that map input
functions ¢ (r) to output functions S(R), and the deconvolutions map input
functions S(R) to output functions ¢ (r). It is these deconvolutions that show that

there are indeed theoretical conflicts in treating the S(R) as independent functions.
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First, let us express the integrals in eq. 15 in functional notation:

[
Sepe(R) = S [0, (r) ¢, (r)]
Sppo(R) = S [¢, (7)]
SppW(R) =5 [(bp (7‘)}

where the brackets indicate a functional dependence. If we consider the expression
for Sppe(R), this implies that the radial function ¢, (r) can be constructed entirely

from a knowledge of the two-center integral S, (R):

6, (r) = §[Supo (R)] (16)

This deconvolution shows that the existence of a well-defined two-center integral

S,

opo (1) implies the existence of a well-defined radial function ¢, (r). However, the

expression for ppm implies the existence of a different radial function:

By (1) 2 6 [Sppn (R)] (17)

The radial functions in eq. 16 and 17 will be different if the two-center
integrals S(R) are treated as independent functions. The tight-binding model, 1.e.
the 9 functions in eq. 1, implies the existence of multi-valued radial functions. This

is also the case for ¢, (r). For sso we have the deconvolution:
@, (r) =" 9 [Suso (R)] 18)

For spo the situation is slightly more complicated. First, there is a partial or mixed

deconvolution:
¢s (T) dei—“mw. (b [SSPU(R)> ¢p (f)]

But we can substitute for ¢, (r) from eq. 16 to obtain:

B, (1) =" § (S0 (R), Sppo (R)] (19)
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The radial functions ¢, (r) in eq. 18 and 19 are in general different. These results
clearly extend to other orbitals, such as d-orbitals and excited or near-valence
orbitals.

It is actually a straightforward matter to show that the existence of
well-defined or single-valued radial functions guarantees that the overlap matrix is
always positive definite, and hence guarantees that a system has a calculatable

energy. Start with the definition [17] of a positive definite matrix S:
x-S-x>0

where x is any array. Express the overlap matrix S in indexed form:

Siajs = Jpba(r —Ri) ¢ (r = Ry) -dr

where 7 and 7 index the atomic nuclei, and o and [ index the atomic orbitals at
each nucleus. Note that although i and « are separate indexes for the purposes of
the integration, v is a single index for the purposes of the eigenvalue equation.

This means that the array x is indexed by ¢«. This gives:

Zia,jﬁ Tia* TjB * Sia,jp = fr (D i Tia * ¢a (r —Ry)) - (Zjﬁ’ Tig - Pp (v — Rj)) -dr

Whatever the item » ., ...- > 5. .. Is, it is something squared, which is always
positive. This important result proves our earlier claim that it is the actual
integration of actual atomic orbitals that maintains positive definite overlap and

calculatable energies.

D Integrability constraints 11

The requirement of positive definite overlap suggests that we move away from
an “overlap-parameterized” model, and toward a model which features a direct
parameterization of the radial functions of the atomic orbitals. Our research in this

area took place towards the end of our project, and so for logistical reasons we have
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not significantly tested such a model. Without this testing, we will refer to direct
parameterization of the radial functions as a prototype, and our discussion will focus
on broader issues rather than on specific parameterizations of the radial functions.
We can see from our discussion in the previous section that this prototype satisfies
the requirement of positive definite overlap, and thus also satisfies the requirement
that all reasonable configurations of atoms have a calculatable energy.

Next, we can see that this prototype satisfies the requirement that
multi-element systems are treated natively, and that d-orbitals and near-valence
orbitals are also treated natively. This is due to the fact that treating the radial
functions as degrees of freedom does not result in an explosion in the number of
empirical parameters as one moves from a single-element system to a multi-element
system, or as one adds d-orbitals or near-valence orbitals to an existing s, p orbital
model. As we have already discussed, in Figure 3 there are seventy-one independent
functions for the overlap-parameterized model, but only 10 independent functions
for the radial-function prototype.

The key to understanding how this is effected is to consider multi-element
averaging (see eq. 14). For example, if one has a radial-function parameterization
for C-C, and a separate radial-function parameterization for N-N, this means that
one has the radial functions ¢° (r) for carbon and ¢~ (r) for nitrogen. Then, for the

C-N interaction, we will have

Seo(R) = [.¢) (t—Ri) - ¢ (r — Ry) - dr (20)

880 8

With an overlap-parameterized model, SS-% would either need to be parameterized

880

separately, or would need to be constructed from S¢_ and 53 using a questionable
averaging scheme as in eq. 14. With the radial-function prototype, no additional
parameterization is necessary, and there is no questionable averaging. If one wants
to interpret eq. 20 as a type of averaging, then we have the result that the

radial-function prototype satisfies the requirement that multi-element averaging is

treated natively.
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We have four important items to mention about such a prototype. The first
item concerns the construction of the two-center integrals S,s,(R) etc.. We should
clarify that, for a radial-function model, these functions will still be constructed.
This is due to the fact that the functions S, (R) etc., regardless of whether they are
parameterized directly or not, provide the fastest way to calculate the elements of
the overlap and Hamiltonian matrix. In fact, Slater’s 1954 paper, which established
the parameterization of these functions, also established a recipe for using these

functions to construct the overlap and Hamiltonian matrix. For example:
Sow =1 Sppe — (1 = 1%) - Sy (21)

specifies how to constrict the matrix element S, ;5 when o and f refer to p,
orbitals. Further discussion of these formulas is not needed, other than to point out
that this recipe still appears to be the best way to construct the matrix elements for
our prototype.

The second issue is that in some cases it is possible to perform the
integration over the radial functions analytically, making it possible to provide
explicit functional forms for Sss(R) etc.. In Figure 4 we show analytical forms for
Ssso(R), Sspa{R), Sppa(R), Sppr(R) obtained using the parameterized forms for the

radial functions:

b, (r)=(So+S1-r+Sy-7) -exp(—E 1)
¢, (1) = (Po+Pr-r+Py-1?) exp(—E 1)

(2)

Although these integrations are so unwieldy that one would never attempt to do
them on paper, one can use a computer algebra software package, which we did to
obtain the results in Figure 4 (this is not a straightforward matter, as the
multi-dimensional integrals require a transformation to prolate two-center
spheroidal coordinates). This leads to a remarkable conclusion that our prototype is
in some ways nothing more than a complicated parameterization of the 9 functions

in eq. 1, with a complicated set of parameter constraints as in Section F. That is, a
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very special set of constraints that guarantees positive definite overlap and provides
for native multi-element averaging. Even in the general case where analytical
integration is not possible, this interpretation is still meaningful in that one still has
a parameterization (although not analytical) of the 9 functions in eq. 1.

The third issue is the behavior of the two-center integrals for small values of
R. In Chapter II we discussed in detail the importance of treating the two-center
integrals S,,(R) etc. for all values of R, including small values. Our interest in
integrability constraints developed largely independently of our interest in small
values of R. However, it turns out that the two topics are related in an important
way. The concept that the existence of two-center integrals implies the existence of
radial functions, as in eq. 16, formally requires that the two-center integrals Sss, (R)
etc. are defined for all values of R. This is due to the fact that the functional
dependence indicated by the brackets in eq. 16 means that the value of ¢, (r) at
just one specific value of  depends on the values of S,,,(R) at all the values of R. I
would like to emphasize that, as an empirical model, one can make a strong
argument for a radial function model without this formal requirement. It is still
interesting to note that a radial function model is consistent with a treatment of
small values of R.

The fourth item concerns the global optimization problem. We have
discussed previously that the search for the best set of parameters involves a poorly
behaved optimization function, with a large number of poorly distributed local
minima. Now, in general such poor behavior might be an unfortunate but inherent
part of an optimization problem. However, such behavior can also indicate that an
optimization problem has too many degrees of freedom, i.e. that there are hidden or
unaccounted-for constraints. There is indeed evidence that the poor behavior of our
optimization function is not an inherent part of the problem: we have observed that
many local minima have very similar patterns as to how the calculated values differ

from the reference values. For example, if one local minimum gives a bond length
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—126 4Py PyR? — 42E*PER? — 1575 EP2R — 420E3 Py PR — 210E3 PR
—1050E2P,P,R — 210E*PyP R — T0E° P2 R — 1050P, P, E — 1575 P
—420E%Py Py — 210E%P? — T0P2E* —~ 210, P E® )

Sppr(R) = ﬁ ‘ % R (
3ESP}R® + 14E°P PyR* + 31 E*PIR* + 112E*P P, R + 14E° P2 R?
+42E° Py Py R® + 189E° P2 R3 + 462 E3 Py Py R* + 84E* PIR? + T14F* P} R
+70E° P, PyR? + 182E4 P PyR? + 1050E% P P, R + 420 E3 Py P, R
+1575EPZR 4 210E* PyP R + 210E* P2 R + TOE° PYR + 420E* Py P
+1050P, P, E + 210, P, E® + T0P2E* + 210E* P2 + 15757 )

Figure 4. Explicit two-center integrals for a radial-function prototype, using the radial
functions in eq. 22 (which for simplicity have not been normalized).
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for Sig that is a few percent too large, and a bond length for Siy that is a few
percent too small, several other local minima will give very similar results. This is a
remarkable observation when one considers that we use 200 or more such bond
lengths, binding energies, etc. and that we observe very strong correlation of
different local minima across all 200 properties. Also, this behavior scems to be
widespread, at least in our own experience, as we have observed this for just about
every non-trivial parameter fitting that we have done.

This strong correlation of different local minima suggests that, loosely
speaking, these “different” local minima are really not different at all, but rather in
some way they represent the same local minimum. This would mean that the local
minima. are connected by hidden constraints, and that the problem would be less
poorly behaved if one accounted for these constraints. This can be better
understood if one considers the situation in reverse: start with a well-behaved
function with a small number of inherently different local minima. Then maliciously
introduce some spurious and highly non-linear degrees of freedom into the function.
What would happen? One might expect this to wreak havoc on the function,
causing just the type of behavior that we observe, as well-defined local minima split
or bifurcate with the introduction of spurious dimensions. As we have not
significantly tested our radial function prototype, we can not claim that it is the
integrability constraints that are responsible for the poor behavior of the
optimization function. However, if they are responsible, then treating S,s (R) etc.
as independent functions would have a devastating effect on the ability to find the
global minimum. This would mean that a parameter fitting calculation would waste
large amounts of time exploring the spurious dimensions introduced by removing

the constraints.
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E Preliminary results

Although still a prototype, we have performed an initial test that supports a
radial function model. We have applied our environment dependent model, which
consists of a two-center model consisting of the function S,,,(R), Hys (R), etc., and
also consists of environment dependent modifications discussed elsewhere in this
report, to the single-element systems of C, Si, and Ge. For logistical reasons C and
Si were more heavily optimized, to the point that we now have stable sets of
parameters for these two elements; Ge also has been very successfully optimized.
The work on C and Si consisted not only of parameter optimization in the direct
sense, but also of subsequent testing of several “candidate” sets of parameters that
were eventually discarded in favor of one “final” set.

For this initial test, we used our results for the overlap functions S,s (R),
Sspo(R), Sppo(R), Sppr(R) to study our deconvolution argument, i.e. that the
existence of overlap functions implies the existence of radial functions. In the work
leading to these sets of parameters for S, (R), etc., we occasionally used parameter
constraints on the overlap functions. However, for the most part, these four function
we parameterized independently of each other. The results of this test suggest that
even though the four overlap functions were parameterized independently, they can
be approximately obtained from only two radial functions.

For this test, we performed a least squares curve fitting of our four optimized
overlap functions to the same four functions obtained from analytical integration of

the following radial functions:

~—

., (r)=(So+ Sy r+S2-7) exp(—E-r
¢p(r) = (Po+Pr-r+ Py-r?)-exp(—E 1)
This relatively simple form was chosen for simplicity; in general one could use
higher-order polynomial coefficients and, in particular, could use different values for

the exponents. The curve fitting was performed by first extracting ¢, (r) from
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Ssso(R), and extracting ¢, (r) from S

ppo

(R), then by constructing Sy, (R) and
Sppr(R) from ¢ () and ¢, (r). The results are shown in Figure 5.

Even with this overly-simplified form for ¢, () and ¢, (r), these results
suggest that the large-scale empirical fitting process is driving the system toward
results that are consistent with the existence of not four but only two independent
functions, i.e. ¢, (r) and ¢, (r). This is an important result in light of the fact that
our final sets of parameters for C and Si involved a large amount of computational
resources. During the course of the optimization, we encountered the problematic
nature of the optimization problem discussed earlier. This includes: (1) the
optimization consisted of large number poorly-distributed local minima, resulting in
the need for a greatly increased time to find the global minimum, (2) the overlap
matrix was frequently not positive definite, resulting in sets of parameters for which
systems of atoms did not have a calculatable energy (and also interrupting the
optimization algorithm), (3) several different local minima gave very similar results
to each other, suggesting the existence of hidden constraints, (4) parameters with
reasonable calculated values but unreasonable parameter values, such as long range
Ssso (R), also suggesting the existence of hidden constraints, and (5) the failure of
candidate sets of parameters in subsequent testing, also suggesting the existence of
hidden constraints.

In conclusion, this initial test suggests that the treatment of S, (R),
Sspo(R), Sppo(R), Sppr(R) as independent functions might have a devastating effect
on the global optimization problem, i.e. by requiring an excessive amount of
computational resources to find the global minimum. In the language of global
optimization, we have found approximate constraints that greatly reduce the
parameter space that one must search for the global minimum in. Finally, it
perhaps is remarkable that the individual deconvolutions exist, i.e. that starting
with S, (R), one can obtain ¢, (r) that reproduces Ssso(R). This is remarkable

because the existence of a solution to a deconvolution problem can not in general be
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Figure 5. Preliminary test of our radial function prototype, using the radial functions
in eq. 23. The overlap functions used in our current model are shown (solid), together
with the same functions obtained from a deconvolution procedure (dashed).
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guaranteed. Our initial test suggests that this deconvolution is well-defined as one

considers the overlap integrals individually.
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CHAPTER IV

RADIAL FUNCTION PROTOTYPE

A Nitrogen and Oxygen

Of the many classifications of materials science models that can be made, one
is to distinguish models that have their origins in the semiconductor community
from those that have their origins in the organic materials community. For models
in the first group, including our own, the original idea of treating multi-element
systems was of course to treat systems of interest to the semiconductor community.
However, with the increasing demand for organic and biological applications it is
perhaps these systems that are now more interesting. Although the technical
differences between the two categories are subtle, models in the first category are
rarely used to study organic systems other than simple hydrocarbons. This makes
the native treatment of nitrogen and oxygen by our radial function prototype
particularly interesting. While we are on the subject of nitrogen and oxygen, we
should not overlook the important industrial and military applications for these
elements. Transition metal oxides are a representative example of important
applications that are outside both the semiconductor and the organic communities.

We have already argued in Section A that models based on the based on the
9 functions in eq. 1 do not treat multi-element averaging natively. In this section we
are going to argue that, even if for the sake of argument they did, that they still do
not treat mitrogen and oxygen natively. The problem with these elements is that,
apart from any problems caused by multi-element averaging, tight-binding models

can not treat either nitrogen or oxygen separately, i.e. as single-element-only
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systems. This is caused by the fact that, as individual elements, nitrogen and
oxygen do not form enough structures from which one can obtain a list of reference
properties needed for empirical fitting. As single-element systems, these two
elements do little more than form the dimers N, and Os. Nitrogen and oxygen do
have crystallinc structures, but these consist only of isolated dimers weakly bonded
to each other by van der Waals forces.

We should point out that in hindsight it is perhaps something of a
coincidence that elements such as C and Si can be treated. The difference is
actually quite subtle, as C and Si as single elements do not readily form a large
number of structures suitable for fitting either. The band structure of diamond Si,
along with a few other experimentally observed structures such as Siy, is not enough
for a large-scale fitting. The subtle difference is that although they do not readily
form, there are still a large number of structures that can be studied using
first-principles calculations. Beginning in the 1980s, most notably with the work of
Cohen for crystalline Si [19] and the work of Raghavachari for C and Si clusters [20],
there arose a very loose standard of computationally well-defined crystalline phases
and small clusters, making such large-scale fitting possible. This includes at least six
different crystalline phases and at least 20 different small clusters for Si.
Unfortunately, nitrogen and oxygen do not form enough structures suitable for
fitting that can be studied either experimentally or with first-principles calculations.

Let us then return to the tight-binding averaging scheme for multi-element

systems in eq. 14:

SGN(R) = 5 - (SSO(R) + SNV (R))

SsO S§T

We can now see that, even if for the sake of argument we assume that this type of
averaging works, it still can not treat nitrogen and oxygen. The averaging is based

on the existence of a parameter fitting for the single-element systems, but for
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nitrogen and oxygen we do not have such a parameter fitting:

Seot (R) = 5+ (SZO(R) + (777))

— 3’ sso

Our radial function prototype avoids these problems by constructing the two-center

integrals directly, without any reference to N-N or O-O:

SSNR) = [¢S(r—R.) oY (r = Ry) - dr

880

One can then completely avoid any need to treat nitrogen and oxygen separately,
and can proceed to treat multi-element systems directly or natively.

To be fair, we should mention that there are some creative ways of working
around this problem within tight-binding. One option is to maintain the
parameterization of the N-N or O-O functions, but to fit only to multi-element
systems, 1.e. by using some averaging scheme to construct the multi-element
interactions. This is a questionable technique that does not appear to be widely
used. The next and most widely used option is to avoid any averaging scheme, and
to parameterize functions such as SS;N(R) individually. If we overlook the issue of
positive definite overlap, this is actually a reasonable technique for problems
consisting of only two different elements. However, for more complex systems one
again encounters the explosion of parameters discussed in Section A. Here also, we
have the paradox that the earlier or simpler models are capable of treating nitrogen
and oxygen natively, while it 1s with the more complicated or more general models
that things start to break down.

Finally, we should point out that a radial function prototype raises the
possibility of fitting “across the boards”, i.e. where the radial functions of several
elements are fit at the same time. For organic and biological systems, one could
start with {H, C,N, O} and then fit to a large list of small organic molecules. This is
of course not a new idea, as it is exactly the type of fitting preferred by the models
used in the organic community. However, such a fitting has never been attempted

by any of the models that we are in competition with. A particularly appealing
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feature of fitting across the boards is that one can fit to experimentally known
values, as it is perhaps a legitimate criticism of existing models that they rely too
heavily on first-principles calculations, particularly density functional theory. In
hindsight this criticism might also be applied to Si itself and to other semiconductor

elements, i.e. apart from any of the complications caused by nitrogen and oxygen.

B Not-just-energy properties

The empirical orbital models that are the subject of this report, including our
radial function prototype, and including models with environment-dependent

modifications, all use a matrix form of the Schrodinger equation:
Hia s Cipn = Siagp - Cipa - B

where H and S are input, and C and E are output. Although not explicitly part of
the matrix eigenvalue equation, the one-electron wave functions ¥, are also implied
as part of the output:

Uy (r) = > i Cian + i (T)
The wave functions ¥, “inherit” their dependence on the position r from the atomic
orbitals ¢, as indicated in this expression. It is with this position dependence that
existing models are problematic. By directly parameterizing the functions Sg,(R)
etc., such models never explicitly specify the atomic orbitals, leaving the position

dependence of the wave functions undefined:

Uy (r) =3, Cian- (777

With a radial function prototype, the atomic orbitals are parameterized directly,
and the position dependence of W, is restored.

To be fair, we should acknowledge that existing models do treat the
calculation of some properties other than the energy natively. In fact, it is the

existence of electronic structure information that distinguishes first-principles and
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empirical orbital models from molecular mechanics and finite element models. The
limitation is that existing models can only obtain not-just-energy properties from
objects that are present in the eigenvalue equation. Properties that can not be
expressed in terms of these objects can not be evaluated. The charge density p(r) is

probably the most important example:

p(r) =2, Nx- Uy (r) - ¥, (r)

Contour plots of p(r) are the most widely used tool to visualize electronic structure
information. In practice one can obtain such plots for tight-binding models by
introducing some “characteristic set” of atomic orbitals. In light of our discussion,
such characteristic orbitals look very much like attempts (i.e. poor attempts) to
obtain radial functions as deconvolutions of the two-center integrals.

The charge density p(r) and other functions of r are involved in a very wide
variety of electronic structure applications. However, the problematic nature of
not-just-energy properties is perhaps better understood by considering properties
that are not functions of r. To understand this in more detail, we will consider a
representative example, that of atornic polar tensor charges. The starting point of
this discussion is the need to calculate the charge “associated with” individual
atoms, which is closely related to the more qualitative concepts of ionic and covalent
bonding. When position information is not available, one attempts to construct an
expression for the charge using objects that are present in the eigenvalue equation.
The most straightforward approach leads to an expression for the total number of

electrons Nyoi:

D niegs N Clon - Siags  Ciga = 22, Ny = Neoa

By removing some of the summations over i and jf3, one can identify charges
associated with various combinations of sites and orbitals. Charges obtained from

this expression are usually called Mulliken charges.
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The Mulliken analysis is not a particularly bad way of calculating atomic
charges. However, it is not a particularly good way either. Amid concerns over their
accuracy, several first-principles calculations have replaced these types of charge
analyses with more elaborate ones. In the atomic polar tensor analysis, which is
attributed to Cioslowski [21], charges are obtained from derivatives of the dipole

moment:
1 s 8 9

with:
e =D niags Vo Cinn Cipn- [ Pia (r —Ry) -2 Oy (r — Ry) - dr (24)

For the purposes of our discussion in this section, we are not interested in debating
the accuracy of the Mulliken analysis. It is as a representative example that the
Mulliken vs. APT debate reveals the limitations of how existing models treat
not-just-energy properties. Here we have two different models or “analyses” for the
concept of atomic charges. The Mulliken analysis, in hindsight perhaps by
coincidence, can be expressed entirely in terms of objects that are present in the
eigenvalue equation. The APT analysis can not, even though it represents the same
concept of atomic charge.

If we look more closely at eq. 24, we can see where things start to go wrong.
Existing models are only aware of position r integrals if they happen to be the
overlap [ @, - @, or the Hamiltonian. [®;-H-®,. If the integral is changed slightly,
in this case to [ ®; - z - ®;, existing models break down. It is this special ability to
“look inside” the integrals that gives a radial function prototype the advantage. The
only evident way to treat such properties within the existing framework would be to
introduce more parameterized functions. This brings us back to our deconvolution
argument, as independently parameterized functions would imply multi-valued
radial functions. Again we have the interesting conclusion that our prototype is in

some ways a very complicated set of parameter constraints. That is, one can
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perform the integrations “on paper”, and them use them in calculations, as if the
atomic orbitals did not exist. The APT example shows that this concept of
constraints applies not only to the overlap and Hamiltonian functions, but also to

integrals such as [ @, -z ®,.

C Hamiltonian orbitals

Our radial function prototype treats multi-element systems natively, at least
as far as the overlap matrix is concerned. However, to completely satisfy the
multi-element requirement, the Hamiltonian must also treat multi-element systems
natively. To develop a prototype for the Hamiltonian, we return to our discussion in
Section D, where the matrix elements of the Hamiltonian consist of the terms H,; v
and H;j g

Hijv=[®(@-R) -V:-®(r—Ry) dr

Hijp= [, @i (r = Ri) Vi (it ~ Ref)) - €5 (r - Ry) - dr
It is again important to point out that although several layers of approximation are
needed to obtain this form for H, these layers of approximation are already required
in order to construct the two-center integrals Hys, (R), Hopo (R), Hppo(R), Hpps(R).
Within the context of this report, it is the existence of H,., (R) etc. that defines a
“two-center model”, and we will take this as a starting point for our discussion.
This is not an arbitrary or semantic definition, as there are about six research
groups that we are in competition with, and each of them use a H,,(R) etc.
framework for their environment-dependent model.

As a first pass at a prototype for the Hamiltonian, it is evident that if one
already has explicit functional forms for the radial functions ¢, (r) and ¢, (r), then
one can construct the terms H,; v without any additional empirical parameters, i.e.
by operating on the orbitals @ (r) explicitly with V2. It is also evident that one can

construct the terms H; ; if one introduces a parameterized function V' (r) for the
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potential. Note that within the central field approximation, the three-dimensional
potential V' (r) of an arbitrary configuration of atoms is completely specified by a
one-dimensional scalar function V' (r) at each atomic nucleus, which is presumably
the same for each type of element. This leads naturally to a treatment of
multi-element systems, as the operator Vf is the same for each element, and as each
potential term V} is associated with a specific element, i.e. the element of the

nucleus located at Ry:

Hij’v ﬁrsl:,—_E)aSS fr @flem(i) (I' . Rz) . VE . ®€lem(]) (r o R]) . dr

J

H,Lerc ﬁrsf.,___i)ass fr q)jlern(i) (r N R,L> . W:zlem(lc) (HI‘ . RkH) . (I)elem(j) (r . R]) . dr (25)

J
where elem(i) refers to the identity of the element indexed by 4. It is important to
point out that the prefactor —5-’;72 which has been incorporated into the operator Vf
involves the mass of the electron, which is the same for each element; the prefactor
g% involving the mass of the nucleus in involved in the subsequent motion of the
atoms, but is not involved in the eigenvalue equation.

This first pass at a prototype for the Hamiltonian is problematic for two
reasons. First, it is widely agreed that even highly accurate first-principles
calculations usually do not give accurate values for the atomic orbitals ¢ (r)
themselves, i.e. as values of the probability density of an individual electron.
Operating on @ (r) with V? means that the Hamiltonian matrix elements will
consist of second-order differences of the values of ® (r) at adjacent values of r. This
suggests that it is not appropriate to operate on parameterized radial functions with
Vz. The second problem is that the resulting model places too much emphasis on
the overlap and not enough on the Hamiltonian. The real Hamiltonian operator is
very complicated, and there is a general feeling that one should have at least as
many parameters for the Hamiltonian as for the overlap. This is the case with the 9
functions in eq. 1, where there are 4 degrees of freedom each for the overlap and

Hamiltonian. However, our first pass at a prototype results in two or three degrees
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of freedom ¢, (1), ¢, (r), ¢4 (r) for the overlap but only one degree of freedom V (r)
for the Hamiltonian.

The crux of the matter is that is never necessary to specify an explicit form
for the operator V7, i.e. one can replace V2 with a more general unknown or
unspecified operator, as long as certain conditions are satisfied. The most important
of these conditions is that the operator modifies only the radial part of an atomic

orbital and not the angular part:

Ve 0 (0.0) ¢(r)=¢(8,9) - Vi-0(r) = ¢(6,9)- 0" (r)
with:
¢ (r) =V, ¢(r)
Because of this condition, the Hamiltonian integrals have the same symmetry
properties as the overlap integrals; it is this condition that allows one to construct

Ho(R) etc.. Our argument is that we can make a second pass at a prototype for

the Hamiltonian by treating the functions ¢" (r) as degrees of freedom:

o (r) ={V7} e, (r)

8y (r)={V7} &, (1)
where {Vf} is some generalization of the V? operator. This second pass results in a
model with two or three degrees of freedom ¢, (), ¢, (), ¢, (r) for the overlap, and
three or four degrees of freedom ¢ (r), gbz (r), ¢y (r), V (r) for the Hamiltonian.

This second pass still satisfies our requirement for multi-element systems.

The “V? orbitals” ¢" (r) have a well-defined association with a specific element,
because ¢ (r) is associated with a specific element, and because {VZ} is not
assoclated with any element. Two additional comments are also in order. First, with
explicit functional forms for ¢ (r) and V (r), it is possible to explicitly evaluate the
three-center integrals. Now, we are not suggesting that such integrals be included in
an empirical orbital model. From a performance standpoint, three-center integrals

are very costly and would slow down a calculation to an unacceptable level. There
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also appears to be a growing consensus that the most important extension to a
two-center framework involves the electron density p (r) rather than other
extensions such as three-center integrals. It is evident however, that the ability to
calculate such integrals could be quite useful for testing and reference purposes.
The second comment is that the treatment of {V2} as a generalization of the
V2 operator is quite consistent with existing overlap-parameterized models. This
can be illustrated by returning to our deconvolution argument. Here, we will
dispense with any complications due to multi-valued radial functions and consider
only the sso and ppo interactions. For the overlap, we have two degrees of freedom
Ssso(R) and Sppe (R) before the deconvolution, and two degrees of freedom ¢, (7)
and ¢, (r) after. However, if ¢Y (r) and gbg (r) are not treated as a degrees of
freedom, then for the Hamiltonian we have two degrees of freedom H,,, (R) and

H

oo (R) before the deconvolution, but only one degree of freedom V' (r) after. If we

temporarily dispense with the complications caused by V' (r), then this is consistent
with a treatment of ¢ (r) and gbZ (r) as degrees of freedom, rather than as resulting
from some specific operator Vf. One can go so far as to obtain expressions for

¢Y (r) and <Z>§ (r) as functionals:

07 (r) 2" 97 (1) [Suso (R), Huso(R)]

¢§ (r) e ¢Z (7) [Sppe (R), HPPU(R)]
Of course, with the potential V' (r) this strict one-to-one correspondence of degrees
of freedom breaks down. Still, one can make a strong argument that tight-binding
models, i.e. models that treat S;,,(R), Hsso (R), etc. as degrees of freedom, imply
the existence of one or more degrees of freedom associated with some generalization
of the V2 operator.

Finally, one can make a third pass at the Hamiltonian by treating the

potential V' (r) not as a function but as an operator. This leads to “potential

orbitals” ¢! (r) and (}5;/ (r):
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The potentials V(1) and the radial functions ¢ (r) are both associated with a
specific element, and so the resulting model will not treat multi-element systems
natively unless V' (r) and ¢ (r) always index the same element. Now, one can argue
that within the two-center approximation, the integrals [ ®, -V} - ®; are taken to be
zero unless k =7 or k = j. In this case one will always have either [ (®;-V;)  ®; or
[ @, (V;-®,), and then ¢ (r) can be associated with a specific element. This
argument, however, does not account for the “neglected two-center integrals”. which
will be discussed later in this chapter. For now we can point out that this third pass
will not lead to two degrees of freedom ¢V (r) and ¢ (r) for each type of orbital,

because the off-site matrix elements of the Hamiltonian will always factor as:
Hijl gy = [ @i (307 + &) + [ (507 + 2F) - @, (26)

As long as the neglected two-center integrals are treated separately, this leads to a
reasonable model with two or three degrees of freedom ¢ (r), ¢, (1), ¢4 (r) for the
overlap, and two or three degrees of freedom ¢ (1), gbg (r), ¥ (r) for the
Hamiltonian, with ¢ (r) = %gf)v (r) + ¢" (r), although it will not be possible to
identify ¢V (r) and ¢ (r) individually.

D Neglected two-center integrals

We have taken a policy-driven approach to our discussion of the next
generation of two-center models, i.e. an approach that starts with a list of
requirements and then seeks models that satisfy those requirements. Now, the
concept of a two-center model is that matrix elements consist of integrals involving
one, two, three, or (in some cases) four centers or atomic nuclei, and that a
reasonable model can be obtained by treating only the one and two center integrals.
Within the central field approximation, there is a very well-defined accounting of
the total number of integrals: N? for the overlap, N for the V? terms of the

Hamiltonian, and N3 for the V terms of the Hamiltonian. Of these N 3 terms, it is
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an elementary matter of combinatorics that there are N - (N ~ 1) - (N — 2) terms
with three distinct centers, leaving 3N? — 2V terms that contain either one or two
distinct centers. From a policy-driven approach it then seems obvious that a
two-center model should be required to treat not just some of the two-center
integrals, but all of the two-center integrals.

Existing tight-binding models do not satisfy this requirement. For the V
terms there are three indexes ¢, k, j. Two distinct centers are obtained for ¢ = k # j
and for 7 # k = j. However, two distinct centers are also obtained for k # ¢ = j.
These “neglected” two-center integrals consist of orbitals ¢ and j which are located
at the same nucleus and a potential term k located at a different nucleus. Following
the notation of Section D and E, if these integrals are accounted for then the on-site

matrix elements of the Hamiltonian have the form:
Hiy; =¢; + Zk# Hiix (27)

Although it would be quite possible to include these terms in a tight-binding model,
almost all existing models treat the on-site elements as fixed constants, which
corresponds to taking H;; , = 0. However, unlike three-center integrals, which one
can argue are relatively small, there is no reason to believe that these integrals are
any smaller than other two-center integrals that are not neglected. We will then add
a final requirement to our list: the model must treat the neglected two-center
wntegrals.

As with other topics in this chapter, this problem can be better understood
by considering the historical development of tight-binding models. Early models
started with periodic crystalline structures as the fundamental type of material, the
most, important of which by far was diamond Si. The high symmetry of such simple
periodic structures often results in a cancellation of quantities that do not otherwise
cancel. Similarly, the existence of a well-defined coordination number often results
in “effective constants” for interactions that are otherwise more complicated. As

discussed in an article by Mercer and Chou [22], this is indeed the case with the
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neglected two-center integrals. For example, the summation in eq. 27 is zero for the
s, p. and p,, p, interactions for several types of crystal symmetries, including the
cubic symmetry of diamond Si. For simple crystal structures, the remaining
interactions result in effective constants which have only a simple dependence on
coordination number and coordination distance.

From a historical perspective then, the use of tight-binding models for
complicated non-periodic systems is a fairly recent development. When simple
periodic structures were the fundamental type of material, it was probably
appropriate to incorporate the neglected two-center integrals into the on-site
energies €, and €,. However, the resulting “standard model” of S,s,(R), Hsso(R),
etc. was then carried over to the modern arena, where complicated non-periodic
structures are now the fundamental type of material. It is also quite likely that the
lack of treating these integrals is in some cases a simple mistake or oversight. It is
very easy to take the combination ®, - V;, - ®, and then make a “two-center
approximation” that retains only those combinations with & = ¢ or £ = j. This
oversight is suggested by the fact that journal articles on tight-binding models
rarely mention these integrals or offer any explanation of why they are excluded
from a model. In fact, it is not clear to what extent the on-site energies obtained by
existing models contain the “coordination constant” effects of the neglected
integrals. This could lead to undesirable behavior, as the energies ¢ are the energies
of the isolated atom, which of course should not have any coordination energy.

Both our first and second passes at the Hamiltonian in Section C are already
capable of meeting our new requirement. This simply involves explicitly evaluating
the integrals [ @, - Vi - ®, using the overlap functions ¢ (r) and the potential
function V (r). Multi-element systems are treated natively; a detailed expression for
the integration with element identities has already been given in eq. 25. Using these
integrals in large-scale calculations does not appear to be problematic. Following

the notation of Mercer and Chou [22], one sets up the scalar functions /.. (1),
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Lspo (R), Ippo(R), Ipps(R). In fact, the neglected two-center integrals apparently
satisfy exactly the same transformation relations as the overlap and Hamiltonian

integrals, for example (see eq. 21):

Lig =1 Lo — (1 = 1%) Lpn

The performance cost is also reasonable. Of the 3N? — 2N terms for the potential,
there are only V- (N — 1) neglected terms. Other previous items of discussion, such
as the possibility of obtaining analytical forms for I, (R) etc., also apply here.

It is important to point out that, following our second pass in Section C, the
parameterization of V' (r) is meaningful only if it is used in these neglected integrals.
Otherwise, the factorization of the off-site elements in eq. 26 will result in the
collapse of V' (r) as a degree of freedom. That is, without the neglected integrals,
the Hamiltonian can be expressed entirely in terms of the Hamiltonian orbitals
¢ (r), without any reference to V (r). It is only by using V (r) in both the on-site
and off-site elements that complete factorization does not occur, making it possible
to treat V () as a parameterized function. One might want to make a third pass at
the Hamiltonian, as in Section C. In this case however, it does not appear to be
meaningful to introduce “potential orbitals”, i.e. to replace the potential function
with an operator. The multiplication V} - ®; does not result in an orbital centered at
R., and even if it did the resulting radial function ¢ () would be associated with
two different elements.

There still does appear to be at least one meaningful generalization, and that
is to use a different potential function V/(r) for the neglected integrals than for the
other Hamiltonian integrals. Due to the factorization in eq. 26, this does not result
in a net increase in the number of parameters. However, the resulting Hamiltonian,
with degrees of freedom ¢! (r), qﬁf (r), o& (r), and V/(r), is perhaps the most
appealing of all choices. First, it achieves a better balance between the V? and V
terms. Just as one expects the Hamiltonian to be more complicated than the

overlap, one expects the potential to be more complicated than the kinetic energy.
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Our second pass in Section C can be criticized for placing too much emphasis on the
kinetic energy. Next, this final pass is consistent with the possibility that V'(r) and
VI(r) are associated with fundamentally different types of chemistry, a possibility
suggested by the success of models that do not treat the neglected integrals. Finally,
the decoupling of VZ(r) from the off-site terms is expected to assist the optimization
algorithm, in that a change in the parameters of V!(r) will not change the
Hamiltonian orbitals ¢” (r) = 1Y (r) + ¢" (r).

A final note that one should use caution when implementing these neglected
integrals, as the variety of options that we have enumerated can lead to some
confusion. Most importantly, we should clarify the various options for treating the

one-center integrals f ®,; - V; - ®,. If one treats each Hamiltonian integral

individually, the one-center integrals H,;; appear explicitly in the on-site elements:
Hi=Hy;v+ Hy i+ Zk# Hi

However, if one starts with the on-site energies ¢;, the one-center integrals do not

appear explicitly, as they are already incorporated in €;:

Hiy =¢; + Zk# Hi; g

Finally, if one avoids the on-site energies €; and instead starts with the off-site
elements and their limiting values €/, the one-center integrals appear explicitly, but
with a minus sign:

Hiyy = e~ Hiy+ 3 s Hiik
The minus sign results from the fact that each off-site value £} implicitly contains
two occurrences of H;; ;. Note also that the factorization in eq. 26 makes it easy to
make a “Murphy’s law” mistake of being off by a factor of two. The traditional
tight-binding functions H,., etc. each account for one kinetic and two potential
terms, while our Hamiltonian orbitals ¢ each account for one-half kinetic and one

potential term.
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CHAPTER V

OPTIMIZATION TECHNIQUES

A  “Given a function”

“Given a function F(X), find the value X,;, such that F(X,) < F(X) for
all other values of X.” This is the widely-encountered minimization problem. If we
had an analytical form for F/(X), it might be very easy to find X ;. However, for
the numerical problem the only information that we can ever know about F'(.X) is
the specific numerical value of F', and in some cases the numerical values of the
derivatives of I, for a specific numerical value of X. This means that even the most
sophisticated minimization algorithm will need to send one value of X to the
function F, then another value of X, then another, until the algorithm is reasonably
certain that it has found the minimum value. The difficulty with minimization
problems is that the time required to find the minimum value can vary over many
orders of magnitude depending on the problem. In some cases the problem might be
unsolvable, even on the fastest computer.

A closely related problem is the root-finding problem: “Given a function
F(X), find the value X, ., such that F(X,.) = 0.7 Of course, if something other
than zero is on the right-hand side of this equation, the equation can always be
expressed as F'(X,o01) — G(Xroor) = 0, which is still a root-finding problem. In many
applied problems the function F' depends on several values {X;, Xs, X3...}, and one
has a multi-dimensional problem. For the multi-dimensional minimization problem
one still has a scalar value for F, but for the multi-dimensional root-finding problem

the existence of a well-defined solution requires that /' and X have the same
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dimension. Finally, for the multi-dimensional minimization problem, if the function
F can be expressed as a sum of squared terms, one has a least-squares problem.
Although it might seem that this should be treated as any other minimization
problem, the structure of a least-squares function can be exploited to find the
minimum in much less time than for a general function. Of course, there must be a
relatively large number of terms in the least-squares sum: in order to exploit
least-squares algorithms there must be at least as many terms in the sum as there
are dimensions in X .

The minimization problem is to find the global minimum, which is the set
{X;} with the absolute smallest value of F. Minimization algorithms however are
fundamentally related to the number and distribution of local minima. In the best
case, there would be only one local minimum, and only a relatively small number of
evaluations of I would be needed to find the global minimum. The actual number
of evaluations would depend rather strongly on the number of dimensions and on
the shape of the function, but very roughly only about 10% evaluations would be
needed. In the worst case the local minima would be distributed randomly, and a
brute-force search would be necessary to find the global minimum. The number of
evaluations needed would then be (Nyeqpen ) V™, where Nyuen 18 the number of
search points for each dimension, and Ny, 1s the number of dimensions. With
typical values of 40 for the number of dimensions and 200 for the number of search

points, it is evident that the worst-case problem is unsolvable.

B Optimization in atomic-scale modeling

In atomic-scale modeling, optimization problems are particularly important.
The energy £ of a system of atoms is a function of the geometric coordinates X; of
the atoms, and the equilibrium geometry is the set of coordinates with the minimum
energy. This is a multi-dimensional minimization problem. Energy minimization Is

perhaps the most widely used numerical problem in atomic-scale modeling. Next, in
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many quantum mechanics models, the quantities of interest depend on a set of
electron numbers NV, but the electron numbers appear in an equation which can not
be solved explicitly for N,. This is the widely-encountered self-consistency problem,
and this is a multi-dimensional root-finding problem. Next, in many atomic-scale
modcling problems one has a set of free parameters or empirical parameters .S;, and
one wants to find the set of parameters that give the “best” calculated properties
P;. The concept of the “best” properties is usually quantified as the minimum value
of a least-squares sum, and so this is a least-squares problem.

In many energy minimization problems, one is interested in how the energy
depends on a single geometric coordinate. For example, for bulk or crystalline
systems one is often interested in the energy F as a function of the atomic volume V.
This is a one-dimensional minimization problem. The very important Fermi energy
Ey, which determines the number of electrons occupying each energy eigenvalue, is
defined by an equation which can not be solved explicitly. This one-dimensional
root-finding problem is particularly difficult because the Fermi function is extremely
nonlinear. Finally, the numerical calculation of elastic coefficients, and the very
closely related vibration frequencies, depend on the properties of the energy as a
function of a specific geometric coordinate or mode of vibration. This
one-dimensional numerical derivative problem, although not strictly an optimization
problem, uses many of the same concepts as other optimization problems.

We should also mention the two very important research areas of molecular
dynamics and Monte Carlo simulations. Our atomic-scale modeling program does
not include these two types of simulations. However, in the context of optimization
problems, both molecular dynamics and Monte Carlo simulations can be interpreted
as generalizations of the energy minimization problem. In addition to using the
energy E = E(X;) to find the equilibrium geometry, molecular dynamics and Monte
Carlo simulations are used to calculate a wide variety of kinetic and thermal

properties, each of which can be calculated from some property of the function
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E(X;). A discussion of these techniques is outside the scope of this report.

However, some of the results in this chapter might be useful in these areas.

C Logistical issues

Numerical optimization problems have a relatively long history and are
well-understood (see Ref. [17], [25]). The local minimization problem is considered
to be a “closed case”, with variable metric algorithms often providing the best
performance. The local root-finding problem is also considered to be a. closed case,
with variants of either the Newton algorithm or the Broyden algorithm often
providing the best performance. The self-consistency problem is still widely
discussed in the literature, but this is usually in the context of making relatively
small modifications to improve the performance. The local least-squares problem is
more complicated, but the Levenberg-Marquardt algorithm works so well that for
most practical purposes this is also a closed case.

The global problems are somewhat different. The global root-finding problem
does not appear to be of major importance; the self-consistency problem is almost
always treated as a local problem, as the existence of multiple solutions is not
physically reasonable. The global minimization problem is very important in many
different fields. Although still an active area of discussion in the literature, it is now
fairly well-understood, with several types of algorithms available. The global
least-squares problem is not well-understood and it is not widely discussed in the
literature. Our need for an efficient global least-squares algorithm has led us to
develop a global modification of the Levenberg-Marquardt algorithm.

The one-dimensional problems for both minimization and root finding are
also a closed case. In this area there are many algorithms available, and the
selection of the algorithm usually depends on the specific problem. In practice
reliability issues, such as handling unexpected conditions, are often as important as

performance issues. In fact, if performance is critical for a one-dimensional problem,
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the strategy is usually to use the previously evaluated points to construct a curve
such as a spline, and in this case the problem becomes less of a minimization
problem and more of a spline interpolation problem. Global problems in one
dimension are also not problematic, as it is usually possible to solve such problems

using a brute-force search.

D Least-squares residual

The physical properties calculated by empirical models depend on a set of
parameters S;. The objective of empirical modeling is to find the best set of
parameters S;. This is done by selecting a set of physical properties Py, called fitting

properties, and constructing a least-squares sum:
first attempt 2
R(‘g’b) = Zk PSeight ’ (Pckalc(si) - Prkef) (28)

For each fitting property, there is a weight factor P,.;,n, which represents the
relative importance of the property, the value P, calculated by the model, and a
reference value F,.; which is the desired value of the property. Ideally, the reference
values would be the experimental values of the physical properties. However, due to
the need for a large number of fitting properties, and the need for a uniform
technique to be used for the reference values, the reference values are usually
obtained from first-principles or ab-initio calculations such as density functional
theory.

The scalar value R is called the residual, as it represents the amount by
which the calculated values differ from the reference values, and of course if all the
calculated values are equal to the reference values then the residual is zero. The
form in eq. 28 is widely used, and it is at least sufficient for a least-squares
optimization. However, in this form the actual numerical value of the residual is

rather meaningless, particularly if properties with different physical units are used.
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Our final form for the residual R is:

scale

nal form Pk Si —Pk :
R(S;) ™= 1000 - —A}—-Z (Pk cael k) ref ) (29)

weight
P “ ¢ P

For each property, we now also have a characteristic scale P,.,.. The values P,
Frer, and Pyeqre should all have the same physical units, and then the weight Peign:
1s unitless, and also the residual R is unitless. The weight factors are now squared,
which results in a more intuitive interpretation of weight as a relative importance.
Dividing by the number of properties Np prevents the numerical value of the
residual from scaling with the number of properties. That is, if we double the
number of terms in the sum in eq. 28, this has the undesirable effect of doubling the
value of the residual. The square root allows for the residual to scale linearly with
the difference Py — Py

With these modifications, the residual is now a type of average of the
differences P — FPrey. This means that the actual numerical value of the residual
is now physically meaningful as the average deviation of the calculated values from
the reference values. The factor of 1000 in eq. 29 is used to obtain a “user-friendly”
numerical value. This factor is chosen so that a residual of 1.0 corresponds to an
accuracy of 1 part in 1000; this is approximately the level called “chemical
accuracy”, which is something of a reference accuracy for atomic-scale calculations.
Our interpretation of various values of the residual, which has been quite useful in
practice, is shown in Figure 6.

The use of a residual with a physically meaningful value is of critical
importance. For example, suppose that there are two research groups that are
competing to develop the best numerical model for some physical system. How can
we decide which group has the best model? With the residual in eq. 28 there is no
way to decide unless each group uses ezactly the same set of fitting properties P
with ezactly the same reference values P,.;. With a physically meaningful residual

as in eq. 29 we can make such decisions, even if different fitting properties and
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residual value interpretation

~ 1000 The calculated values are within an order of magnitude
of the reference values. Values around 1000 are often
encountered during optimization, since the dependence
of the residual on the parameters is extremely nonlinear.

~ 100 The calculated values are accurate to about 1 part in
10. This is a good value for an initial or starting set of
parameters, before optimization. If the initial residual is
much larger, it is likely that the optimization will fail to
find the minimum in a reasonable amount of time.

~ 50 We have chosen this value somewhat arbitrarily as mean-
ing that the physical model is reasonable, or similarly
that the values of the parameters are reasonable. Af-
ter much experimentation this still seems to be a good
threshold value.

~ 20 This about the best value that we have obtained for a full
optimization. At this level, not only are the individual
calculated values accurate, but also comparative values
such as energy differences and trends and patterns are
also accurate. This is very desirable because it suggests
that the model will be accurate for molecular dynamics
and thermodynamics simulations, which depend on en-
ergy differences.

~ 10 This is approximately the accuracy of the first-principles
calculations used to obtain the reference values. Any
attempt to obtain a residual less than the accuracy of the
reference values is misguided since one will be no longer
be exploring real-world values, but rather the limitations
of the first-principles calculations.

~ 1 The calculated values are accurate to about 1 part in
1000. Some individual properties might have a mean-
ingful residual at this level if their reference values are
sufficiently accurate.

Figure 6. Interpretation of various values of the least-squares residual R.
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different reference values are used. There are a variety of similar situations where
one needs such a comparison or competition. For example, one might want to apply
the same model to several different systems and then ask which system the model
works best for. Or, one might want to test a new modification to an existing model
to see if the modification provides any improvement. Finally, because the residual R
is a type of average, one can identify a residual Ry for each property. This can be
used to identify how well a model works for an individual property.

We should also mention that one might want to modify the residual to
account for the number of empirical parameters used in the model. Formally, if the

region near the minimum is linearized this gives a set of linear equations:

Pk

cale

(Sl) = Prkef

which can be solved exactly for any number of properties up to the total number of
parameters Ng. In practice there are nonlinear effects, but there is still the informal
sense that if one has, for example, 200 properties and 40 parameters, that only 160

properties have been fit in a non-trivial way. This suggests the use of the following

1 Np 1
L AN
Nr  Np—-Ns V Np

This will increase the value of the residual R, indicating a poorer fit. Loosely

modification in eq. 29:

speaking, this modification penalizes a model for using too many empirical
parameters. Note that for Ng > Np the residual is meaningless, as it should be,

indicating that nothing has been fit in a non-trivial way.

E Global least-squares

For most of the optimization problems in our program, efficient algorithms
are already available, as discussed in Section C. This is not the case for the global
least-squares problem. There are in general two approaches to the global problem.

The first is to treat the residual R as a scalar value, and to use a global
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minimazation algorithm. This has the advantage that one can use the pre-existing
algorithms without the need to develop a new algorithm. However, there are N,
terms in the least-squares summation, and if the summation is performed explicitly
then a large amount of information about the behavior of the individual terms is
lost. So, the second approach is to adapt the Levenberg-Marquardt algorithm to the
global problem. Other atomic-scale modeling problems similar to our own seem to
prefer the first approach of treating the global problem as a scalar problem.
However, we have found that the second approach of treating the global problem as
a least-squares problem gives a faster optimization. In this section we discuss our
global modifications to the Levenberg-Marquardt algorithm.

The most obvious starting point for the global modification is a to send
successive sets of parameters S; to the local L-M algorithm. It is useful in this
context to use the terminology “base camp” and “search team” to refer to the
relevant sets of parameters. The base camp Sy, 18 the initial or starting set of
parameters. From this base camp we send out a search team Si..q-n, Which is a new
set of parameters. The search team is used by the L-M algorithm, which moves
Ssearen, downhill to a local minimum. Now, if the local minimum is acceptable, then
we move the base camp to the local minimum. If the local minimum is not
acceptable, then we simply ignore it and send out a new search team. For this there
are two essential procedures that must be specified: first, how to construct a new set
Ssearen from a current set Sp..e, and second, how to decide if a local minimum 1s
acceptable. For the first procedure we define a scalar S which can be interpreted as
the distance between Sgeqren, and Spgse:

1 Sk Gk \?
S = j].v___ . Z ( searglk base> (30)
S

k scale

If we assume that the global minimum is more likely to be a small distance from
Shese than a large distance from Sy, then it is reasonable to choose successive sets

Saeareh, Using a random distribution where small values of S are more likely and
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large values of S are less likely.

In the absence of any directional information about the distribution of local
minima, the direction from Sy,s. t0 Ssearcn, should be chosen randomly. Our
algorithm for the construction of Siearen from Spyse is then:

i i Do +1 ) i i
search — Sbase +.5- NS "T1,41 " Pscale (31)

N

with:
S = _Sglobal -ln (7‘071) (32)

where 7,4 is a random number with uniform distribution over the interval from a to
b. The factor r*, |, provides the random direction, and the square root factor acts
as a normalization coefficient to satisfy the constraint in eq. 30. Our specific choice
for the random value of .S in eq. 32 is the exponential distribution [17], where Sypa
1s a unitless “half-life” constant which represents the expected range over which the
local minima are distributed. For example, a value of Sype = 0.30 indicates that
the search parameters will differ from the base parameters by about 30%. If one has
some further knowledge about the distribution of the local minima, then it would of
course be reasonable to use a different random distribution in place of eq. 32.
Finally, although it is evident from the context of the discussion, we should
emphasize that the array r or r* refers to the same array of random numbers for
each of its 3 appearances in eq. 31..

For the second procedure of deciding whether a local minimum is acceptable,
we simply use the rule that it is acceptable if it is the best local minimum found so
far. An alternative would be to move the base camp to the search team using a
random probability that depends on the value of the residual at the local minimum.
This would take us into the area of thermal techniques such as simulated annealing,
which interpret the residual as a type of physical energy barrier. Perhaps the most
important feature of our algorithm is that it does not use thermal techniques. The

dependence of the residual R on the parameters S; is highly nonlinear, even in
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regions where the values of the parameters are reasonable. This suggests that
thermal techniques are not appropriate for these types of problems, because the
residual barriers are too large. If one wishes to adapt this algorithm to problems
where a thermal interpretation is more appropriate, one can use a probability for
moving to the local minimum that depends on the difference between two
appropriate values of R. Indeed, we have used this thermal adaptation at times, and
although it certainly adds flair to the algorithm, it does not appear to be useful for
our particular problem.

Finally, we should point out that this algorithm can be easily and highly
parallelized. For these types of atomic-scale modeling problems, the derivatives of
the least-squares terms can not be evaluated analytically. This means that some
type of forward difference must be used to calculate the Jacobian matrix elements
S = 89—?:, which are used by the Levenberg-Marquardt algorithm. There will be a
forward difference for each of the parameters S;, and since each forward difference is
independent of the others, we can parallelize the calculation of the Jacobian by
sending one forward difference to each processor. Coincidentally, the number of
parameters Ng is just about same as the number of processors available on a
modern multi-processor computer. One could also parallelize the algorithm by
sending an entire local optimization to each processor, with some minor

modifications to account for the fact that each of these local optimizations must run

independently of the others in order to be parallelized.

F Distribution of local minima

As with any global algorithm, it is the validity of the assumptions about the
distribution of local minima, and not the creativity of some anthropomorphic
analogy, that determines whether the algorithm is useful for a particular problem.
Indeed, it is a fair criticism of some global algorithms that too much emphasis is

placed on such anthropomorphic analogies. In this section we briefly discuss the
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justification of our assumptions about the distribution of local minima.

For atomic-scale modeling problems, the empirical parameters are usually
chosen to have as simple a physical interpretation as possible. For example, an
empirical parameter might represent the spatial extent of the distribution of
electrons around a Silicon atom, which is known to be about 5A. It is then expected
that the optimized set of parameters is more likely to have a value in the range 4A -
6A, less likely to have a value in the range 3A - 7A, and unlikely to have a value
outside this range. This suggests that the exponential distribution in eq. 32 is valid.

It is not enough just to have such a distribution of local minima. One must
also start somewhere inside this distribution. That is, in eq. 31 the construction of
the search parameters Sieq ., from the base parameters Sy,,. implies that the
starting parameters are relatively close to the global minimum. This is consistent
with our use of empirical parameters which have a simple physical interpretation;
accurate starting values for such parameters can usually be obtained.

We should also mention the important role of the characteristic scales Ss.qe
in eq. 30. The purpose of the scales is to be able to construct a scalar value for the
distance between two sets of parameters. Unfortunately, unlike in real
three-dimensional physical space where distance is well-defined, there is no such
well-defined distance for a set of parameters S;. It is the scales that define the
concept of distance, or more formally the metric, for the parameters.

Next, as we have discussed previously, based on our own observations, the
dependence of the residual on the parameters is extremely nonlinear. Continuing
our example, there might be a small (good) residual at 5.5A, but a very large (bad)
residual at 4.5A. This suggests that the numerical values of the residual do not
contain any useful information about the distribution of local minima. This is
consistent with our algorithm in eq. 31: new parameters S are constructed only
from other parameters S and not from any residual values R.

It should be possible to develop better algorithms for the global least-squares
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problem. In one of the very few articles on this subject, Veldzquez et. al. [23] have
suggested that, for a large class of problems, the numerical values of the residual
contain information about the distribution of local minima. Their technique, called
selective minimization, is based on the observation that “smallest residual” or
“smallest deviation” or “smallest error” problems are a special type of least-squares
problems, distinguished from the general least-squares problem by the fact that the
global minimum has a very small residual. It is evident that empirical parameter

modeling is just such a smallest-residual problem.

G Gaussian fill

Global optimization algorithms have a tendency to return to the same local
minimum over and over again. For a molecular dynamics or Monte Carlo simulation
this might be a good thing, because physical properties such as vibration
frequencies and transition rates can be calculated from the probability of returning
to a local minimum. For empirical modeling this is not a good thing, because we are
interested only in finding the global minimum as quickly as possible. This can be
stated more formally by saying that for empirical modeling there is no physical
significance to the dynamical path taken by the algorithm. Returning to the same
local minimum is simply a waste of time.

A simple and effective solution to this problem has been developed recently
by Parrinello et. al. [24]. Their solution is to add to the residual R a relatively

narrow Gaussian function centered at each of the previously-found local minima L:
R(Si) = R(S;) + >, G(S:, S14) (33)

The entire summation is zero except when the current set of parameters S; is very
close to one of the local minima Sz ;. The Gaussian functions act to fill up each
local minimum; when a minimum is sufficiently filled it is no longer a minimum, and

the optimization algorithm will no longer return to it. In theory, filling the local
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minima is problematic because the Gaussian terms are history-dependent. That is,
for a specific set of parameters .S;, we can have Ry;; = R early in the optimization,
and Ry # I later in the optimization. In practice this is not a problem: Ry 1s
never interpreted as the official value of the residual; it is only a raw value used by
the optimization algorithm.

Our specific form for the Gaussian functions in eq. 33 is:
G(Si,Scs) = R(S:) - i - exp (=g - S(Ss, Sp4) - S(S4, S14)) (34)

with:

1 Sk = Sex )
S(S;,Sp) = Ns ; (Sk—>

scale
Here S(S;, S;;) is just a scalar value for the distance between the current set of
parameters S; and the local minimum Sy ;. This form introduces two new unitless
constants sy and gy for the width and height of the Gaussian functions. The
value of s, should be close to (or less than) the expected separation between local
minima, so that the Gaussians from different local minima do not overlap. We use a
value of sy = 0.02, but of course this should not be taken to be a “universal”
value. The value of rs,;; should be close to (or less than) the expected depth of the
local minima; we use a value of rs;; = 0.20. Finally, we have included the residual R
as a factor for the Gaussian functions in eq. 34; this seems to be necessary in order

to interpret 74 as a fixed constant.

H Success-failure algorithms

We have discussed previously that if one has a one-dimensional problem, it 1s
usually not suitable to use a multi-dimensional algorithm with the number of
dimensions set to one. In this section we discuss the one-dimensional algorithm that
we use for minimization. The algorithm is due to Rosenbrock [26]. The input

consists of Xz, which is the initial or expected X-value for the minimum, and
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Xchange, Which is the initial or expected change in Xj,;;. The algorithm also
monitors the variables Xp.s and Fy., which correspond to the best or smallest
evaluated value of F'(X). To get things started, one evaluates F'(X) at the points
Kinit and Xipg + Xehange. Each evaluation of F'(X) is then called a success if

F < Fyest and a failure if > Fy. ;. After the evaluations at X,,;; and

KXinit + Xchange, One sets the variable step size KXstep = Xchange, and then constructs a
trial value of X in one of two ways, depending on whether the most recent

evaluation of F(X) is a success or a failure:

Success: Xtrial - Xbest + Cexpand Xstep (35)

failure: Xtrial = Xbest — Ceontract * Xstep

The coefficients Ceypand and Ceontracr are expansion and contraction coefficients. They

are constrained by the conditions:

Cezpand =~ 1.0

0.0 < Ceontract < 1.0

After X,y is assigned, the value of X, is updated to the new step size
Xstep = Xirial — Xoest. The function F(X) is then evaluated at the trial point X,
the variables Xy..; and Fy., are updated, and the entire process is repeated.

The success-failure algorithm is included in our discussion of optimization
techniques because of the serious errors that can result from the use of a
one-dimensional minimization or root finding algorithm. First, many
one-dimensional algorithms require the specification of a range of X-values in which
the minimum or root is located (see Ref. [17!). Based on our own experience, we
feel that the use of any specified-range algorithm is unacceptable for the physical
models discussed in this report. The problem with such algorithms is that they can
return the upper or lower bound of the range as the minimum. For example, if we
attempt to minimize the function F' = (X — 4)? using the range X = [6,20], we

might be told that the function has a minimum at X = 6. It would of course be
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possible to add a separate algorithm to search for a range that is guaranteed to
contain a local minimum, or to modify the algorithm to report an error message if
the lower or upper bound is returned as the minimum. In practice these
modifications add an unnecessary level of complexity to what should be a simple
problem. The success-failure algorithm uses only an initial point X;,;; and an initial
step size Xcpange; it does not require a specified range for the minimum.

Next, many one-dimensional algorithms use polynomial interpolation to
reduce the number of function evaluations needed to find the minimum.
Unfortunately, this introduces a large number of unexpected conditions that must
be accounted for. These include a polynomial with a maximum rather than a
minimum, a polynomial with a minimum outside the range of X-values used to
construct the polynomial, and polynomial that is a straight line. Also, if such an
algorithm is very close to the minimum, the polynomial is very close to a straight
line, and division by zero can cause the algorithm to fail. This requires additional
modifications to account for the final stage of the minimization. The success-failure
algorithm updates X, using only the expansion or contraction step in eq. 39.
There are no such unexpected conditions associated with the update of Xy, and
no such modifications for the final stage of the minimization.

This does not mean that the success-failure algorithm can not be modified to
reduce the number of function evaluations needed to find the minimum. It means
that such modifications are much less likely to cause errors than they would be if
made to a different algorithm. This is because the success-failure algorithm can
serve as a framework for a polynomial interpretation algorithm. The expansion and
contraction steps in eq. 35 will converge to the minimum as long as the conditions
in eq. 36 are satisfied, even if the expansion and contraction factors take on different
values during the minimization. The strategy here is to use polynomial
interpolation to suggest or recommend a step size to be used in eq. 35, and then use

the success-failure framework to decide whether to accept this step, or to reject 1t
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and revert to a default expansion or contraction factor.

I Fermi energy algorithms

Our final optimization technique is the atomic-scale modeling problem of the
calculation of the occupation numbers from the energy eigenvalues. The input to
the problem consists of an array {£;} for the energy eigenvalues of an atomic-scale
system. Sizes in the 10000s of eigenvalues are typical. The output consists of the
array {N;} for the number of electrons occupying each eigenvalue or eigenstate. The
occupation numbers N; are specified by the equation:

48 = s (~EZEL) (1 ((EEYY

where 7. 1s a fixed parameter (input) for the maximum number of electrons
allowed to occupy a single state, and E7r is a fixed parameter (input) for the
“thermal energy” of the electrons. The Pauli exclusion principle requires that
Nelee = 1 OT Neee = 2 depending on whether the physical model treats electron spin
explicitly. The value of Fy is typically very roughly on the order of 1 part in 10,
assuming that a characteristic scale for the eigenvalues is available. We should point
out that Fr does not represent the actual real physical temperature of the system of
atoms. The physical temperature is usually associated with the motion of the nuclei
of the atoms, as in a molecular dynamics or Monte Carlo simulation.

The remaining variable in eq. 37 is the scalar Fermi energy Er. The value of

Er is specified by the constraint:
Nelec - Zi I/Vi ’ NZ(EF>

where N, (input) is the total number of electrons in the system. The weight
factors W, are all W, = 1 for a system without periodic boundary conditions.
However, for a periodic system such as a crystal or surface it 1s necessary to treat

the general case of arbitrary weight factors. The arrays {E;}, {NV;}, and {W;} are
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all multi-dimensional. However, the scalars Er and N, are both one-dimensional.
From the perspective of the numerical algorithm, the energies E; and weights W; are
treated as fixed input, and the scalar E'r is treated as an unknown. The relevant
equation for the algorithm is then > . W, - N;(Er) — Nye. = 0, which is a
one-dimensional root-finding problem.

Before proceeding, let us clarify the role of this problem in atomic-scale
modeling with an informal example. Consider the set of eigenvalues {—12.000,
—10.000, —8.000, —6.000} for a system with a total of 4 electrons. Loosely
speaking, as a first attempt we want to put two electrons into each of these
eigenvalues or eigenstates, giving the array of occupation numbers ; = {2.000,
2.000, 0.000, 0.000}. In this simple example we can assign N; without actually
calculating Er. However, if we gradually increase the value of —10.000 and decrease
the value of —8.000, this first attempt at assigning N; will result in values that do
not have a smooth dependence on £;. The distribution in eq. 37 1s introduced to
restore this smooth dependence. In our example this second attempt might result in
the occupation numbers N; = {1.999, 1.999, 0.001, 0001}. That is, most of the
occupation numbers will either be very close to zero or very close to nge., with the
possibility of having some intermediate values if some of the energies F,; are very
close to each other.

The Fermi energy problem is included in our discussion of optimization
techniques because it is especially prone to errors or bugs. The root-finding function
Y . W, Ni(Er) — Neee 1s extremely flat in regions where Eg is not close to one of
the energies E;. In fact, because of the limitations of floating-point storage, the
function is exactly flat in these regions. In practice a root-finding algorithm will
usually fail in these regions; a perfectly flat region contains no information about
how to proceed toward a root. This can be developed more formally by determining
the range over which the function is not flat. For this we need the machine accuracy

e, which is usually defined as the smallest number for which 1 and 1 + ¢ can be
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distinguished from each other. For our purposes this means that the root-finding
function is non-flat for N; > ¢ and N; < nge, - (1 — £). Using these values in eq. 37

shows that the function is non-flat in the regions:
Ep~E,+In(e7!) Er (38)

This important equation shows that In (') is not large enough to extend the
non-flat regions from one value of F; to another. With 64-bit floating point storage,
the logarithm in eq. 38 has taken the range of non-flat coverage from a factor of
e7! ~ 1-10% to a factor of only In (¢™*) ~ 40. Since Er is required to be small, and
since typical separations between energy eigenvalues are on the order or 1 part in
10!, we have shown that exactly flat regions, which are expected to cause a
root-finding algorithm to fail, are common for the Fermi energy problem.

We have experimented with several possible modifications to prevent a
root-finding algorithm from failing. Our first attempts were to use modified
root-finding algorithms that could handle exactly flat regions. Our next attempts
were to identify cases where we could assign the occupation numbers without
actually calculating Er. This will work for any physical system that has a
well-defined band gap, i.e. a band gap larger than In (¢7!) - Er. However, we found
that these attempts are prone to errors or bugs, especially for periodic systems. Our
solution is to return to an unmodified root-finding algorithm. The trick is to very
carefully assign an initial value for Er, so that the root-finding algorithm always
starts in a non-flat region and never has a chance to enter a failure-prone flat region.
We use a first pass through the array {E;} to find the elements of the array E;_,.
and E;

because of the need to treat the weight factors W; for periodic systems, we can not

that are the upper and lower bounds for the Fermi energy. Note that

upper

.. . . N .
use a trivial assignment such as ijouer = 72, These elements £, and E;  can

elec

be identified by the condition:
ZZilltower Wz *Melec > Nelec — Esafe Escale
leluwer Wi “Telec > Nelec + Esafe - Escale

1=1
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where €47 1s a small tolerance with ey, > ¢, and Ej . is the characteristic scale

of the energy eigenvalues. The initial value of Er for the root finding algorithm is

then just Ep = % (Ei + B . We have found that this modification is very

lower upper )

stable for both non-periodic and periodic systems over a large range of system sizes.
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CHAPTER VI
ENVIRONMENT-DEPENDENT TECHNIQUES

A Introduction

In Chapter 1T we discussed what can be called a “standard model” for a
self-contained algorithm to calculate the energy of an arbitrary configuration of
atoms using only two-center integrals, or more generally parameterized functions
which represent two-center integrals. The previous discussion actually already
introduced several of the environment-dependent concepts that are the subject of
this chapter. In some ways, we came close in Chapter II to spelling out an
environment-dependent model.

The two key words or phrases associated with our model are
“environment-dependent” and “self-consistent”. These are not just buzzwords; but
are important to describe the manner in which our model compares to other
competing models. Environment-dependent refers in general to any interaction
beyond those of a two-center model. In our model, the environment-dependent
effects account for both the three- and four-center integrals that are not treated in a
two-center model. While there are a few competing models that include
environment-dependent effects, it is the full iterative self-consistent treatment of
charge redistribution effects that set our model apart from competing models.

Our discussion in this chapter is out of necessity less refined than our
discussion of two-center techniques in Chapter II. There, we were able to provide
“line-by-line” derivations, and we were also able to show “term-by-term”

correspondence of the components of our model with the components of
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first-principles models. Perhaps the most important point in this respect is that the
environment-dependent part of our model is more phenomenological, and that there
is less opportunity here for such line-by-line and term-by-term derivations. This is
due at least in part to the leading-edge nature of this research.

It is also very important for the purposes of this report as a dissertation to
point out that the individuals involved in this research specialized in different areas
of the project. My own work was more highly specialized in the implementation of
the algorithms, the development of a first-principles database, and the preliminary
fitting of the empirical parameters for C, Si, and Ge. A colleague, Dr. Ming Yu,
specialized more highly in the subsequent fitting of C and Si, and the applications of
the model to C and Si systems. As a result my discussion in this chapter is more

oriented toward those areas in which I was more heavily involved.

B First-principles approach

Our discussion in Chapter II exhausted the types of mathematical objects
that can be obtained from the bundle of approximations that comprises what can
alternately be called “tight binding” or “two-center” theory. If we were to ask
hypothetically what the most evident extensions or modifications to this theory
would be, from the perspective of a two-center model only, there are two apparent
directions that we could take. The first would be to modify the pairwise repulsive
energy to include higher-order terms, the most likely of which would involve the
bond angles 6, associated with each triplet of atomic nuclei. Recall that the
“derivation” of the repulsive energy is on very weak ground, as it represents a

composite term which is known to be very complicated in first-principles treatments:

Erepulsi'ue = Lnuclei-nuclei — Eelectrons‘elect'rons

The second direction would be to treat the three-center integrals; along with the

repulsive energy, these integrals are really the only mathematical objects that we
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are free to work within the central field approximation.

There is however an increasing consensus that this hypothetical approach is
not productive. Bond-angle terms and other classical modifications to the repulsive
energy would result in a sharp increase in the number of parameters, while at the
same time the classical nature of such modifications would work against the concept
of having an electronic structure model. Three-center integrals of course can not be
criticized as being classical in nature; however, they also would suffer an
unacceptable increase in the number of parameters. Furthermore, the growing
consensus is that these integrals are simply not the “weakest link” in two-center
models.

The consensus from both the theoretical and practical approaches is that the
charge redistribution, or more generally some modification involving the charge
density, is the most important item in the development of models that approach the
accuracy of first-principles calculations, while at the same time maintaining the fast
speed that allows one to study larger systems. This concept of charge redistribution
is of course not present in two-center models, having been lost in the various layers
of approximation; the matter must be approached from a first-principles
perspective. Our discussion follows closely that of our own recent publication [30].

We begin with the many-body Hamiltonian [29]:

TR S S SRR TS pRsces s D
= — — v(r; — R; —_— e
; 2m ! y : 1L 47['50 T ij 4’/’(80 : RZ']'
where [ and /" index the electrons, and 7 and j index the nuclei. Z refers to the
number of electrons associated with the neutral atom; for the purposes of our

empirical model, which uses a valence approximation, Z will refer to the number of

valence electrons.
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C On-site terms

When the above Hamiltonian is treated in a one-particle approximation, one
obtalns an expression for the on-site terms, which serves as a starting point for our

environment-dependent model:
Hicio = €0, + Ui + Uy + Vi (39)

The individual terms in this expression refer to various interactions involving the
orbital indexed by « and associated with the atom indexed by 7. %, refers the
interaction with its own nucleus, u;, the interactions with orbitals at its own site,
u,,, the interactions with orbitals at other sites, and v;, the interactions with nuclei
at other sites; €2 also includes the kinetic energy. At this point there are several
directions that one could proceed in, depending on the extent to which one wants to
treat the self-consistency problem, which describes the charge redistribution.

In our model we choose a rather ambitious treatment requiring an iterative
numerical treatment, i.e. a root-finding algorithm, which is the numerical or
computational equivalent of the self-consistency problem. However, we avoid
treating the charge density with a three-dimensional grid or mesh, which would slow
the model down to an unacceptable level. Instead, we have chosen to treat the
charge density using the electron numbers IV; associated with each site 7. Our

semi-empirical treatment of the terms in eq. 39 is:

gl

o = Eia — 4+ U
Uie = N; - U
Upe + Via = gz (Vi - Vie(Rix) — Zie - Vz(Ri))

In these expressions, ¢,, is the traditional on-site energy corresponding to the
eigenvalues of the isolated atom. If one wants to think of the model as a

modification or extension of a traditional two-center model, then we can begin to
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think of the Hamiltonian in the form:
H.,.., = Hiy.q + modifications

where env refers to our environment-dependent model, and trad refers to a
traditional “tight-binding” model.

Mathematically, the scalar values U, and the functions Vi (R) and Vz(R) can
be discussed from different perspectives. One approach is to start with U (which
describes same-site ¢-¢ interactions), and then to treat Vy(R) and Vz(R) (which
describe different-site i-k interactions) as generalizations of U. The other approach
is start with Vy(R) and Vz(R), and then to treat U as a special case of V (R) for
the same-site interactions.

In any event, the physical interpretation is that U describes the effective
energy for electron-electron interactions at the same site, Vy(R) describes the
electron-electron interactions at different sites, and Vz(R) describes the orbital-ion
interactions at different sites. In alternate treatments the scalar value U arises as
part of the widely-used Hubbard model. Although our treatment of U still
corresponds to a Hubbard model, in our model U is more of a starting point for the
more important empirical functions Vy(R) and Vz(R). For the computational
problem Vy(R) and Vz(R) are treated as parameterized functions, and U is treated
as a parameter. Following our discussion in Chapter II, this parameterization is
very important, as any modification of an existing model must not result in a sharp
increase in the number of parameters. In Chapter II we saw that our two-center
model uses roughly 20 parameters, representing nine parameterized functions. Our
environment-dependent modification then adds two parameterized functions,

resulting in a balanced increase in the number of parameters.
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D Off-site terms

In our model the off-site terms are treated as generalizations of the on-site

terms in Section C:

Hiaiglis; = 5 (i T €58) - K(Ri) - Siajp
+3 (Vi = Z) - Ui+ (N; = Z5) - Us) - Siag
3 2 ks (N - V(Rir) = Zk - Vz(Rix)) - Siajs
3 ks (Ve Vie(Rjx) = Zi - Vz(Rjk)) - Sias

(40)

The first property to note about this Hamiltonian is that the first line in eq. 40 is in

the form of traditional two-center Hamiltonian:

H.no = Hypog + modifications

Here, H; .4 is treated using a Hiickel approximation, where each element of the
Hamiltonian is constructed from its corresponding overlap element, as discussed in

Chapter 1I:

Hirodlis; = 5 (Ela + €))  K(Rij) - Sia s

Following our discussion in Chapter 11, although it is possible to interpret the
Hiickel approximation in terms of physical or theoretical arguments, one can also
interpret this as a thoughtful set of constraints, which reduces the total number of
parameters by re-using some of the overlap parameters for the Hamiltonian. In
other words, one still has the trad part of the model in terms of the very general

two-center functions Hys, (R), Hypo(R) ete.:
Hssa(-R) - E; : Sssz:r(R)

The environment-dependent modifications to the off-site terms consist of
contributions from the same-site i-i and j-j interactions (involving U) and from the
different-site i-k and j-k interactions (involving Vyy and Vz). The rather unwieldy

appearance of eq. 40 is a result of the requirement that H is symmetric or
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Hermitian; eq. 40 is largely a straightforward symmetrization of the on-site formulas
in Section C. The environment-dependent terms are also expressed in terms of the
overlap elements S, ;g, in the manner of a Hiickel approximation. Again, at least

symbolically, one can cast eq. 40 in a variety of interesting forms, such as:

H.., = % (€ia + €58) - (Kitraa + modifications) - Siraq

which emphasizes the Hiickel approximation, and:

(HSSU<R))em; = (HSSU(R>)tT‘ad -+ modifications

which emphasizes the two-center functions. Apart from suggesting that there are a
variety of ways in which one could introduce more parameterized functions into the
model, this line of symbolic analysis also has not resulted in any significant

theoretical insight.

E Total energy

Following our discussion in Chapter II, in the formalism of first-principles
models, the band energy contains an unavoidable double-counting of the energy
between electrons and other electrons, resulting in an expression for the non-band

contribution to the total energy as:

(41)

Enon-ba,nd - Enuclei—nuclei - Edouble-count

In two-center models, it is at this point that one introduces a pairwise repulsive
energy to account for E,on pang- However, in our model we can explicitly evaluate

the double-counting term:
Edouble-count = %Zl(Nl : Ni - Z’L : Zz) : Ui + % Zik s ik Ni . Nk ' VN(Rik)

Here we arrive at a very interesting feature of our model. While we could use a

pairwise parameterized function for E,on pand, 1t turns out that we already have all
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the ingredients in place to construct the total energy, without introducing any
additional empirical parameters. This results from the explicit appearance of
Vn(R), which is known from theoretical considerations to contain a long-range R~
term. When combined with FE,,_,, which is of course also known to contain a
long-range R~! term, we can explicitly reproduce the cancellation of the long-range
terms, and the resulting short-range “repulsive” energy.

Our expression for the total energy is then:

Erot = Evand + 5 2 i1, ik Zi 2y Ve (Ru)
~ISUN N = 2 Z) 0 U
_% sz s itk N;- Ng- VN(Rik)

where the Vi term is equivalent to F, ., and the U and Vjy terms are equivalent to
Fq., in eq. 41. The potential V& (R) is just the Coulomb energy or potential:

62

Vo(R) = Ireo R

This implies a requirement that Vy(R) is equivalent to Vo (R) at “large” distances,
which in practice are any distances larger than the known short range over which

the old repulsive energy acts:

VN(R> — Vc(R) for R > Rshort

The crux of the matter is that in our model, the long range terms do not always
cancel; in fact, complete cancellation is a special case of the more general partial

cancellation that occurs for systems with NV # Z:
Eop = etc. — 33 .0 . ik AN; - ANy, - Vo(Ry)  for R > Rapore (42)

where AN = N — Z. This of course is highly desirable, as long-range interactions
are known to occur, and the inability to reproduce these interactions is a known

limitation of two-center models.
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F Functional forms

In Chapter II we argued that it is useful to separate the general concept of
having a parameterized function from the specific parameterized functional form
that is used. In principle we can think of searching for the best shape of the
function as a whole, i.e. as in the manner of variational calculus. Nevertheless, due
to the difficult global nature of the fitting problem, it is still necessary to specify a
form with only a few parameters per function; high-order polynomials and other
brute-force parameterizations are not acceptable.

As discussed in Section E, by requiring the same long-range R~ behavior for
both V(R) and Viy(R), one satisfies both the known theoretical properties of these
functions, as well as the highly desirable “partial cancellation” of the electron
numbers in eq. 42. If we return to our model for the Hamiltonian in eq. 40, we can

see that this same long-range R~ behavior is also implied for the function Vz(R):

Vz(R) = V(R) = Vo(R) for R > Rypors

This results in a partial cancellation in the Hamiltonian elements as well as in the

total energy:
Hiajal s = ete. + 53, ANy - Vo (Rik) - Siae +ete. for B> Ropors

With these considerations in place, there are a only a limited number of ways that
one can parameterize Vy(R) and Vz(R).

In some of our earliest work on this model, we noted that for systems with no
charge transfer (N = Z), which includes the stable crystalline structures of most

elements, the Hamiltonian elements can be expressed as:
Hia:iﬂi;ﬁj = etc. + % Zk#i Zk : AV(RM) : Smyjﬁ + etc. (43>

where AV = Vi — V. We realized that by parameterizing the short-range function

AV (R) directly, we could compare the new model to our extensive experience with
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two-center models. That is, for AV(R) = 0, the Hamiltonian reduces to a
two-center model (for systems with no charge transfer); we can then use the analogy
of a knob that can be used to “turn up” the magnitude of the
environment-dependent modification, i.e. by turning up the magnitude of AV(R).

Of course, after becoming more familiar with environment-dependent models,
one moves away from the need to always refer back to two-center models. It is
important to point out however, that the identification of AV(R) was critical to our
early understanding of the model. At that time, one of the chief criticisms of the
model that we were using was that is was quite poor at reproducing the
high-pressure phases of Si. There was a general consensus that this was due to the
high coordination number; diamond Si has a small c.n. of 4, while the high-pressure
phases (body and face-centered cubic) have coordination numbers of 8 and 12.
Although these high-c.n. phases are not of material interest for Si itself, there was
an increasing need to treat transition metals and other large-c.n. elements. Also,
there is always the difficulty of treating C, which is known to be cause problems due
to the very different chemistries of the c.n.=3 (graphite) and c¢.n.=4 (diamond)
structures. In fact, some earlier two-center models attempted to remedy this
situation by counting the coordination number of each atom, and using it to
explicitly modify the total energy.

Following our identification of AV(R) in eq. 43, we realized that the
summation over a short-range interaction has the effect of counting the coordination

number, as:
Hia:j/3|i7$j = etc. + Ncoord : Av<Rcoord) ' Sia,jﬁ + etc.

where N4 is some effective coordination number, and R.yrq 1S some effective
coordination distance. This early analysis suggested an important connection
between the conventional wisdom of coordination-dependent effects, and the ability
of our model to reproduce such effects without any artificial “bond-counting”

functions.
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In any event, returning to the actual functional forms for Viy(R) and Vz(R),
we settled on treating Vz(R) using a conventional polynomial x exponential,

combined with a long range part:

62

VZ(R) - 47T€0 - R

(1-(1+Bz-R) exp(—az-R)) (44)

Rather than treating Vi (R) explicitly, we parameterize the short-range AV (R)
using our customized “hyperbolic” functional form:

1+ exp(—az dn)

AV(R) = (AN + By - R) . 1+ exp(—ozz : (dN - R))

which of course results in Viy(R) being well-defined as Viy = AV + V. It is readily
seen that both Vy(R) and Vz(R) have the appropriate long-range behavior. Finally,

we also constrain the parameter Ay as:
AN:Ui—(aZ—Bz>'EO

which reproduces the appropriate limiting behavior limg o Vi (R) = U. Together
with the use of the constant 1 instead of an additional parameter A, in eq. 44, this

constraint is something of a “finishing touch” that is not of critical importance.

(G Parameterization for Si

By performing an extensive parameter fitting, we have obtained a stable
“official” set of parameters for Si. The details of the numerical optimization have
been discussed in Chapter V. For this fitting we used a relatively large set of
reference values, which were chosen with the goal of improving the transferability of
the parameterization to a variety of large-scale systems. This includes cluster, bulk,
and band structure properties which we will discuss in this and subsequent sections.
For the clusters, we included the bond lengths and binding energies for 2-atom to
6-atom clusters. The comparison of the calculated and reference values for these

clusters are shown in Table 1, which is taken with some minor modifications from

our Ref. [30].
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cluster geometry property present work ab-initio

Siy Dok bond length 7 (A) 2.226 2.288
binding energy e (eV) —2.435 -2.499
Sis Cay r (A) 2.284 2.357
r (A) 2.168 2.158
e (eV) ~3.413 ~3.574
Dot r (A) 2.141 2.167
e (eV) —3.427 —3.404
Siy Doy, r (A) 2.275 2.311
e (eV) —4.101 —4.242
Ty r (A) 2.332 2.474
e (eV) —~3.773 —3.659
Dooh r (A) 2.116 2.156
r (A) 2.164 2.176
e (eV) —3.289 —3.367
Sis D3y, r (A) 2.207 2.306
r (A) 3.141 3.064
e (eV) —3.352 —4.452
Cay r (A) 2.209 2.275
r (A) 2.358 2.513
e (eV) —4.327 —4.266
Dooh r (A) 2.082 2.133
r (A) 2.128 2.144
e (eV) —3.545 ~3.534
Ty r (A) 2.127 2.215
r (A) 3.475 3.617
e (eV) ~3.334 —3.283
Sig Dyy, r (A) 2.248 2.363
r(A) 2.639 2.734
e (eV) —4.698 —4.664
Dsg r (A) 2.261 2.285
r (A) 2.948 3.208
e (eV) —3.896 —3.972
D r (A) 2.057 2.098
r (A) 2.072 2.134
r (A) 2.149 2.158
e (eV) ~3.446 —3.464

TABLE 1

Results of our environment-dependent model for small Si clusters. The ab-initio
values were calculated using the GAUSSIAN-98 software package, with the MPW1PW91

hybrid functional and the cc-pVTZ basis set.
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One of the most important aspects of our choice of fitting properties is that
we use not only the lowest-energy geometries for each cluster, but also several other
geometries that do not have the lowest energy. For example, the lowest energy
geometry of the Sis cluster is known to be the D3, geometry. However, we also fit to
the Cyy, Dy, and T, geometries. For each geometry, both for the reference values
and for the calculated values, the geometry was fully relaxed, i.e. relaxed under the
constraints of the required geometry of course.

The reasoning behind this strategy is quite important. One anticipates a
model that can be used to study the statistical and thermodynamic properties of
material (in our own work this usually takes the form of molecular dynamics
calculations, but one could also anticipate the use of Monte Carlo methods). If one
fits only to the lowest-energy geometries, it is likely that the resulting model will be
less accurate for the calculation of items such as transition rates, etc. that involve
non-equilibrium geometries. Our choice of geometries is designed to force the
parameterization to address such materials. In fact, several of the geometries
included in our fitting are not true local minima, having imaginary frequencies that
lead to other geometries. I was motivated in this choice by the pioneering work of
Raghavachari [20] on Hartree-Fock calculations for small Si clusters. For example,

Raghavachari notes of one particular geometry of Si; that:

“Another structure that we have considered is the edge-capped
octahedron (7d). Though it is not expected to be a particularly stable
structure, it was considered mainly to estimate the energy required to
move the capping atom in 7c from one face to another. 7d can be

considered as a transition state for such a process.” [20] [emphasis added]

The details of the geometries 7c, 7d here are not particularly important,
rather it is the concept that such geometries represent transition states that is

relevant.
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The ab-initio values for the clusters I calculated using the GAUSSIAN-98
software package; all cluster calculations were performed using the MPW1PW91
hybrid functional and the cc-pVTZ basis set. These ab-initio calculations alone
represent some of the most intensive parts of my own research. Indeed, it is not
uncommon to see entire journal articles devoted to the discussion of ab-initio
calculations of small elemental clusters. Also, our choice of the all-electron
MPWI1PW91 level and the large cc-pVTZ basis set represent some of the most
aggressive calculations feasible for small Si clusters; we are not aware of any
published results for such clusters at this aggressive level.

It is perhaps equally important what strategies were avoided in choosing the
cluster fitting properties. One example is the technique of using one level of theory
to obtain the ab-initio geometries, and a different (higher) level of theory to obtain
the energies. This is an entirely reasonable approach for projects that involve
ab-initio calculations only. However, we are concerned that, for empirical modeling,
it is more important to perform all the calculations at the same level of theory.
Although there do not appear to be any comparative studies on which of these
technique leads to the best empirical model, it is well-known that different levels of
theory can introduce systematic differences in their calculated values, i.e. differences
such as an overall shifting of the energies in some direction. We do not feel that is
productive to attempt to force an empirical model to reproduce the systematic
differences between two different types of ab-initio calculations.

A second example of a strategy that we deliberately avoid is fitting to forces.
Even though such fitting would be expected to improve items such as transition
states, we have become increasingly concerned about the effects of the small but
nonzero differences between the calculated and reference values, which are always
present in empirical modeling. For example, suppose that an ab-initio calculation
has an equilibrium bond length of 2.20A, and some force calculated slightly away

from equilibrium at 2.30A. However, suppose that our model (for a particular set of
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parameters) has for the same cluster an equilibrium bond length of 2.25A. Just
what bond length are we supposed to calculate the force at” There are at least 3
reasonable options: we can use the “fixed” ab-initio value of 2.30A, the “shifted”
value of 2.35A (i.e. 0.05A past equilibrium), or the “percentage” value of around
2.352A (i.e. around 4.5% past equilibrium). The differences in the calculated forces
resulting from such arbitrary choices can be surprisingly large.

For the bulk properties we fit to both the energy curves of several crystalline
phases as well as the band structure. The ab-initio calculations of bulk properties
are not as problematic as those for clusters; for Si these reference values were taken
from the older but well-established work of Cohen [19]. The results of for the band
structure are shown in Figure 7. It is clear that the valence band is very well
reproduced. The conduction band is seen to be more problematic, although this is
also a known limitation of density functional theory, and of almost all existing
empirical models. An overview of the reasons why ab-initio methods such as DT
are poor for the conduction band is given by Louie [31]. The problem is traced to
the inability of the exchange-correlation energy to appropriately describe properties
other than the ground state.

In Figure 8 we show the results of our model for several crystalline phases of
Si, together with a comparison of our model to several other similar models. If we
first consider the results in Figure 8 for only our model, we can see that the
excellent agreement with the density-functional calculations. Of particular interest
is the accuracy of the bee and fee phases which, as discussed in Section F, are
generally though to be difficult to fit due to the large coordination numbers. These
observations suggest the validity of the environment-dependent effects in our model.
Perhaps even more remarkable is the comparison to other tight-binding models
shown in Figure 8. The first three models are not environment-dependent, and it is
perhaps not surprising that our results are an improvement. However, the model of

Wang and Ho features an environment-dependent repulsive energy (as discussed in
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Figure 8. Results of our environment-dependent model for the bulk energy curves of
Si, compared to the results of other empirical models. The DFT values are taken from
the work of Cohen in Ref. [19] “Menon” refers to the model of Ref. [15]. “Kaxiras”
refers to the model of Ref. [27]. “Frauenheim” refers the model of Ref. [10]. “Wang”
refers to the model of Ref. [7]. “NRL” refers to the model of Ref. [28].

Section B), and the model of NRL features environment-dependent effects in the
Hamiltonian, but without a treatment of self-consistency. The improvement over
these models further validates the environment-dependent effects in our model, and

offers evidence of the importance of treating the full iterative self-consistency

problem.
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H Applications for Si

In addition to developing an official set of parameters for Si, our research
group has also applied this model to several interesting problems. My own part in
the research group was more heavily oriented toward the development of the model.
Most of this application work was done by a colleague, Dr. Ming Yu. As such this
discussion will be brief, as it is intended here more to demonstrate the validity of my
work on the model development of the model. One of the items that must be kept
in mind is that no matter how carefully the least-squares fitting is done, a small
residual does not necessarily indicate that model will be useful for applications.
Conceptually, empirical modeling is a type of extrapolation, in that the parameters
are adjusted by fitting them to the calculated properties of small systems, while the
model is then used to study large systems. The “adjustment” of the parameters
means that the fitting proberties must be evaluated (very roughly) some 10° times,
i.e. for 10° different sets of parameters. As such there is no way to put large systems
in the fitting. One hopes that the extrapolation works, but in practice this must be
tested, and it is these types of applications that validate the extrapolation.

Our first such application concerns the structure of the Siz; cluster. While
bulk Si prefers a tetrahedral arrangement of atoms, most of the atoms of the Si;
cluster are on the exterior, and the “reconstruction” of such exterior atoms leads to
complicated structures of low symmetry. Charge redistribution is of critical
importance in such reconstructions, and it is with such systems that one might
expect poor results from a model that does not properly account for charge transfer.
In Figure 9 we show the structure of the cluster along with its pair distribution
function. The pair distribution function gives the probability of finding an atom at
a given distance from another atom. The results are compared to a
density-functional-theory calculation of the same structure. Our calculation
correctly reproduces the first and second nearest-neighbor peaks, demonstrating the

ability of our method to reproduce the correct structural information as density
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functional theory.

Our second and perhaps most important application is the reconstruction of
the Si (001) surface. Starting with the ideal P1 x 1 reconstruction, a molecular
dynamics simulation was performed which resulted in the C'4 x 2 reconstruction,
which is the experimentally observed reconstruction. This is shown in Figure 10.
Two items are of particular interest for our discussion. First, this result occurs when
the full self-consistent treatment of charge transfer is turned on, but not when it is
turned off. When combined with our previous results, a pattern begins to emerge
indicating that self-consistency is required in order to reproduce such results.
Second, the combination of both speed and accuracy of our model allow it to break
new ground in such calculations. Although the C'4 x 2 reconstruction can be
obtained both by first-principles and other semi-empirical calculations, to the best
of our knowledge ours is the only application in which it has been obtained entirely
from the ideal P1 x 1 reconstruction. Apparently, first-principles calculations are
too slow, and other semi-empirical calculations are not accurate enough to obtain

this result.
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CHAPTER VII

CONCLUSION

In addition to the parameterization of our model for Si, we have also
parameterized and applied our model to other group I'V materials, most notably to
carbon. In Figures 11 through 15 we show, mostly for reference purposes, the
semi-empirical parameters for C, Si, and Ge, along with the calculated cluster and
bulk properties for carbon and germanium. The parameters shown in Figure 11
follow the notation used in Ref. [30], which is slightly different from the notation
used in out discussion; one should consult Ref. [30] if one is interested in using the
parameters in Table 11. The same comments that apply to our results for Si also
apply to these results for C and Ge. If there is an additional comment to be made
about these results, it is that the chemistry of carbon is quite different from that of
Si and Ge. So, while the success for Ge is perhaps less remarkable, the success for C
further demonstrates the flexibility and transferability of our model.

In contrast to Si and Ge, carbon exhibits sp, sp?, and sp® hybridizations. We
have examined carbon clusters of various sizes, starting from various initial
configurations, in order to examine the competition between these types of bonding,
in determining the equilibrium structures of these molecules. In Figure 16 we show
the “bucky-diamond” structure of C147, which was obtained using our SCED-LCAO
method. The interior of this structure has sp® bonding, while the exterior has sp
bonding. This type of structure has been previously obtained by first-principles
calculations [35], but has not been obtained by other tight-binding calculations.
This example demonstrates that our methodology is capable of capturing various

bonding characteristics exhibited by carbon.
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Figure 11. Values of the semi-empirical parameters for C, Si, and Ge. The notation
follows that of Ref. [30], which is slightly different from the notation used elsewhere

in this report.

While we have also successfully obtained a parameterization for the
heterogeneous system SiC, using an averaging technique as discussed previously, we
have also encountered the limitations of the existing framework for heterogeneous
systems consisting of elements from different groups, such as Li/Si. Therefore future
research efforts are expected to focus on the radial function prototype, which is
designed specifically to address systems consisting of several types of elements. In
conclusion then, we have presented both a working model, and also a number of
significant insights into the models themselves, for the simulation of large-scale

systems using semi-empirical techniques.
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Figure 12. Results of our environment-dependent model for small C clusters. The
ab-initio values were calculated using as in Table 1.
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Figure 13. Results of our environment-dependent model for small C clusters. The
ab-initio values were calculated using as in Table 1.
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Figure 14. Results of our environment-dependent model for the bulk energy curves of
C. DFT values are taken from Ref. [33], with the energy curve for graphite adjusted

to match the experimental value from [34].
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